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ABSTRACT Streptococcus pneumoniae is a major causative bacterium of community-
acquired pneumonia. Dendritic cell-associated C-type lectin-2 (dectin-2), one of the
C-type lectin receptors (CLRs), was previously reported to play a pivotal role in host
defense against pneumococcal infection through regulating phagocytosis by neutro-
phils while not being involved in neutrophil accumulation. In the present study, to
elucidate the possible contribution of other CLRs to neutrophil accumulation, we ex-
amined the role of caspase recruitment domain-containing protein 9 (CARD9), a
common adaptor molecule for signal transduction triggered by CLRs, in neutrophilic
inflammatory response against pneumococcal infection. Wild-type (WT), CARD9
knockout (KO), and dectin-2 KO mice were infected intratracheally with pneumococ-
cus, and the infected lungs were histopathologically analyzed to assess neutrophil
accumulation at 24 h postinfection. Bronchoalveolar lavage fluids (BALFs) were col-
lected at the same time point to count the neutrophils and assess the production of
inflammatory cytokines and chemokines. Neutrophil accumulation was significantly
decreased in CARD9 KO mice, but not in dectin-2 KO mice. Tumor necrosis factor al-
pha (TNF-�), keratinocyte-derived chemokine (KC), and macrophage inflammatory
protein-2 (MIP-2) production in BALFs were also attenuated in CARD9 KO mice, but
not in dectin-2 KO mice. Production of TNF-� and KC by alveolar macrophages stim-
ulated with pneumococcal culture supernatants was significantly attenuated in
CARD9 KO mice, but not in dectin-2 KO mice, compared to that in each group’s re-
spective control mice. In addition, pneumococcus-infected CARD9 KO mice showed
larger bacterial burdens in the lungs than did WT mice. These data indicate that
CARD9 is required for neutrophil migration after pneumococcal infection, as well as
inflammatory cytokine and chemokine production by alveolar macrophages, and
suggest that a CLR distinct from dectin-2 may be involved in this response.
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Pneumonia remains a major cause of death worldwide. Streptococcus pneumoniae
(pneumococcus) is the most frequently isolated causative bacterium of community-

acquired pneumonia (1, 2). This bacterium causes invasive infections such as bactere-
mia and meningitis, especially in infants and the elderly (3, 4). Therefore, it is important
to clarify the immunological mechanisms underlying host defense against pneumo-
coccal infection.

The early phase of the immune response is critical for elimination of this bacterium.
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Upon infection of the lungs with pneumococcus, the initial immune response is
initiated by activation of alveolar macrophages triggered via recognition of the bacte-
rial elements, such as pathogen-associated molecular patterns (PAMPs) including cap-
sular polysaccharides, teichoic acid, and pneumolysin (5). Subsequently, neutrophils
accumulate in the infected alveolar spaces and eradicate the infection via phagocytic
killing, which is promoted by opsonization of the bacterium with IgG antibody against
pneumococcal capsular polysaccharides (6).

Macrophages and dendritic cells (DCs) are activated via recognition of the PAMPs
from microbial pathogens by their pattern recognition receptors (PRRs) (7). In previous
studies, Toll-like receptor 2 (TLR2), TLR4, and TLR9 have been reported to play impor-
tant roles in recognition of pneumococcal infection (8–10). C-type lectin receptors
(CLRs) are also PRRs and possess carbohydrate recognition domains, through which
they mainly recognize polysaccharides (11). Interaction of CLRs with their own ligands
triggers signaling via intramolecular immunoreceptor tyrosine-based activation motif
(ITAM) within their intracellular domain or by associating with ITAM-bearing adaptor
molecules such as Fc receptor � (FcR�) or DAP12 (12–16). Subsequently, the activation
signals are delivered via phosphorylation of the tyrosine kinase Syk and activation of
caspase recruitment domain-containing protein 9 (CARD9), a downstream adaptor
molecule common to most CLRs (17, 18). These processes trigger the production of
inflammatory cytokines and chemokines, leading to initiation of the inflammatory
responses necessary for eradication of this bacterium (19–21).

