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were injected intravenously into each type of mice. Immunological
assays were performed 2 weeks after injection.

Confirmation of pDC depletion in spleen by flow
cytometric analysis

After Fc blocking with an antibody to CD16/32, isolated spleen cells were
stained with fluorescein isothiocyanate (FITC)-conjugated antibody to
CDl1Ig, phycoerythrin (PE)-conjugated antibody to CD45R/B220, and
allophycocyanin-conjugated antibody to mPDCA-1 (Miltenyi Biotec)
for 30 min at room temperature and washed with PBS containing 1%
bovine serum albumin. Just before fluorescence-activated cell sorting
(FACS) analysis using FACSCalibur and CellQuest software (BD Bio-
sciences), 7-aminoactinomycin D (BD Biosciences) was added.

Measurement of antigen-specific T and B cell responses
After two i.n. vaccinations, B cell-mediated humoral responses
were measured as immunoglobulin production by ELISA using
goat antibody to mouse total IgG, IgG1, IgG2a, and IgA conjugated
to horseradish peroxidase (Southern Biotech) as previously de-
scribed (I). T cell-mediated cellular responses were monitored by
measuring NPzﬁo_zm/I-Ab—speciﬁc or NP366_374/H—2Db—speciﬁc
IFN-y secretion of splenocytes and the frequency and cytotoxicity
of H-2D"-specific CD8 T cells as described previously (13).

Preparation of human PBMCs for cytokine analysis

PBMCs were obtained from 10 healthy adult volunteers (30 to 50
years old, 6 males and 4 females). All of the experiments using hu-
man PBMCs were approved by the Institutional Review Board of
the Research Institute for Microbial Diseases, Osaka University.
Cells were purified from heparinized blood by density centrifuga-
tion using Ficoll-Paque Plus (Amersham). Human pDCs, CD4, or
CD8 T cells were depleted with BDCA4 and CD4 or CD8 antibody
MACS microbeads (Miltenyi Biotec), respectively, according to the
manufacturer’s protocol. Plasmacytoid DC depletion was con-
firmed by FACS analysis staining with FITC-conjugated antibody
to BDCA2 and PE-conjugated antibody to CD123 (Miltenyi Biotec).
PBMCs or pDC-depleted PBMCs (1 x 10° to 2 x 10° cells) were stim-
ulated with each influenza vaccine at the indicated concentration.
Twenty-four hours later, IFN-a and IFN-y (R&D Systems) were mea-
sured in supernatants by ELISA according to their manufacturers’
protocol.

Statistical analysis

Statistical significance (P < 0.05) between groups was determined
using the Student’s £ test. A survival curve was generated using Kaplan-
Meier methodology, and the susceptibility of mice after infection was
compared using the log-rank test.
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Fig. S1. TLR7-dependent, but not IPS-1-dependent, signaling is required for the induction of
protective immune responses with inactivated WV vaccine by i.m. immunization.

Fig. S2. ASC-dependent inflammasome activation was dispensable for adaptive immune re-
sponse to influenza virus infection, except for systemic IgG1 production.

Fig. S3. Type | IFN receptor-mediated signaling was indispensable for adaptive immune re-
sponse to WV but not to the live virus.
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Fig. S4. Plasmacytoid DC depletion by mPDCA-1 antibody was confirmed in spleen.

Fig. S5. Type | IFN interaction between pDCs and other immune cells was required for WV
vaccine immunogenicity.

Fig. S6. Different manner of type | IFN response to WV vaccine and split vaccine is dependent
on the presence of the viral genome RNA.

Fig. S7. Indispensable role of type | IFN-mediated signaling in vaccination with split vaccine
plus SPG-CpG.
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NLRP4 Negatively Regulates Autophagic Processes through
an Association with Beclinl

Nao Jounai,*" Kouji Kobiyama,*' Masaaki Shiina,” Kazuhiro Ogata,* Ken J. Ishii,"®
and Fumihiko Takeshita*

Although more than 20 putative members have been assigned to the nucleotide-binding and oligomerization domain-like receptor
(NLR) family, their physiological and biological roles, with the exception of the inflammasome, are not fully understood. In this
article, we show that NLR members, such as NLRC4, NLRP3, NLRP4, and NLRP10 interact with Beclinl, an important regulator
of autophagy, through their neuronal apoptosis inhibitory protein, MHC class II transcription activator, incompatibility locus
protein from Podospora anserina, and telomerase-associated protein domain. Among such NLRs, NLRP4 had a strong affinity to
the Beclinl evolutionally conserved domain. Compromising NLRP4 via RNA interference resulted in upregulation of the auto-
phagic process under physiological conditions and upon invasive bacterial infections, leading to enhancement of the autophagic
bactericidal process of group A streptococcus. NLRP4 recruited to the subplasma membrane phagosomes containing group A
streptococcus and transiently dissociated from Beclinl, suggesting that NLRP4 senses bacterial infection and permits the initia-
tion of Beclinl-mediated autophagic responses. In addition to a role as a negative regulator of the autophagic process, NLRP4
physically associates with the class C vacuolar protein-sorting complex, thereby negatively regulating maturation of the auto-
phagosome and endosome. Collectively, these results provide novel evidence that NLRP4, and possibly other members of the NLR
family, plays a crucial role in biogenesis of the autophagosome and its maturation by the association with regulatory molecules,

such as Beclinl and the class C vacuolar protein-sorting complex. The Journal of Immunology, 2011, 186: 1646-1655.

tg5/Atg7-dependent macroautophagy (referred to as auto-
phagy in this article), an intracellular protein-degradation
system required for cellular homeostasis, regulates the
sequestration and elimination of some types of intracellular bac-
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teria (1-3). Following entry into host phagocytic cells, invasive
pathogens, such as group A streptococcus (GAS; Streptococcus
pyogenes) and Listeria monocytogenes, escape from the conven-
tional phagosome by digesting its membrane with the secreted
hemolytic enzymes streptolysin O and listeriolysin O, respec-
tively (4, 5). Once bacteria are released into the cytoplasm, they
are captured by the autophagosomes, whose double-membrane
structure is resistant to lytic bacterial enzymes. Subsequently, the
autophagosomes mature by fusion with the lysosomes, and bac-
teria present within autolysosomes are killed and digested. Cells
that are deficient for this autophagic process are incapable of
eliminating such invasive bacteria; thus, the autophagic bacteri-
cidal process is crucial for cell-autonomous antibacterial resis-
tance.

Mechanisms underlying the initiation of autophagy have been
extensively investigated over the past decade. Recent evidence
indicates that one of the key initiators of the autophagic process is
Beclinl, which associates with PI3K class III (PI3KC3), thereby
mediating biogenesis and dynamics of subcellular membranes
involved in autophagy. Additionally, it was demonstrated that
binding partners of Beclinl, such as the activating molecule in
Beclinl-regulated autophagy (Ambral), UV radiation resistance-
associated gene protein (UVRAG), and Atgl4L, positively regu-
late autophagy, whereas Bcl-2, originally identified as an inhib-
itory factor for apoptosis signaling, inhibits autophagy (6-9).
UVRAG was shown to play another biological role by interacting
with the class C vacuolar protein sorting (C-VPS) complex, con-
sisting of VPS11, VPS16 and VPS18, and facilitating the activa-
tion of Rab7 on the Rab5-labeled vacuole. This is known as Rab
conversion during maturation of the autophagosome, as well as
the endosome (10). Furthermore, a recent study demonstrated that
Run domain protein as Beclinl interacting and cysteine-rich
containing (Rubicon) inhibits the maturation process of the auto-
phagosome (8, 9). Taken together, it was suggested that the several
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binding partners of Beclinl have at least two functions during the
autophagic process, thereby controlling autophagic flux. The first
function seems to be control of Beclinl-mediated initiation of
autophagy, and the second is control of the maturation process of
the autophagosome.