The CLR dendritic cell-associated C-type lectin-2 (dectin-2) contributes to recogni-
tion of Candida albicans and plays a protective role by eliciting neutrophilic inflamma-
tory responses (22). Previous studies by McGreal and coworkers have demonstrated
that dectin-2 binds directly to pneumococcal polysaccharides (23). In our previous
studies, dectin-2-deficient (knockout [KO]) mice showed shorter survival time and failed
to eliminate bacteria from their lungs after pulmonary infection with S. pneumoniae
(24). The resulting exacerbated infection in dectin-2 KO mice was associated with
decreased production of anti-pneumococcal polysaccharide type-3 (PPS3) antibody
(Ab) and attenuated phagocytosis of this bacterium by neutrophils, but not with
impaired accumulation of these phagocytic cells (24). These findings indicate the
important role of dectin-2 in the host defense against pneumococcal infection, a role
that may consist of promoting phagocytosis of this bacterium by neutrophils. Other
than dectin-2, however, it remains unclear which CLRs contribute to the accumulation
of neutrophils in the infected lungs and which do not.

Because CARD9 is a common adaptor molecule for signaling triggered by CLRs, the
present study focused on the effect of CARD9 deficiency on the accumulation of these
cells after pneumococcal infection. We found that CARD9 KO mice were prone to this
infection in combination with the impaired accumulation of neutrophils in the infected
lungs, suggesting the involvement of a CLR other than dectin-2 in this neutrophilic
response.

RESULTS
CARD9-dependent neutrophil accumulation in the lungs after pneumococcal

infection. To clarify whether CARD9 deficiency affected neutrophil accumulation in the
lungs, CARD9 KO and wild-type (WT) mice were infected with pneumococcus, and
histopathological analysis was conducted at 24 h after infection. As shown in Fig. 1A,
infiltration of neutrophils into the alveolar spaces was drastically reduced in CARD9 KO
mice compared to that in WT mice. In a striking contrast, both dectin-2 KO and WT mice
showed equivalent levels of neutrophil infiltration into the lungs after pneumococcal
infection (Fig. 1B). In addition, to compare the numbers of neutrophils infiltrating into
the lungs among the genotypes, bronchoalveolar lavage fluids (BALFs) were collected
from pneumococcus-infected mice, and the numbers of neutrophils in the BALFs were
compared between CARD9 KO or dectin-2 KO mice and the respective control group for
each genotype. As Fig. 2A shows, most of the infiltrating cells in the BALFs of WT mice
were morphologically identifiable as neutrophils, whereas macrophages were predom-
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inant among the infiltrating cells in the BALFs of CARD9 KO mice. The BALFs of dectin-2
KO mice, in contrast, had neutrophil counts equivalent to those in WT mice, according
to our morphological analysis (data not shown). In keeping with these results, the
proportion and number of neutrophils in BALFs were markedly reduced in CARD9 KO
mice compared to those in WT mice, whereas no such differences were observed
between WT and dectin-2 KO mice (Fig. 2B). The number of neutrophils, but not that
of macrophages, in BALFs was nearly 100 times lower in CARD9 KO mice than in WT
mice, whereas no such difference was observed in either neutrophils or macrophages
between WT and dectin-2 KO mice (Fig. 2C).

Effect of CARD9 deficiency on the production of cytokines and chemokines in
BALFs after pneumococcal infection. BALFs were collected from CARD9 KO or
dectin-2 KO mice and their respective control groups at 24 h after pneumococcal
infection, and the production of inflammatory cytokines and neutrophil-attracting
chemokines by each genotype was measured. Tumor necrosis factor alpha (TNF-�)
increases the expression of adhesion molecules, enabling the adhesion of neutrophils
to vascular endothelial cells to promote their migration from the vessels to the infected
sites (25–27). In addition, keratinocyte-derived chemokine (KC) and macrophage in-
flammatory protein-2 (MIP-2) are known to play critical roles in the recruitment of
neutrophils (28). As Fig. 3A and B show, production levels of TNF-�, KC, and MIP-2 in
BALFs were significantly lower in CARD9 KO mice than in WT mice. In contrast, TNF-�
production was almost equivalent between WT and dectin-2 KO mice, and production
levels of KC and MIP-2 were significantly greater in dectin-2 KO mice than in WT mice.

Effect of CARD9 deficiency on the production of cytokines and chemokines by
alveolar macrophages. In lung infections, alveolar macrophages are often the first
cells to encounter the pathogens (5). When alveolar macrophages were stimulated with
whole bacteria and their lysates, we did not observe any influence of CARD9 deficiency
on cytokine production by alveolar macrophages (data not shown), perhaps because
whole bacteria contain various PAMPs, including TLR and CLR ligands, as well as other
ligands, on their surfaces and within their cells. Therefore, alveolar macrophages
collected from uninfected mice were instead stimulated with the supernatants of
pneumococcal cultures or with the culture broth as negative controls. As Fig. 4A shows,
macrophages from CARD9 KO mice exhibited significantly decreased but not com-
pletely eradicated production of both TNF-� and KC when stimulated with pneumo-
coccal culture supernatants at any concentration; in macrophages from WT mice, in
contrast, production of TNF-� and KC was completely abrogated upon stimulation with

FIG 1 Effect of CARD9 deficiency on neutrophil accumulation in the lungs after pneumococcal infection.
Mice were infected intratracheally with pneumococcus. Lung sections obtained at 24 h after infection
were stained with hematoxylin-eosin (H&E) and observed under optical microscopy. Representative
pictures of three or four mice are shown. Original magnification, �400. Neutrophil accumulation was
significantly diminished in CARD9 KO mice (A), but not in dectin-2 KO mice (B), compared to that in each
genotype’s respective control mice. Bars, 25 �m.
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trehalose 6,6=-dimycolate (TDM), a Mincle ligand. Macrophages from dectin-2 KO mice,
on the other hand, produced significantly more TNF-� and KC than those from WT mice
did, although this production was significantly reduced when macrophages from
dectin-2 KO mice were stimulated with furfurman, a dectin-2-specific agonist (Fig. 4B).

Effect of CARD9 deficiency on the phagocytosis of pneumococcus by neutro-
phils. Our previous study showed that neutrophils from dectin-2 KO mice had a
reduced capacity to phagocytize pneumococcus during in vivo infection (24). Therefore,
to elucidate the effect of CARD9 deficiency on the capacity of neutrophils to phago-
cytize this bacterium, BALFs were collected from WT or CARD9 KO mice at 24 h after
pneumococcal infection, and the phagocytic rate was calculated as the proportion of
neutrophils engulfing bacteria relative to total neutrophils, as seen in Gram-stained
samples (Fig. 5A). As Fig. 5B shows, the phagocytic rate was significantly lower in
CARD9 KO mice than in WT mice.

Effect of CARD9 deficiency on IgG3 production against pneumococcal capsular
polysaccharides in lungs. Pneumococcus is known to be resistant to complement-
mediated opsonization that leads to phagocytic killing by neutrophils (29). Therefore,
anti-capsular polysaccharide Ab plays a critical role as an alternative opsonin (30). In our
previous study (24), neutrophils from dectin-2 KO mice exhibited lower phagocytic
efficiency, which may result from decreased production of anti-PPS3 IgG3, a major
IgG subclass that is produced in response to polysaccharides in mice and that contrib-
utes to host defense against septic pneumococcal infection (30, 31). To explore this
possibility, we measured the BALF levels of anti-PPS3 IgG3 at 24 h after pneumococcal

FIG 2 Effect of CARD9 deficiency on the number of neutrophils in BALFs after pneumococcal infection.
BALFs obtained from infected mice at 24 h after pneumococcal infection were centrifuged, and then the
sedimented cells stained with Diff-Quik were analyzed. (A) Representative pictures of five to eight mice
are shown. Original magnification, �1,000. Bars, 10 �m. The proportion (B) and the absolute number (C)
of neutrophils in BALFs were shown. Each column represents the mean � standard deviation (SD) of five
to eight mice. Neutrophils were significantly lower in CARD9 KO mice, but not in dectin-2 KO mice, than
they were in each genotype’s respective control mice. ***, P � 0.005; N.S., not significant.
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infection. As Fig. 6A shows, production of anti-PPS3 IgG3 was significantly lower in
CARD9 KO mice than in WT mice. Previously, Snapper and coworkers reported that
interferon (IFN)-� plays a major role in class switching from IgM to IgG3 in mice (32). To
assess the effect of CARD9 deficiency on this phenomenon, BALFs were collected from
WT or CARD9 KO mice at 24 h after pneumococcal infection, and levels of IFN-� in these
samples were measured. As Fig. 6B shows, IFN-� production was significantly reduced
in the lungs of CARD9 KO mice compared to that in those of WT mice.