Nucleotide-binding and oligomerization domain-like receptors
(NLRs) are categorized as a family of cytosolic proteins having
structurally conserved domains. This protein family consists of
23 putative members that have been identified in humans and 34
that have been identified in mice. According to a genome-wide an-
alysis of the putative genes, all have several shared domains,
such as neuronal apoptosis inhibitory protein, MHC class II trans-
cription activator, incompatibility locus protein from Podospora
anserina, and telomerase-associated protein (NACHT) domain,
pyrin domain, the caspase recruitment domain, and the leucine-
rich repeat domain. Some NLR family members, such as NLRC4,
NLRPI1, and NLRP3, were shown to form an ~700-kDa cyto-
plasmic protein complex, called an inflammasome, to facilitate the
maturation and secretion of proinflammatory cytokines, including
IL-1B, IL-18, and IL-33, in response to bacterial infections (11).
It was shown that autophagy and a distinct type of cell death
process, termed “pyroptosis,” are upregulated in NLRC4 ™'~ mac-
rophages relative to wild-type (WT) macrophages postinfection
with Shigella, suggesting that NLRC4 negatively regulates au-
tophagy and the induction of cell-autonomous bactericidal pro-
cesses (12).

In the current study, we examined the molecular mechanisms
underlying the association between NLR family members and the
Beclinl-mediated autophagic bactericidal process. Our results de-
monstrated that NLRC4 and NLRP4 negatively regulate auto-
phagic processes through an association with Beclinl. In addi-
tion, NLRP4 physically interacts with the C-VPS complex, thereby
blocking maturation of autophagosomes to autolysosomes. Fur-
thermore, NLRP4 is recruited to and accumulates in the bacteria-
containing phagosomes and transiently dissociates from Beclinl
after GAS infection. Our results suggested that NLRP4 is engaged
in the mechanism controlling the autophagic flux crucial for the
cell-autonomous antibacterial resistance.

Materials and Methods

Cells, bacteria, and reagents

HEK293, THP-1, and HeLa cells were purchased from the American Type
Culture Collection. HEK293 and HeLa cells were maintained in DMEM,
whereas THP-1 cells were maintained in RPMI 1640 supplemented with
FCS and 50 mg/ml each penicillin and streptomycin. The normal primary
HUVECs were purchased from TAKARA (Japan). HUVECs were main-
tained in the supplemented endothelial cell growth medium-2 without
antibiotics, according to the manufacturer’s instruction. GAS serotype M6
was a kind gift from E. Hanski (The Hebrew University, Hadassah Medical
School, Jerusalem, Israel). GAS was cultured in Todd Hewitt medium
supplemented with yeast extract (THY medium) (BD Biosciences). For
infection experiments, GAS was prepared by adjusting to I ODsgg (~1 X
10° cells/ml) and washing twice with PBS before infection. L. mono-
cytogenes were grown in brain/heart infusion broth (BD Biosciences) at 37°C.
For infection experiments, L. monocytogenes were prepared by adjusting
to 1 ODgg (~2 X 107 cells/ml) and washing twice with PBS before in-
fection. Vesicular stomatitis virus (VSV) was provided by the National
Institute of Animal Health (Tokyo, Japan). Cell transfection and RNA in-
terference were performed as described previously (13). The dsRNA for
knockdown of NLRC4 and NLRP4 was obtained from Invitrogen (stealth
RNAI). Each knockdown of NLRC4 or NLRP4 was performed with pooled
dsRNAs whose sequences are shown in Supplemental Table 1. Control
small interfering RNA (siRNA) was purchased from Invitrogen (cat.
#12935-300). Primers (Supplemental Table IT) were used to confirm the
level of RNA encoding NLRC4 and NLRP4. In some cases, cotransfection
with expression plasmid and siRNA was performed by Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions.
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Gel-filtration assay

HelLa cells were disrupted as described previously (14), and the cytoplas-
mic lysate was subjected to size fractionation with Superdex 200 (GE
Healthcare).

Plasmids

NLRC4, NLRP3, NLRP4, NLRP10, Beclinl, p57, VPS11, VPS16, VPS18,
and LC3 cDNAs were amplified by PCR using a human or mouse spleen
c¢DNA library. The cDNA fragments were introduced into pFLAG-CMV4,
pFLAG-CMVS5 (Sigma), pClneo (Promega), pClneo-HA, or pCAGGS-CFP
(15). Each truncated protein was prepared by insertion of the follow-
ing PCR amplicons into expression vector plasmids: NLRC4 caspase re-
cruitment domain (1-100), NLRC4 NACHT (100-500), NLRP3 NACHT
(200-550), NLRP4 NACHT (100-500), NLRP10 NACHT (140-500),
Beclinl BD (90-152), Beclinl CCD (152-246), and Beclinl ECD (246—
339). To construct the mRFP-GFP-LC3-expressing plasmid, open reading
frames of mRFP, GFP, and LC3 were tandemly ligated and introduced into
pClneo. For generation of recombinant lentiviruses, the targeting cDNA
was introduced into CSII-CMV-MCS-IRES-puro or CSII-EF-MCS-IRES-
hyg (16, 17) to obtain CS-mRFP-GFP-LC3-IRES-puro, CS-CFP-NLRP4-
IRES-hyg, and CS-CFP-p57-IRES-hyg.

Immunoprecipitation and immunoblotting

Immunoprecipitation assays were performed as described previously (18).
Immunoblotting analyses were performed using anti-LC3 (Cell Signaling,
cat. #2775), anti-Beclinl (AnaSpec), anti—B-actin (Cell Signaling Tech-
nology), anti-NLRC4 (AnaSpec, cat. #54128), anti-NLRP4 (IMGENEX,
cat. #IMG-5743), anti-p62 (BIOMOL, cat. ##W9860), anti-FLAG M2
(Sigma), or anti-HA (Roche Diagnostics), as described previously (18).
For reprobing the membrane with different Abs, the membrane was incu-
bated in stripping buffer (400 mM glycine, 0.2% SDS, 2% Tween 20 [pH
2.2]) for 10 min at room temperature, washed, and Ab was added to the
membrane. To detect human NLRC4 and NLRP4 protein, Can Get Signal
(TOYOBO) was used to augment the signal.

RT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen), according to the
manufacturer’s instructions. Extracted total RNA was reverse transcribed
with ReverTra Ace reverse transcriptase (TOYOBO), and standard PCR
was conducted as described previously (19).

Quantitative RT-PCR

SYBR Green technology was applied for all of the assays with ABI
7500 standard quantitative PCR system (Applied Biosystems, CA). SYBR
Premix Ex Taq II was purchased from TAKARA (Japan). Primer pairs are
listed in Supplemental Table III. The gapdh gene was used as an internal
control.

Cytokine ELISA

Human IL-1B was quantified with the Human IL-18/IL-1F2 DuoSet (R&D
Systems), according to the manufacturer’s instruction.

Evaluation of bacterial viability

The bacteria grown until midlog phase were harvested and washed twice
with PBS (pH 7.4) and then adjusted to appropriate cell density. The bacteria
were added to cell cultures (1 X 10° HeLa cells or 2 X 10° HUVECs in
a 12-well culture plate) at a multiplicity of infection (MOI) of 50 without
antibiotics. One hour postinfection, antibiotics (penicillin and streptomy-
cin) were added to the culture medium to kill extracellular bacteria, and the
cells were further cultured for the indicated time periods. After an ap-
propriate incubation time, infected cells were lysed in 1 ml sterile distilled
water, and serial dilutions of the lysates were plated on THY agar plates.
The colony numbers were enumerated 24 h after plating. Data represent
the mean = SD of recovered bacteria for three independent experiments.