Effect of CARD9 deficiency on IL-12 production by BM-DCs. Our previous study
reported that natural killer T (NKT) cell-derived IFN-� is involved in the class switching
of IgG3 and that interleukin 12 (IL-12) is essential for activating NKT cells for the
production of IFN-� (33). Therefore, bone marrow-derived dendritic cells (BM-DCs)
prepared from CARD9 KO, dectin-2 KO, or their respective control mice were stimulated
with pneumococcal culture supernatants to elucidate the effects of these gene defi-
ciencies on the production of IL-12p40, which we chose because IL-12p70 production
was not detected in BM-DCs (data not shown). As Fig. 7 shows, BM-DCs from both
CARD9 KO mice and dectin-2 KO mice produced significantly lower levels of IL-12p40
than those from each genotype’s respective control group; this pattern is similar to
what we had previously observed in the production of this cytokine upon stimulation
with heat-killed Candida albicans (34). When BM-DCs were stimulated with the TLR9
ligand CpG1826, in contrast, neither CARD9 nor dectin-2 deficiency appeared to have
any effect on the resulting production of IL-12p40. On the other hand, IL-12p40 was not
produced by alveolar macrophages stimulated with pneumococcal culture superna-
tants (data not shown).

Effect of CARD9 deficiency on the elimination of pneumococcus in lungs. The
attenuating effects of CARD9 deficiency on neutrophil-mediated inflammatory re-
sponses may lead to the impairment of host defense against pneumococcal infection
in the lungs. Therefore, we assessed whether CARD9 deficiency affected the elimination

FIG 3 Effect of CARD9 deficiency on the production of cytokines and chemokines in BALFs after
pneumococcal infection. BALFs were collected from infected mice at 24 h after pneumococcal infection
and the cytokines and chemokines in these BALFs were measured by enzyme-linked immunosorbent
assay (ELISA). Each column represents the mean � SD of five to eight mice. Tumor necrosis factor alpha
(TNF-�), keratinocyte-derived chemokine (KC), and macrophage inflammatory protein-2 (MIP-2) produc-
tion in BALFs were attenuated in CARD9 KO mice (A), but not in dectin-2 KO mice (B), compared to that
in each genotype’s respective control mice. *, P � 0.05; ***, P � 0.005; NS, not significant.
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of pneumococcal bacteria from the lungs. As Fig. 8 shows, although the different
genotypes of control mice had different distributions and amounts of CFU in the lungs
due to their different backgrounds, the number of viable pneumococcus cells was
significantly greater in both CARD9 KO mice and dectin-2 KO mice compared with that
in each genotype’s respective control group.

DISCUSSION

Our earlier study revealed the critical role played by dectin-2 in the phagocytosis of
bacteria by neutrophils while showing that it does not play a role in the accumulation
of these cells in the lungs after infection with S. pneumoniae (24). It remains to be

FIG 4 Effect of CARD9 deficiency on the production of cytokines and chemokines by alveolar macro-
phages. Alveolar macrophages from CARD9 KO, dectin-2 KO, and their respective control mice were
stimulated with pneumococcus culture supernatants for 24 h, and production of TNF-� and KC was then
measured. Each column represents the mean � SD of triplicate cultures. TNF-� and KC production were
significantly attenuated in CARD9 KO mice (A), but not in dectin-2 KO mice (B), compared to that in each
genotype’s respective control mice. ***, P � 0.005, THB, Todd-Hewitt broth; sup., pneumococcus culture
supernatants; TDM, trehalose 6,6’-dimycolate.

FIG 5 Effect of CARD9 deficiency on the phagocytosis of pneumococcus by neutrophils. BALFs from
infected mice obtained at 24 h after pneumococcal infection were centrifuged, and the sedimented cells
were stained by the Gram method and analyzed under optical microscopy. (A) A picture representative
of 8 WT mice is shown. Original magnification, �1,000. Bars, 10 �m. (B) The proportion of all neutrophils
that were engulfing pneumococcus cells was calculated as the phagocytic rate. Each column represents
the mean � SD of 8 to 10 mice. This rate was significantly lower in CARD9 KO mice (B) than in WT mice.
***, P � 0.005.
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clarified how the detection of this bacterium by immune cells contributes to neutro-
philic inflammatory responses after pneumococcal infection. In the present study,
therefore, we sought to explore the possibility that a certain CLR may play a role in the
lung accumulation of neutrophils following pneumococcal infection by clarifying how
these responses are influenced by deficiency of CARD9, a common adapter molecule
involved in the downstream signal transduction triggered by CLRs (17, 18).

FIG 6 Effect of CARD9 deficiency on the production of anti-PPS3 IgG3. (A) BALFs were collected from
infected mice at 24 h after pneumococcal infection, and anti-PPS3 IgG3 in these BALFs was measured.
Each column represents the mean � SD of six to eight mice. Anti-PPS3 IgG3 production in BALFs was
attenuated in CARD9 KO mice compared to WT mice. *, P � 0.05. (B) BALFs were collected from infected
mice at 24 h after pneumococcal infection, and IFN-� in BALFs were measured. Each column represents
the mean � SD of six to eight mice. IFN-� production in BALFs was attenuated in CARD9 KO mice
compared to that in WT mice. *, P � 0.05 (B).

FIG 7 Effect of CARD9 deficiency on the production of IL-12p40 by BM-DCs. BM-DCs from CARD9 KO,
dectin-2 KO, and their respective control mice were stimulated with pneumococcus culture supernatants
for 24 h, after which IL-12p40 production was measured. Each column represents the mean � SD of
triplicate cultures. IL-12p40 production was significantly reduced in both CARD9 KO mice (A) and
dectin-2 KO mice (B) compared to that in each genotype’s respective control mice. ***, P � 0.005, THB,
Todd-Hewitt broth; sup., pneumococcus culture supernatants; HKCA, heat-killed C. albicans; CpG, CpG-
motif containing oligonucleotides.
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Both our pathological and BALF analysis confirmed that neutrophil accumulation in
the lungs after pneumococcal infection is markedly lower in CARD9 KO mice than that
in WT mice. In contrast, as in our previous study (24), equivalent quantities of neutro-
phils infiltrated into the infected lungs of dectin-2 KO and WT mice. From these results,
we conclude that CARD9-mediated signaling plays a critical role in the accumulation of
neutrophils, as well as in the elimination of bacteria in the lungs after infection with S.
pneumoniae. In keeping with this conclusion, previous studies using a mouse model of
systemic infection with C. albicans have demonstrated that neutrophil infiltration into
the kidneys is not impaired but is rather accelerated in dectin-2 KO mice compared to
WT mice, although dectin-2 KO mice develop markedly worse infections (22). In
addition, not only the elimination of C. albicans but also the infiltration of neutrophils
is reported to be impaired in CARD9 KO mice compared to WT mice (35, 36). Consid-
ering our present findings alongside these previous observations, we propose that an
unidentified CLR other than dectin-2 may be involved in the recognition of pneumo-
coccus leading to neutrophil accumulation at pneumococcal infection sites.

In the second portion of our experiments, we measured BALF levels of TNF-�, KC,
and MIP-2, each of which plays a critical role in the accumulation of neutrophils (25, 26),
at 24 h after infection with S. pneumoniae. In line with the present results indicating
attenuated neutrophil infiltration in CARD9 KO mice, the production of TNF-�, KC, and
MIP-2 was significantly reduced in these mice compared to that in WT mice. No such
influence, however, was observed in dectin-2 KO mice. These results suggest that
pneumococcal infection may stimulate the activation signals that induce the produc-
tion of cytokines and chemokines, leading to neutrophil infiltration, and that these
signals may be triggered via an unidentified CLR other than dectin-2 that is delivered
through a process involving CARD9 (e.g., Mincle) (14). Alveolar macrophages contribute
to early host defense in the alveolar spaces not only by engulfing microorganisms but
also by producing various cytokines and chemokines (37, 38). In vitro production of
TNF-� and KC by alveolar macrophages in response to stimulation with S. pneumoniae
culture supernatants was significantly lower in CARD9 KO mice than that in WT mice,
as we had observed in BALFs in our in vivo experiments, suggesting that some CLR
ligands are not only expressed on the capsules but also secreted from these bacteria
and that these ligands may stimulate these cells in a CARD9-dependent manner. In
dectin-2 KO mice, in contrast, TNF-� and KC production was not lower than that in WT
mice but rather was higher, suggesting that decreased phagocytosis by neutrophils
may trigger a feedback increase in the production of these chemokines that leads to
more accumulation of these cells and/or that dectin-2 may be involved in the anti-
inflammatory response, although the precise explanation for our findings is not clear.
Although it is not known whether the higher TNF-� and KC production by alveolar
macrophages in dectin-2-deficient mice is significant in any way, these results are
consistent with the current findings regarding the respective contributions of CARD9