Generation of stably transformed HelLa cells

Recombinant lentiviruses expressing mRFP-GFP-LC3, CFP-NLRP4, or
CFP-p57 were generated by transfecting CS-mRFP-GFP-LC3-IRES-puro,
CS-CFP-NLRP4-IRES-hyg, or CS-CFP-p57-IRES-hyg, as well as pCAG-
HIVgp and pCMV-VSV-G-RSV-Rev, into HEK293 cells, as described in
another study (20). Forty-eight to seventy-two hours following trans-
fection, the culture supernatants were recovered and transferred to the
fresh HeLa cell culture. HeLa cells expressing mRFP-GFP-LC3, CFP-
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NLRP4, or CFP-p57 were selected in the presence of puromycin (2 mg/ml)
alone or puromycin plus hygromycin (200 mg/ml).

Fluorescent and confocal microscopy analysis

Fluorescent microscopy analysis was performed with a fluorescent de-
convolution microscope (BIOZERO; Keyence, Japan). Confocal micros-
copy analysis was performed with FLUOVIEW FV1000-D (BX61WI;
OLYMPUS). For immunofiuorescent staining of GAS, HeLa cells were
fixed and immunostained with an anti-GAS Ab (Abcam), followed by an
Alexa Fluor 546-conjugated anti-rabbit [gG (Invitrogen) secondary Ab, and
were subjected to microscopy analysis.

Epidermal growth factor receptor degradation assay

Control, NLRC4-knockdown, or NLRP4-knockdown HeLa cells were trea-
ted with 200 ng/ml recombinant epidermal growth factor (EGF) (R&D
Systems) for the indicated periods and were subjected to immunoblotting
analysis with the anti-EGF receptor (EGFR) (1005; Santa Cruz).

Statistical analysis

The Student ¢ test was used for statistical analysis.

Results

NLR family members interact with Beclinl

To assess possible roles for NLR family members in the autopha-
gic process, their molecular interactions with Beclinl, the primary
regulator of autophagy, was examined by immunoprecipitation anal-
ysis. As a result, NLRC4, NLRP3, NLRP4, NLRP10, and NOD2,
but not GFP, coprecipitated with Beclinl in HEK293 and HeLa
cells, suggesting that these NLR family members have the po-
tential to interact with Beclinl (Fig. 14, Supplemental Fig. 14, 1B).
Additionally, a NACHT domain of each NLR was shown to be
sufficient for interaction with Beclinl (Fig. 1B). The highest levels
of such an interaction were seen between NLRP4 NACHT and
Beclinl (Fig. 1B). The NACHT domain of NLRC4 was shown to
catalyze nucleotide hydrolysis through direct interaction with ATP/
2'deoxyadenosine triphosphate, crucial for self-multimerization,
caspase-1 activation, and subsequent IL-13 release as a function
of the inflammasome. In contrast to such previous observations, the
loss-of-function mutant NLRC4 NACHT K175R was shown to
interact with Beclinl comparably to WT NLRC4, suggesting that
ATP/2'deoxyadenosine triphosphate binding is not essential for
NACHT domain interaction with Beclinl (Fig. 1B). We further
examined the endogenous interaction between NLRP4 and Beclinl
in HeLa cells or the normal primary HUVECsS. As a result, NLRP4
was shown to interact with Beclin1 under physiological conditions
(Fig. 1C, Supplemental Fig. 2).

Although endogenous human NLRP4 protein could be recog-
nized at the expected size upon immunoblotting, little is known
about the expression of human NLRP4. To strengthen NLRP4
expression in HeLa cells and HUVECs, we evaluated NLRP4-
encoding RNA level (Supplemental Fig. 3A, 3B). The NLRP4-
encoding RNA could be detected in HeLa cells and HUVECs
by RT-PCR (Supplemental Fig. 3A). To quantify NLRP4-encoding
RNA level by quantitative PCR, we evaluated it compared with the
expression level of NLRC4, because its expression at the RNA and
protein levels has been reported (21). As shown in Supplemental
Fig. 3B, the level of NLRP4-encoding RNA was 6-fold lower than
that of NLRC4 in HeLa cells. However, the RNA level of NLRP4
in HUVECs was comparable to that of NLRC4 in HeLa cells and
slightly less than that of NLRC4 in HUVECs (Supplemental Fig.
3B). It suggests that NLRP4’s expression level might vary among
cell types, and NLRP4 in HUVECs was expressed at the same
RNA level as NLRC4 in HeLa cells (Supplemental Fig. 3B).

Beclinl was shown to interact with several autophagy regulators
via distinct interaction domains: the Bcl-2 binding domain (BD),

NLRP4 NEGATIVELY REGULATES AUTOPHAGY

the coiled-coil domain (CCD), and the evolutionally conserved
domain (ECD), whose structure is uncharacterized but highly con-
served among Beclin1 zoologues. When each Beclinl domain (BD,
CCD, ECD) was ectopically expressed in HEK293 cells, the le-
vels of ECD protein were relatively low (Fig. 1D). Nonetheless, the
level of each NACHT domain that coprecipitated with Beclinl
ECD was higher than those with Beclinl BD or CCD, suggest-
ing that Beclinl ECD has a high affinity for the NLR NACHT
domains (Fig. 1D). Consistent with the result shown in Fig. 1B,
the NLRP4 NACHT domain most strongly interacted with the
Beclinl ECD (Fig. 1D). Furthermore, we characterized several
point mutants of the NLRP4 NACHT domain and found that
NLRP4 NACHT W345A or W405A was incapable of interacting
with Beclinl, suggesting that the structure conformed by these Trp
residues confers the interaction between the NLRP4 NACHT
domain and Beclinl ECD (Fig. 1E).

It was shown that Beclinl physiologically interacts with a vari-
ety of cytoplasmic proteins, forming different types of molecular
complexes (6). To examine whether NLRP4 also forms the com-
plexes in the cells, HeLa cells were mechanically disrupted, and
the cytoplasmic lysate was size fractionated by gel filtration. The
presence of Beclinl (52 kDa) and NLRP4 (113 kDa) in each frac-
tion was examined by immunoblotting. Beclinl was found in frac-
tions 3—-6 comprising molecules of 400-700 kDa, consistent with
a previous report (Fig. 1F) (8). NLRP4 was found in fractions 4
and 5, suggesting that NLRP4 might be present in the 500-700-
kDa cytoplasmic complex containing Beclinl (Fig. 1C, 1F).

The NLR NACHT domain promotes the interaction between
Beclinl and the heterologous NACHT domain

The NLR NACHT domains were suggested to play a role in self-
multimer formation, which is crucial for inflammasome activation.
As shown in Fig. 24, FLAG-NLRP4 interacted with HA-NLRC4,
HA-NLRP3, HA-NLRP4, or HA-NLRP10. Among these, FLAG-
NLRP4 showed the highest levels of interaction with HA-NLRP4,
suggesting that NLRP4 preferentially forms the homologous mul-
timer. Similarly, the NACHT domains of these NLR family mem-
bers were sufficient for association with the NACHT domain
of NLRP4 (Fig. 2B). The NLRP4 NACHT W345A and W405A,
which are not capable of binding to Beclinl, also interacted with
the homologous WT NACHT domain (Fig. 2B), suggesting that
the structural bases are different between NACHT-NACHT and
NACHT-Beclinl interactions. We then examined whether a mul-
timer formation between different NLR family members modu-
lates NLR interaction with Beclinl. Although the interaction
between NLRP4 and NLRC4 was weak (Fig. 2A), the degree of
NLRP4 interaction with Beclinl ECD increased as a result of
NLRC4 concomitantly interacting with Beclinl ECD in a dose-
dependent fashion (Fig. 2C). A similar result was observed in-
volving the NACHT domains of NLRC4 and NLRP4 (Fig. 2D),
suggesting that the NLRP4 NACHT domain facilitates the inter-
action between Beclinl and the heterologous NACHT domain.
We also examined whether overexpression of Beclinl ECD leads
to upregulation of autophagy by dissociating NLRP4 from Bec-
linl. However, as a result, neither the number of LC3 vacuoles
nor the levels of p62, an intracellular protein specifically and con-
stitutively degraded by autophagic process (22), changed follow-
ing Beclinl ECD overexpression (Supplemental Fig. 44, 4B).