FIG 8 Effect of CARD9 deficiency on bacterial burden in the lungs after pneumococcal infection. CARD9
KO, dectin-2 KO, and their respective control mice were infected with pneumococcus. Lungs were
collected on day 3 after infection, and live colonies were counted. Each symbol represents a mouse, and
bars indicate the mean � SD of four to eight mice. Bacterial burdens were significantly greater in CARD9
KO and in dectin-2 KO mice compared to those in each genotype’s respective control mouse population
(A and B). *, P � 0.05.
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and dectin-2 to neutrophil infiltration. Interestingly, TNF-� and KC production was
reduced by 50 to 60% in CARD9 KO mice, suggesting the possible involvement of
an unidentified CARD9-independent signaling mechanism such as a TLRs-MyD88-
mediated pathway. Despite this reduction in TNF-� and KC production, the number of
accumulated neutrophils was strikingly lower in CARD9 KO mice than that in WT mice.
To interpret this apparent inconsistency, we speculate that the significant difference
may result from the distinct effects of TNF-� and KC/MIP-2 on promoting neutrophil
infiltration. TNF-� increases the expression of Mac1, an adhesion molecule that is
expressed on neutrophils, and promotes the neutrophil adhesion to vascular endothe-
lial cells by increasing the expression of intercellular adhesion molecule 1 (ICAM1, also
known as CD54), a ligand for Mac1; this in turn accelerates the extravasation and
migration of neutrophils into the infected alveolar spaces (25–27). Chemokines like KC
and MIP-2, meanwhile, directly facilitate the migration of neutrophils to the primary
infected sites (28). During infection with S. pneumoniae under CARD9-deficient condi-
tions, both functions are thought to be attenuated, which may result in a synergistic
impairment of the migration of neutrophils to the infected alveolar spaces.

In addition to the infiltration of neutrophils, their phagocytosis of pneumococcus is
also hampered in CARD9 KO mice. In our previous study, neutrophils in dectin-2 KO
mice likewise exhibited a reduced capacity for phagocytosis of this bacterium, although
neutrophil infiltration into the lungs was almost equivalent to that in WT mice (24).
Anti-capsular polysaccharide Ab plays a critical role as an opsonin enabling the
effective phagocytosis of pneumococcus by neutrophils (30), especially given that the
activation of complement, an alternative opsonin, is known to be inhibited by this
bacterium (29). IgG3, a major subclass of Ab against pneumococcal polysaccharides,
relies for its production on the production of IL-12 by dendritic cells or macrophages.
IL-12 signaling, as well as antigen presentation, contributes to the activation of NKT
cells (39, 40), which, when activated, produce abundant IFN-�, which facilitates class
switching of anti-pneumococcal polysaccharide Ab to IgG3 Ab (32). IL-12p40 produc-
tion by BM-DCs upon stimulation with pneumococcus culture supernatants was sig-
nificantly lower in CARD9 KO mice than in WT mice. Similarly, anti-PPS3 IgG3 produc-
tion was decreased in dectin-2 KO mice (24). Importantly, IFN-� production in BALFs
was also reduced in both CARD9 KO and dectin-2 KO mice. Considering all these
findings together, we propose that the activation of CARD9-mediated signaling may
lead to IFN-� production through the recognition of pneumococcus via dectin-2, which
may contribute to the capacity of neutrophils to phagocytose this bacterium by
promoting the production of IgG3 anti-pneumococcal polysaccharide Ab. However,
Yamamoto and coworkers have reported that IgG3 antibodies do not mediate early
protection against pneumococcal pneumonia, as shown by their results indicating that,
in a pneumococcal pneumonia model, there was no difference in survival rates or lung
burdens of this bacterium between WT and IgG3 KO mice under a BALB/c background
(41). The fact that different studies have used different strains of mice (C57BL/6 versus
BALB/c) could explain the conflicting interpretations of the possible role of IgG3
antibodies. Another possibility is that some compensatory mechanism might be oper-
ating to minimize the undesired effect of IgG3 deficiency, which would account for the
failure of IgG3 deficiency to affect the host’s protection against this infection. Addi-
tionally, in our study, the precise role of IgG3 remains to be substantiated. Further
investigation is necessary to address this issue.

In conclusion, the current study demonstrated that CARD9-mediated signaling plays
a critical role in host defense against pneumococcal infection through both enhancing
neutrophil infiltration and promoting neutrophil phagocytosis of this bacterium, and
it suggested that the two functions of neutrophils may be separately regulated by
distinct pattern recognition receptors, namely, dectin-2 and an unidentified CLR or
other type of receptor, both of which deliver their signals via CARD9 (Fig. 9). Phago-
cytosis of pneumococcus by neutrophils is thought to be regulated by signaling
through a dectin-2-CARD9-dependent mechanism. In contrast, it remains to be clarified
how neutrophil infiltration is regulated via the CARD9-mediated signaling pathway
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after pneumococcal infection. Recently, glucosyl-diacylglycerol, a lipid component of
pneumococcus, has been reported as a ligand recognized by Mincle, another CLR (42).
In our unpublished experiments, however, neutrophil infiltration into the lungs was
only marginally affected by Mincle deficiency. Thus, further investigation is still neces-
sary to define the precise mechanism for neutrophil-mediated host defense against
pneumococcal infection.