Knockdown of NLRC4 or NLRP4 promotes the autophagic
process

Based on experiments investigating the association between NLR
family molecules and Beclinl, NLRP4 NACHT domain showed
a stronger affinity with Beclinl ECD than other NLR NACHT
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domains (Fig. 1B, 1D), indicating that NLRP4 might strongly in-
fluence the induction and/or magnitude of autophagy. To ex-
amine the roles of NLRP4 in the autophagic process, NLRC4 or
NLRP4 mRNA was ablated by RNA interference. The levels of
RNA encoding endogenous NLRC4 or NLRP4 were specifically
decreased by siRNA treatment in HeLa cells (Fig. 3A). The
knockdown efficiency by NLRP4 siRNA was also confirmed at
endogenous protein levels (Fig. 3B, Supplemental Fig. 5). To mon-
itor the levels of the autophagic process, the levels of LC3 con-
version were examined in the cells pretreated with each siRNA.
Because modified LC3 (LC3-II), a hallmark of autophagy, is de-
graded on achievement of autophagy, the levels of LC3-II were
examined in the presence of protease inhibitors pepstatin A and
E64d (Fig. 3C). Under physiological conditions, the LC3-II lev-
els were higher in cells treated with NLRC4 or NLRP4 siRNA
relative to those with control siRNA, suggesting that the auto-
phagic process is constitutively promoted in the cells depleted
of NLRC4 or NLRP4 (Fig. 3C). Following invasive GAS in-
fection, the LC3-II levels were increased in all samples, but they
were greater in NLRC4- or NLRP4-knockdown cells compared
with control cells (Fig. 3C). The influence of decreased NLRC4

or NLRP4 on autophagy was also examined with well-known
autophagy inducers, such as rapamycin, VSV, and other invasive
bacteria (L. monocytogenes) (Supplemental Fig. 6A-C) (18). The
treatment of rapamycin or VSV infection resulted in LC3-II ac-
cumulation in NLRC4- or NLRP4-knockdown cells at a level
comparable to control cells (Supplemental Fig. 64, 6B). In con-
trast, L. monocytogenes infection resulted in the enhancement of
LC3-1IT accumulation by the knockdown of NLRC4 or NLRP4
(Supplemental Fig. 6C). Collectively, the data suggested that
NLRC4 or NLRP4 negatively regulates the induction of autoph-
agy upon invasive bacterial infection (Supplemental Fig. 6A-C).

To further confirm the influence of NLRC4 and NLRP4 on the
autophagic process, the LC3-II levels were also monitored in the
absence of protease inhibitors (Fig. 3D). Of interest, LC3-II was
barely detected in NLRP4-knockdown cells under physiological
conditions and even after GAS infection (Fig. 3D). The levels
of the other hallmark of autophagy, p62, were lower in NLRP4
knockdown cells compared with control cells before GAS in-
fection (Fig. 3D). The GAS infection did not affect the levels
of p62 in the cells treated with siRNA of control, NLRC4-
knockdown, or NLRP4-knockdown cells, indicating that phys-
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iological autophagy might be distinct from GAS-mediated au-
tophagy on discrimination of substrates to degrade (Fig. 3D). In
addition, the fluorescent microscopy analysis showed that the re-
duced NLRP4 resulted in greater numbers of LC3-II vacuoles
under physiological conditions (Supplemental Fig. 7). These re-
sults collectively suggested that NLRC4 and NLRP4 negatively
regulate the autophagic process under physiological conditions,
as well as postinvasive bacterial infection, and that NLRP4, but
not NLRC4, inhibits the protein-degradation process mediated by
autophagy.

To examine whether the autophagic process regulated by NLRC4
or NLRP4 controls the intracellular bactericidal activity, the sur-
vival rate of intracellular bacteria was monitored following GAS
infection (Fig. 3E). The number of bacteria that survived was
significantly less in the NLRC4- or NLRP4-knockdown cells
compared with control cells. Furthermore, the bacterial number
was significantly less in the NLRP4-knockdown cells compared
with the NLRC4-knockdown cells. Collectively, these data sug-
gested that NLRC4 and NLRP4 negatively control the intra-
cellular bactericidal activity, at least in part, through inhibition of
the autophagic process (Fig. 3E).

We further investigated whether NLRP4 also functions as a
negative regulator of autophagy in human primary cells, such as
HUVECs. As shown in Fig. 3F, the knockdown of NLRP4 or
NLRC4 in HUVEGCS resulted in accelerated autophagy after GAS
infection. In addition, the reduction of NLRP4 resulted in greater
bactericidal activity, suggesting that NLRP4 and NLRC4 are neg-
ative regulators of bactericide in HUVECs (Fig. 3G).

Some NLRs, such as NLRP3 and NLRC4, were shown to
mediate the signaling leading to inflammasome activation. The
secretion of IL-1B, a hallmark of inflammasome activation, was

l
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not detected in HeLa cells, even after treatment with a known
inflammasome-activating agent, such as LPS, or GAS infection
(Supplemental Fig. 8). Instead, the role of NLRP4 in inflamma-
some activation was examined by coexpression of inflammasome
components: caspase-1 and apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain. Coexpression of
these molecules facilitated IL-1f secretion. The level of IL-1B8
was further increased in the presence of NLRC4 but not NLRP4,
suggesting that NLRC4 is engaged, at least in part, in inflamma-
some activation in HeLa cells (Supplemental Fig. 8B).

NLRP4 is transiently recruited to bacteria-containing
autophagosomes and dissociates from Beclinl at an early stage
of GAS infection

To examine whether NLRP4 controls GAS-mediated autophago-
some formation, the numbers of LC3 puncta were evaluated by
confocal microscopy analysis (Fig. 44, 4B, Supplemental Fig.
9A). As a result, the number of GAS-associated LC3" vacuoles
was greater in NLRP4-knockdown cells than in control cells,
suggesting that NLRP4 negatively regulates the induction of GAS-
associated LC3 vacuoles (Fig. 44, 4B, Supplemental Fig. 94). To
examine the subcellular dynamics of NLRP4 upon GAS infection,
HeLa cells stably expressing CFP-NLRP4 and GFP-LC3 were
established. Although diffusely present in the cytoplasm under
physiological conditions, NLRP4 was recruited to the subplasma
membrane area close to phagosomes containing GAS 30 min
postinfection (Fig. 4C, Supplemental Fig. 9B). Similar relocaliza-
tion was observed when the well-characterized phagosomal mar-
ker p57, also known as TACO or coroninl, was examined (Fig.
4D). In contrast, NLRP4 returned to a diffuse distribution in
the cytoplasm 120 min postinfection, when most bacteria were
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FIGURE 3. Enhancement of autophagy by repressing expression of NLRC4 or NLRP4. A-C, HeLa cells were transfected with control dsRNA or pooled
dsRNAs targeting NLRC4 or NLRP4. A, Twenty-four or forty-eight hours following transfection, the mRNA levels of NLRC4, NLRP4, or B-actin were
examined by RT-PCR analysis. B, Forty-eight hours following transfection, the protein levels of NLRC4, NLRP4, or B-actin were examined by immu-
noblotting. C, HeLa cells pretreated with siRNA were treated with protease inhibitors for 4 h and then were infected with GAS at an MOI of 50 for the
indicated times. The levels of LC3-II in each sample were examined by immunoblotting analysis (upper panel). Band intensity was measured by Image J
software. The intensity values of LC3-II were normalized to those of B-actin (lower panel). D, Cells pretreated with siRNA were infected with GAS at an
MOI of 50 for the indicated times. The levels of LC3-1I and p62 in each sample were examined by immunoblotting analysis. E, The HeLa cells were lysed
in 1 ml of sterile distilled water, and 100 wl of each lysate was spread on THY agar plates (n = 3). The numbers of colonies were counted 24 h after
incubation at 37°C. The graph shows the mean % SD. Representative results from at least three independent experiments are shown. F and G, HUVECs
pretreated with siRNA were further treated with protease inhibitors for 4 h and then infected with GAS at an MOI of 50 for the indicated times. F, The levels
of LC3-II in each sample were examined by immunoblotting analysis. G, The HUVECs were lysed in 1 ml of sterile distilled water, and 100 .l of each
lysate was spread on THY agar plates (n = 3). The numbers of colony were counted 24 h after plating. The graph shows the mean * SD. Representative
results from at least three independent experiments are shown. *p < 0.03.

encapsulated by the LC3" vacuoles (i.e., autophagosomes) (Fig.
4C, Supplemental Fig. 9B). p57 remained localized in the vac-
uoles containing bacteria 120 min postinfection (Fig. 4D). We
also evaluated whether the levels of interaction between NLRP4
and Beclinl changed following GAS infection. HeLa cells were
transfected with an expression plasmid encoding HA-NLRP4, and
we found that HA-NLRP4 specifically interacted with endogenous
Beclinl (Fig. 4E). The level of interaction between HA-NLRP4

immunoprecipitated Beclinl could not be evaluated (Fig. 4E). We
also found that the degrees of interaction between FLAG-NLRP4
and HA-Beclinl decreased 30-60 min after GAS infection but
returned to their original levels after 120 min (Fig. 4F). It was
proposed that NLRP4 can detect infection by invasive bacteria,
is recruited to the phagosomes, and dissociates from Beclinl,
thereby permitting induction of autophagy, culminating in the
induction of the intracellular bactericidal process.

and Beclinl decreased 60 min following GAS infection, but it re-
turned to normal levels after 120 min (Fig. 4E). Because the size
of Beclin] is similar to that of an IgG H chain, the exact levels of

NLRP4 but not NLRC4 inhibits maturation of autophagosomes

Once the autophagosome undergoes maturation and couples with
lysosomes, it functions as the autolysosome, initiating the intra-
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FIGURE 4. The dynamics of subcellular localization of NLRP4 and the levels of interaction between NLRP4 and Beclinl following GAS infection. A
and B, HeLa cells were cotransfected with the indicated siRNA and GFP-LC3 expression plasmid, and the cells were infected with GAS at an MOI of 100.
At 2 h postinfection with GAS, the cells were fixed and immunostained with anti-GAS Ab, followed by Alexa 546-conjugated anti-rabbit Ab. The samples
were subjected to confocal microscopy analysis. A, Representative photomicrographs from seven cells examined. Arrowheads in merge images denote
GAS-associated LC3 vacuoles. Scale bar, 20 wm. B, The number of GAS-associated LC3 vacuoles (>2 pum) in individual cells was counted (n = 15). The
graph shows the mean = SD. *p << 0.01. HeLa cells stably expressing GFP-LC3 plus CFP-NLRP4 (C) or CFP-p57 (D) were infected with GAS at an MOI
of 50 for the indicated times and then fixed. Intracellular GAS was immunostained with anti-GAS Ab, followed by Alexa Fluor 546-conjugated anti-rabbit
Ab. The samples were examined under a confocal microscope. Scale bar, 20 wm. Representative photomicrographs from 10-15 cells examined. Three
independent experiments gave similar results. HeLa cells were transfected with an expression plasmid for HA-NLRP4 (E) or FLAG-NLRP4 and HA-
Beclinl (F). Forty-eight hours after transfection, the cells were infected with GAS at an MOI of 50 for the indicated times. The cells were then subjected to
immunoprecipitation assays. Representative results from at least three independent experiments are shown.

cellular bactericidal process. To monitor the real-time forma-
tion of autophagosomes and autolysosomes, we established a
HeLa cell line that stably expressed the mRFP-GFP-LC3 fusion
protein. According to a previous report (23), when this indicator

protein is present in the autophagosome, the mixed fluorescence
of red and green is detected as yellow. By contrast, in the auto-
lysosome, the tertiary structure of GFP, but not that of mRFP, is
disrupted because of low pH, and the indicator fluorescence is red.

1102 ‘01 AeJA uo S10 jounwui[*Mmm Wolj papeojumo(]



The Journal of Immunology

Rab7, a small GTPase known to localize on the lysosome mem-
brane, was recruited to the red fluorescent vacuoles but not to the
yellow ones (data not shown). Using this indicator, we evaluated
the maturation of the autophagosomes in living cells. The num-
ber of yellow vesicles was greater in NLRC4- and NLRP4-
knockdown cells relative to control cells, suggesting that auto-
phagosome formation is upregulated (Fig. 5A). By contrast, the
number of red vesicles was significantly greater in NLRP4-
knockdown cells compared with NLRC4-knockdown or control
cells, indicating that the rate of autophagosome maturation is en-
hanced by interrupting NLRP4 expression but not NLRC4 ex-
pression (Fig. 5A, 5B). When these cells were infected with GAS,
the number of yellow vesicles increased in NLRC4-knockdown
cells compared with NLRP4-knockdown or control cells. Knock-
down of NLRP4 seemed to accelerate the rate of autophagosome
maturation, resulting in a reduction in the transient number of au-
tophagosomes (Fig. 5B, 5C). Altogether, these results indicated
that NLRC4 and NLRP4 negatively regulated the initiation of the
autophagic process, whereas NLRP4, but not NLRC4, inhibited
autophagosome maturation (Fig. 5D).

A recent study revealed that Rubicon, a negative regulator of the
autophagic machinery, contains a property that is inhibitory for
autophagosomal maturation because of a mechanism shared by
the endosomal-maturation process, which is critically involved
in EGF-dependent degradation of the EGFR. To examine whether
NLRP4 has a similar property, the efficiency of EGFR degradation
induced by EGF treatment was monitored by immunoblotting. As
shown in Fig. SE, the levels of EGFR were reduced in response
to EGF treatment of HeLa cells. However, the rate of EGFR
degradation was significantly greater in NLRP4-knockdown cells
compared with NLRC4-knockdown or control cells. A similar re-
sult was obtained when the rate of EGFR degradation was ex-