MATERIALS AND METHODS
Mice. CARD9 KO mice, generated and established as described previously (18) and backcrossed to

C57BL/6 mice for more than eight generations, were kindly provided by Hiromitsu Hara (Kagoshima
University, Kagoshima, Japan). C57BL/6 mice, purchased from CLEA Japan (Tokyo, Japan), were used as
WT control mice. Dectin-2 KO mice, generated by homologous recombination of the Clec4n gene as
described previously (22) and backcrossed to C57BL/6 mice for seven generations, were kindly provided
by Yoichiro Iwakura (Tokyo University of Science, Noda, Chiba, Japan). Because the dectin-2 KO mice had
been backcrossed to C57BL/6 for fewer than eight generations, WT littermate mice of the dectin-2 KO
mice were used as their control group, whereas a different control group was used for comparison with
CARD9 KO mice. Male or female mice at 6 to 8 weeks of age were used for the experiments. The mice
were bred under specific pathogen-free conditions at the Animal Facility, Tohoku University Graduate
School of Medicine (Sendai, Japan). All experimental procedures involving animals followed the Regu-
lations for Animal Experiments and Related Activities at Tohoku University and were approved by the
ethics committees of Tohoku University.

Bacteria. A serotype 3 clinical strain of S. pneumoniae, designated URF918, was isolated from a
patient with pneumococcal pneumonia. The bacteria were cultured in Todd-Hewitt broth (BD Biosci-
ences, East Rutherford, NJ) at 37°C in a 5% CO2 incubator, harvested at the mid-log phase of growth, and
then washed twice in phosphate-buffered saline (PBS). The inoculum was stored at �80°C until use.

S. pneumoniae infection. CARD9 KO and dectin-2 KO mice and the mice from their respective
control groups were anaesthetized by an intramuscular injection of 0.3 mg/kg midazolam (Teva Takeda
Pharma, Ltd., Nagoya, Japan) and 0.02 mg/kg medetomidine (Nippon Zenyaku Kogyo Co., Ltd., Fuku-
shima, Japan) and by an intraperitoneal injection of 25 mg/kg pentobarbital (Abbott Laboratories, North
Chicago, IL). Live S. pneumoniae bacteria (0.75 � 105 to 10 � 105 CFU) at 50 �l per mouse were inoculated
by insertion of a 24-gauge intravenous catheter (Terumo, Tokyo, Japan) into the trachea. Colony counts
were performed to confirm the accuracy of the inoculum CFU count as a factor used to calculate CFU/ml
for S. pneumoniae using a 5% sheep blood tryptic soy agar plate (BD Biosciences).

FIG 9 Schematic illustration of neutrophil-mediated host defense against pulmonary infection with S.
pneumoniae. CARD9-mediated signaling plays a critical role in host defense against pneumococcal
infection through both enhancing neutrophil recruitment and promoting neutrophil phagocytosis.
Phagocytosis of pneumococcus by neutrophils is regulated by the production of serotype-specific IgG
through IFN-� synthesis by NKT cells induced by IL-12 produced from dendritic cells via the recognition
of pneumococcal polysaccharides by dectin-2 (33). In contrast, neutrophil infiltration may be regulated
via the other CLR-CARD9 axis pathway after pneumococcal infection. DC, dendritic cell(s); AvM�, alveolar
macrophage(s), PPS3: pneumococcal polysaccharide type-3.
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Preparation of S. pneumoniae culture supernatants. S. pneumoniae culture was diluted with
Todd-Hewitt broth until the turbidity as measured with a spectrophotometer reached an optical density
at 600 nm (OD600) of 0.5, then inoculated into 19 volumes of Todd-Hewitt broth and incubated on an
orbital shaker (150 rpm) at 37°C in a 5% CO2 incubator for 24 h. The culture supernatants were
centrifuged, passed through a 0.2-�m membrane filter (Sartorius, Göttingen, Germany) and stored at
�80°C until use. Todd-Hewitt broth incubated without S. pneumoniae was used as a control.