FIGURE 5. NLRP4 controls the maturation of A
autophagosome and endosome through the asso-
ciation with class C VPS. A-C, HeLa cells sta-
bly expressing mRFP-GFP-LC3 were transfected
with control dsRNA or pooled dsRNAs targeting
NLRC4 or NLRP4. A and B, Forty-eight hours
following transfection, the cells were fixed and
then analyzed under a confocal microscope. A,
Representative photomicrographs are shown; scale
bar, 20 pm. B, The number of red fluorescent
dots (>1 pm) in individual cells was counted
(n = 10). The graph shows the mean = SD. C,
Forty-eight hours after transfection, the cells were
infected with GAS at an MOI of 50 for the in-
dicated times, fixed, and analyzed under a confo-
cal microscope. The number of yellow fluores-
cent dots (>1 wm) in individual cells was counted
(n = 10). The graph shows the mean * SD. D, A
schematic diagram of target step(s) by NLRC4 or
NLRP4 in the course of autophagic flux. E, Hela
cells were transfected with control dsRNA or
pooled dsRNAs targeting NLRC4 or NLRP4. Forty-
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amined using A549 cells (Supplemental Fig. 10). The formation of
the autolysosome and endolysosome is mediated by the molecular
mechanisms controlling tethering and fusion of vacuolar mem-
branes. Such membrane dynamics are chiefly controlled by the C-
VPS complex consisting of VPS11, VPS16, VPSI18, and a small
GTPase (Rab7) on the Rab5-labeled early endosomes. To examine
the molecular mechanisms underlying NLRP4-mediated sup-
pression of autophagosome maturation, the interaction between
each C-VPS component and NLR family member was analyzed
by immunoprecipitation (Fig. 5F). Significant levels of VPS11,
VPS16, and VPSI18 coprecipitated with NLRP4 compared with
NLRC4 or control GFP, suggesting that NLRP4 has a stronger
affinity for the C-VPS complex and, thereby, controlled the mat-
uration process of the autophagosome and endosome (Fig. 5F).

Discussion

This study elucidated that the NACHT domain of NLRs physically
interacts with the ECD of Beclinl and inhibits induction of the
autophagic process. It was shown that Bcl-2 interacts with the
Beclinl BD (24), whereas UVRAG targets the Beclinl CCD (7).
CCD and ECD of Beclinl are required for its interaction with
PI3KC3 and a heterodimer of VPS34/VPS15 (7). However, mo-
lecular mechanisms underlying the complex formation of these
Beclinl-interacting molecules and their cooperation or competi-
tion for the induction of autophagy are largely unknown. Results
from our immunoprecipitation assay and gel-filtration analysis
indicated that NLRP4 is a component of the 500-700-kDa cyto-
plasmic complex that contains Beclinl (Fig. 1C, 1F). Previous
studies and our present data showed that, under physiological
conditions, the majority of cellular Beclinl (52 kDa) complexes
with VPS34 (100 kDa) and VPS15 (150 kDa) and that Beclinl
migrate into fractions spanning a relatively broad range of sizes

oy

D
o
*

mRFP

Merge

N b
S ©

Number of
Red dots/cell

0

Control
NLRC4
NLRP4

N
o

siRNA
-5 Control
i } - NLRC4

-
o

. £ NLRP4

Number of
Yellow dots/cell
-

o

o o

0 15 30 45 60 75
Minutes after GAS infection

eight hours posttransfection, the cells were treated
with EGF (200 ng/ml) for the indicated times.

EGF treatment
IB: EGFR

|

NLRC4 NLRP4 HA-VPS11 + ++
00512 00512 00512h HA-VPS16 +++
HA-VPS18 4+

FLAG-GFP + + +

The levels of EGFR degradation were examined by

IB: f-actin l—--—‘ i-- - ,I [— —-——I

FLAG-NLRC4 + + +
FLAG-NLRP4 + + +  KDa

immunoblotting analysis. Representative results of
at least three independent experiments are shown.
The graph shows the mean = SD. F, HEK293 cells
were transfected with the indicated plasmids. Forty-
eight hours after transfection, the cells were sub-
jected to immunoprecipitation and immunoblotting
analyses. Representative results of at least three in- 0 05
dependent experiments are shown. *p < 0.05.

EGFR/ f-actin

1
Hours after EGF treatment

IP: FLAG; IB: FLAG

siRNA
- Control
2 NLRC4
£ NLRP4

15 20

IP: FLAG; IB: HA

1102 ‘01 AeJA U0 10" [ountui* MMM WOIJ PAPLO[UMO(]



1654

(400-700 kDa). Thus, it was suggested that the Beclinl-PI3KC3
complex (~300 kDa) further interacts with other molecules of
different sizes. A recent study revealed that the Atgl4L—Beclinl-
PI3KC3 complex is required for autophagosome formation,
whereas the UVRAG-Beclinl-PI3KC3 complex is crucial for
maturation of the autophagosome and endosome. Further inter-
action of Rubicon with the UVRAG-Beclinl-PI3KC3 complex
inhibited the maturation process for the autophagosome and en-
dosome (8). Accordingly, the dynamics of Atgl4L, which local-
izes to the endoplasmic reticulum, isolation membrane, and auto-
phagosome, are different from those of UVRAG and Rubicon,
which are present in the endosome and lysosome. Therefore, it
was suggested that various types of the Beclinl-containing com-
plex are organized in response to the cellular environment, re-
sulting in the control of autophagic flux, whereas interaction with
Rubicon inhibits autophagic flux. Although the present study re-
vealed that NLRP4 is one component of the Beclinl complex,
further studies are required to elucidate which factors control the
formation of the NLRP4—Beclinl complex to negatively regulate
autophagy during invasive bacterial infection.

Previous studies characterized the nature of GAS-containing au-
tophagosome-like vacuoles (GcAVs). GeAVs are large (> 10 pm)
relative to physiological autophagosomes (0.5-1.0 wm) (4). Al-
though GcAVs were shown to be LC3™ and are generated in an
Atg5-dependent manner, a recent study suggested that Rab7 re-
cruitment to GcAVs, but not physiological autophagosomes, plays
an important role in the formation of GcAVs that is required
for elimination of invasive GAS bacteria (25). Because our data
showed that the knockdown of NLRP4 increased the number of
GcAVs and that NLRP4 interacted with the components of the C-
VPS complex linking Rab7 activation, it was strongly suggested
that NLRP4 correlates with the activation of Rab7 on GcAVs
(Figs. 4A, 4B, 5F).

Several studies investigated the cellular functions of NLRP4,
but none of them revealed its biological role associated with
bacterial infection (26—28). Another interesting aspect of NLRP4
that we elucidated in this study was the subcellular dynamics of
this molecule in response to bacterial infection (i.e., NLRP4 is
recruited and accumulated on bacteria-containing phagosomes
at an early stage of infection). Previous studies demonstrated
that mice deficient for NLRC4 or NLRP3 have defective TL-1B
production in response to bacterial components, such as flagellin
or LPS. There are no reports showing evidence of the direct in-
teraction between NLRs and bacterial components, although
several members of the NLR family were shown to be linked
to the bacterial-recognition mechanism (29). Furthermore, it was
recently shown that NODI and NOD2, the NLR sensors of bac-
terial peptidoglycan (muramyldipeptide), directly induce autoph-
agy by recruiting Atgl6L1 to the phagosomes containing bacteria
(30, 31). Accompanying these findings, recent genome-wide as-
sociation studies revealed that the loss-of-function mutation of the
Atgl6ll gene, as well as the gain-of-function mutation of the
Nod?2 gene, are seen at significantly greater rates in patients with
Crohn’s disease, suggesting that the NLR sensors and autophagy
are associated with the pathogenesis of inflammation caused by
bacteria (32, 33). The epithelial cell-expressing Atgl6L1 T300A
mutant, a risk variant of Crohn’s disease, undergoes physiological
autophagy but is defective for the autophagic process induced by
bacterial infection. This would indicate that Atgl6L mediates
a specific signaling pathway linking bacterial recognition and the
initiation of autophagy (34). In fact, a previous study revealed that
Atg16L1-deficient murine cells are more susceptible to secreting
IL-1B in response to inflammatory stimuli, such as LPS or dextran
sulfate sodium (35). Because Atgl6L was shown to be an essen-

NLRP4 NEGATIVELY REGULATES AUTOPHAGY

tial factor in the regulation of autophagy downstream of Beclinl-
mediated signaling, it was suggested that Atgl6L.-NOD2 inter-
action is a crossroad between macroautophagy and inflammasome
activation. Because our research also clarified the novel molecular
interaction between NLRP4 and Beclinl, we are investigating, in
on-going studies, upstream signaling events regulating the asso-
ciation between inflammasome and autophagy.