Preparation and culture of dendritic cells. CARD9 KO and dectin-2 KO mice and the mice from
their respective control groups were anaesthetized by isoflurane. Bone marrow cells obtained from these
mice were cultured at 2 � 105 cells/ml in 10 ml RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal calf serum (FCS; Biowest, Nuaillé, France), 100 U/ml penicillin G, 100 �g/ml
streptomycin (Sigma-Aldrich), and 50 �M 2-mercaptoethanol (Sigma-Aldrich) containing 20 ng/ml mu-
rine granulocyte-macrophage colony-stimulating factor (GM-CSF; Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). On day 3, 10 ml of the same medium was added; on day 6, half of the medium was
replaced with GM-CSF-containing culture medium. On day 8, nonadherent cells were collected and used
as bone-marrow derived dendritic cells (BM-DCs).

Preparation of alveolar macrophages. CARD9 KO and dectin-2 KO mice and the mice from their
respective control groups were anaesthetized by isoflurane. Each specimen’s chest was opened and the
trachea was cannulated with the outer sheath of a 22-gauge intravenous catheter/needle unit (Terumo,
Tokyo, Japan). Lung lavage was performed three times with 1 ml of cold PBS. The BALFs were centri-
fuged, and the sedimented cells were collected and used as alveolar macrophages.

In vitro stimulation. BM-DCs and alveolar macrophages (1 � 105 cells/ml) were cultured with S.
pneumoniae culture supernatants, Todd-Hewitt broth as the vehicle control, trehalose 6,6=-dimycolate
(TDM; Sigma-Aldrich), furfurman (mannan derived from Malassezia furfur; InvivoGen, San Diego, CA),
heat-killed C. albicans (HKCA), and CpG1826 (Hokkaido System Science, Sapporo, Japan) at 37°C in a 5%
CO2 incubator for 24 h. The collected culture supernatants were stored at �80°C until use.

Preparation and analysis of BALFs. Bronchoalveolar lavage fluids (BALFs) were collected as
described above using a 22-gauge intravenous catheter/needle unit (Terumo). Lung lavage was per-
formed three times with 1 ml of cold PBS. The first 1-ml and the subsequent 2-ml aliquots were pooled
separately (tube 1 and tube 2, respectively). Both tubes were centrifuged, and the supernatants from
tube 1 were collected and stored at �80°C until use. The number of sedimented cells in both tubes was
counted, then 1 � 105 cells were centrifuged onto a glass slide using a StatSpin CytoFuge 2 (Iris Sample
Processing, Westwood, MA), and stained with Diff-Quik (Sysmex, Kobe, Japan) or Gram stain using a
Favor-G kit (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). To obtain the differential leukocyte counts and
the numbers of neutrophils that were engulfing S. pneumoniae, at least 500 cells were examined under
optical microscopy.

Measurement of cytokine and chemokine concentrations. Collected BALFs were tested using
enzyme-linked immunosorbent assay (ELISA) kits to measure tumor necrosis factor alpha (TNF-�),
interferon (IFN)-� (BioLegend, San Diego, CA), keratinocyte-derived chemokine (KC, also known asCXCL1)
and macrophage inflammatory protein-2 (MIP-2, also known asCXCL2) (R&D Systems, Minneapolis, MN).
Supernatants of the in vitro cell stimulation were assessed using ELISA kits for TNF-�, KC, and IL-12p40
(BioLegend).

Measurement of total protein in BALFs. To calibrate the concentrations of cytokines and chemo-
kines in the BALFs, the total protein was quantified by bicinchoninic acid (BCA) assay (Life Technologies,
Carlsbad, CA).

Lung histopathology. Lungs isolated from CARD9 KO and dectin-2 KO mice and the mice from their
respective control groups at 24 h after pneumococcal infection were fixed in 10% buffered formalin,
dehydrated, and embedded in paraffin. Sections were cut and stained with hematoxylin-eosin (H&E) at
the Biomedical Research Core, Animal Pathology Platform of Tohoku University Graduate School of
Medicine (Sendai, Japan).

Counting viable S. pneumoniae colonies. CARD9 KO and dectin-2 KO mice and the mice from their
respective control groups were sacrificed on day 3 after pneumococcal infection, and their lungs were
carefully dissected and excised. The lungs were then homogenized in 5 ml of sterile half saline by teasing
through a stainless mesh at room temperature. The homogenates (100 �l) were diluted in a 10-fold series
using half saline and inoculated onto a 5% sheep blood tryptic soy agar plate (BD Biosciences). The
homogenates were then cultured overnight at 37°C in 5% CO2, and the number of live colonies was
counted.

Statistical analysis. Statistical analysis was conducted using Excel 2016 (Microsoft Corporation,
Redmond, WA). Data are presented as the mean � standard deviation (SD). Differences between the two
groups were tested using a two-tailed analysis in an unpaired Student’s t test. A P value of less than 0.05
was considered significant.
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