With regard to autophagy-inducing pathways specific to bac-
terial infection, it was shown that signaling mediated by TLRs can
lead to autophagosome formation (36, 37). Immunity-related p47
guanosine triphosphatase M, a cytoplasmic molecule crucial in the
recognition and elimination of invasive pathogens, also mediates
the induction of autophagy following Mycobacterium tuberculo-
sis infection (38, 39). Several studies have begun to elucidate
the mechanisms underlying the pathway linking the sensory ma-
chinery of pathogens and the initiation of autophagy. Further ge-
netic studies would determine how NLRP4, directly or indirectly,
contributes to the autophagic bactericidal process during invasive
bacterial infections and whether NLRP4 regulates inflammasome
activation upon invasive bacterial infection with or without other
NLR members.
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A New Subset of CD103*CD8«* Dendritic Cells in the Small
Intestine Expresses TLR3, TLR7, and TLR9 and Induces Thl
Response and CTL Activity

Kosuke Fujimoto,* ! Thangaraj Karuppuchamy,*™! Naoki Takemura,*"
Masaki Shimohigoshi,* Tomohisa Machida,*" Yasunari Haseda,*® Taiki Aoshi,*®
Ken J. Ishii,”* Shizuo Akira,*' and Satoshi Uematsu*"

CD103* dendritic cells (DCs) are the major conventional DC population in the intestinal lamina propria (LP). Our previous report
showed that a small number of cells in the LP could be classified into four subsets based on the difference in CD11¢/CD11b
expression patterns: CD11c™CD11b" DCs, CD11¢™CD11b" DCs, CD11¢™CD11b™ macrophages, and CD11¢™CD11b™ eosino-
phils. The CD11¢"CD11b™ DCs, which are CD103", specifically express TLR5 and induce the differentiation of naive B cells into
IgA* plasma cells. These DCs also mediate the differentiation of Ag-specific Th17 and Th1 cells in response to flagellin. We found
that small intestine CD103" DCs of the LP (LPDCs) could be divided into a small subset of CD8c" cells and a larger subset of
CD8a™ cells. Flow cytometry analysis revealed that CD103*CD8a* and CD103*CD8«~ LPDCs were equivalent to CD11c™
CD11b" and CD11c"'CD11b™ subsets, respectively. We analyzed a novel subset of CD8a* LPDCs to elucidate their immunological
function. CD103*CD8a* LPDCs expressed TLR3, TLR7, and TLRY and produced IL-6 and IL-12p40, but not TNF-q, IL-10, or
IL-23, following TLR ligand stimulation. CD103*CD8a:* LPDCs did not express the gene encoding retinoic acid-converting
enzyme Raldh2 and were not involved in T cell-independent IgA synthesis or Foxp3™ regulatory T cell induction. Furthermore,
CD103*CD8a™ LPDCs induced Ag-specific IgG in serum, a Th1 response, and CTL activity in vive. Accordingly, CD103*CD8a”*
LPDCs exhibit a different function from CD103*CD8c:~ LPDCs in active immunity. This is the first analysis, to our knowledge, of

CD8a* DCs in the LP of the small intestine. The Journal of Immunology, 2011, 186: 000—000.

proteins and commensal bacteria. Although the intestinal
immune system has evolved mechanisms that maintain
immunological tolerance to food Ags and commensal organisms, it
also recognizes invasive pathogens and induces appropriate pro-
tective immune responses to eliminate them. Dendritic cells (DCs)
are thought to play a key role in discriminating between commensal
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microorganisms and potentially harmful pathogens and in main-
taining the balance between tolerance and active immunity. DCs in
the intestine are present not only in GALT, such as the Peyer’s
patches and isolated lymphoid follicles, but also in the lamina
propria (LP) (1). CD103* DCs and CX3CRI1" DCs are represen-
tative DCs in the intestinal LP (LPDCs). Recent reports have
shown that CD103* LPDCs and CX3CR1* LPDCs are derived
from two distinct DC lineages and that they serve separate im-
mune functions in the intestine (2, 3). CX3CR1* DCs in the LP are
known to penetrate epithelial tight junctions to sample luminal
bacteria (4, 5). However, CX3CR1* DCs are nonmigratory and
display poor T cell stimulatory capacity (6). However, CD103"
DCs were shown to migrate from the LP to the mesenteric lymph
nodes (MLNs) in a CCR7-dependent manner and to induce
Foxp3™ regulatory T cells (Tregs) via the dietary metabolite reti-
noic acid (RA) (7-10). RA-producing CD103* DCs in MLNs
induce a4, integrin and CCR9 expression on naive lymphocytes
to establish gut tropism (11). Previously, we reported that low-
density cells in the LP could be classified into four subsets on
the basis of their different CD11c/CDI11b expression patterns:
CD11c"CD11b" DCs, CD11c™CD11b™ DCs, CD11c™CD11b™
macrophages, and CD11¢™CD11b" eosinophils (12). The
CD11cMCD11b™ subset, which is CD103*, expresses TLRS and
TLR9Y and produces proinflammatory cytokines such as TL-6 and
IL-12 in response to flagellin and CpG oligodeoxynucleotide
(ODN) (12, 13). The CD11c™CDI11b" subset specifically ex-
presses mRNA of retinal dehydrogenase isoform 2 (Raldh2),
which catalyzes the conversion of retinal to RA (12, 13). The
ability to produce RA enables the CD11c™CD11b" DC subset to
induce a flagellin-mediated T cell-independent IgA class-switch
recombination of B cells (12, 13). Furthermore, the CD11c"
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2 ANALYSIS OF CD103"CD8«* LPDCs IN THE SMALL INTESTINE

CD11b™ subset promotes Thl and Th17 cell differentiation in
response to TLR ligands (12, 14).

We show that CD103" LPDCs in the small intestine are divided
into a small subset of CD8a" cells and a larger subset of CD8a ™~
cells. According to the flow cytometry analysis, CD103"CD8a”
and CD103"CD8a~ LPDCs were equivalent to CD11c"CD11b"
and CD11cMCD11b" subsets, respectively. We analyzed the novel
subset of CD8a™ LPDCs to elucidate their immunological func-
tions. The CD103*CD8a«* LPDCs expressed TLR3, TLR7, and
TLR9 and produced IL-6 and IL-12p40 but not TNF-a, IL-10, or
IL-23 in response to their respective TLR ligands. In contrast to
CDI103"CD8a” LPDCs, CD103"CD8a* LPDCs did not express
the gene encoding the RA-converting enzyme, Raldh2, and were
not involved in T cell-independent IgA synthesis and Foxp3™ Treg
induction. We further analyzed immunogenicity in Ag-loaded
CD103*CD8a* LPDCs in vivo. CD103°CD8a* LPDCs induced
Ag-specific IgG in serum, Thl response, and CTL activity. In
contrast, CD103*CD8a~ LPDCs induced Ag-specific 1gG in se-
rum as well as IgA in stool samples and also induced Thl and
Th17 responses and strong CTL activity. All of these results
suggest that CD103"CD8a” LPDCs have a different function to
CD103"CD8a~ LPDCs in active immunity.

Materials and Methods

Reagents

Flagellin and CpG ODN (ODN1668) were purified as previously described
(13). Polyinosinic-polycytidylic acid (poly I:C) and R-848 were purchased
from Invivogen. Mouse MHC class | (K®)-binding peptide OVAs57_264
(SIINFEKL) and MHC class II-binding OVA3,;3 330 (ISQAVHAAHAEI-
NEAAGR) were obtained from Hokkaido System Science. Recombinant
human TGF-B1 was purchased from R&D Systems.

Mice

C57BL/6 mice were purchased from CLEA Japan. OT-I transgenic
(Tg) mice and OT-II Tg mice (C57BL/6) were provided by W.R. Heath
(Department of Microbiology and Immunology, University of Melbourne,
Parkville, VIC, Australia) (12). All animal experiments were carried out
with the approval of the Animal Research Committee of the Research
Institute for Microbial Diseases at Osaka University.

Flow cytometry

All Abs and reagents were obtained from BD Pharmingen unless otherwise
stated. Before staining, FcRs were blocked for 15 min at 4°C. LPCs were
stained with the following biotinylated mAbs: CDI11b (M1/70), CDllc
(HL3), CD103 (M290), and CD8« (53-6.7). Cocultured B cells or LP leu-
kocytes were surface-stained with PerCP-Cy5.5-labeled anti-B220 (RA3-
6B2). Cells were then fixed and permeabilized with Cytofix/Cytoperm and
incubated with biotin-conjugated IgA (C10-1) followed by intracellular
staining with allophycocyanin-labeled streptavidin. The surface of cocul-
tured T cells was stained with PerCP-Cy5.5-labeled anti-CD4 (L.3T4). Cells
were then fixed and permeabilized with Cytofix/Cytoperm before in-
tracellular staining with allophycocyanin-labeled anti-Foxp3 (FJK-16s;
eBioscience) (Fig. 4), PE-labeled anti-IFN-y (XMG1.2), allophycocyanin-
labeled anti-IL-17 (TCC11-18H10.1) (Fig. 5B), PE-labeled anti-T-bet (4B10;
eBioscience), or PE-labeled anti-retinoic acid-related orphan receptor yT
(RORYT) (AFKJS-9; eBioscience) (Supplemental Fig. 1). Data were ac-
quired with an FACSCalibur or FACSCanto II (BD Biosciences) and an-
alyzed using the software FlowJo 8.6 (Tree Star).

Cells

Small intestinal segments were treated with PBS containing 10% FCS, 20
mM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, I mM sodium
pyruvate, 10 mM EDTA, and 10 pg/ml polymyxin B (Calbiochem) for 30
min at 37°C to remove epithelial cells, followed by extensive washing with
PBS. Small intestinal segments were digested with 400 Mandl units/ml
collagenase D (Roche) and 10 pg/ml DNase I (Roche) in RPMI 1640/10%
FCS with continuous stirring at 37°C for 45-90 min. EDTA was added (10
mM final concentration), and the cell suspension was incubated for an
additional 5 min at 37°C. Cells were passed through a 17.5% Accudenz
(Accurate Chemical & Scientific) solution to enrich the DCs. The obtained
cells were incubated with FITC-conjugated anti-CD103, PE-conjugated

anti-CD8«, PE-Cy7-conjugated anti-CD1lc, and allophycocyanin-Cy7—
conjugated anti-CD11b after FcR blocking. CD11c™ DC subsets were
sorted on the basis of their expression of CD103 and CD8« using an
FACSAria (BD Biosciences). The purity of the sorted DCs was routinely
>95%. Naive CD4" T cells from the spleens of OT-II Tg mice were pu-
rified by magnetic sorting using mouse anti-CD4 beads (Miltenyi Biotec).
Naive CD8" T cells from the spleens of OT-I Tg mice were purified by
magnetic sorting using the CD8a" T Cell Isolation kit II (Miltenyi Biotec).
Peritoneal cells from C57BL/6 mice were incubated with FITC-conjugated
anti-IgD (11-26¢.2a) and PE-Cy7-conjugated anti-IgM (R6-60.2; both BD
Pharmingen) after FcR blocking. Naive B cells were sorted on the basis of
their expression of IgD and IgM using an FACSAria system (BD Bio-
sciences). The purity of the sorted cells was routinely >95%. EL-4 cells
were obtained from American Type Culture Collection (TIB-39).

RT-PCR and quantitative real-time PCR

RNA (1 pg) was reverse-transcribed using Superscript II Reverse Tran-
scriptase (Invitrogen) according to the manufacturer’s instructions with
random hexamers as primers. The sequences of primers specific for 71r2,
Tir3, Tird, TIr5, TIr7, Tir9, or Actb have been described previously (12).
The primer pairs and Taq polymerase (Takara Shuzo) were used for PCR
as follows: 25 cycles at 97°C (30 s), 57°C (30 s), and 72°C (30 s); the
products were then separated by agarose gel electrophoresis (12). Quan-
titative real-time PCR was carried out in a final volume of 25 pl containing
the cDNA (amplified as described above), 2X PCR Master Mix (Applied
Biosystems), and primers specific for 18S rRNA (Applied Biosystems) as
an internal control or primers specific for Aldhlal, Aldhla2, or Aldhla3
(Applied Biosystems), using a 7700 Sequence Detector (Applied Bio-
systems). After incubation at 95°C for 10 min, products were amplified
using 35 cycles of 95°C (15 s), 60°C (60 s), and 50°C (120 s).

Measurement of cytokines and IgA in culture supernatants

The concentrations of IFN-vy, IL-17, IL-4, TNF-«, IL-6, IL-10, and IL-
12p40 were measured using the Bio-plex system (Bio-Rad) following the
manufacturer’s instructions. The levels of IgA and [L-23 were determined
by ELISA (R&D Systems and eBioscience, respectively).

In vitro IgA" plasma cell differentiation

Peritoneal IgM*IgD* cells (1 X 10°) were cultured in medium supple-
mented with BAFF (50 ng/ml) together with CD11¢"CD103"CD8a*
LPDCs (2 X 10 in the presence or absence of poly I:C (50 pg/ml), R-848
(100 nM), CpG ODN (1 uM), or CD11c¢'CD103*CD8a~ LPDCs (2 X 10%)
in the presence or absence of flagellin (1 pg/ml) or CpG ODN (1 uM) for
5 d. After the depletion of DCs by anti-CD11c microbeads (Miltenyi Biotec),
cells were analyzed by flow cytometry, and the concentration of IgA in the
culture supernatants was determined by ELISA.

In vitro Treg differentiation

OT-11 Tg CD4™ T cells (1 X 10%) were cultured in medium supplemented
with TGF-B (1 ng/ml) and OVA Ero[ein (10 pg/ml) together with CD11c*
CDI103"CD8a* LPDCs (2 X 10%) in the presence or absence of poly I:C
(50 pg/ml), R-848 (100 nM), CpG ODN (1 uM), or CD11c*CD103*
CD8a~ LPDCs (2 X 10%) in the presence or absence of flagellin (1 pg/ml)
or CpG ODN (1 uM) for 4 d. After the depletion of DCs by anti-CD11c
microbeads (Miltenyi Biotec), CD4" cells expressing Foxp3 were analyzed
by flow cytometry.

In vitro helper CD4" T cell differentiation

OT-11 Tg CD4* T cells (1 X 10°) were cultured in medium supplemented
with OVA protein (10 pg/ml) together with CDI11¢"CD103*CD8a*
LPDCs (2 X 10 in the presence or absence of poly I:C (50 wg/ml), R-848
(100 nM), CpG ODN (1 M), or CD11¢'CD103"CD8a~ LPDCs (2 X 10%)
in the presence or absence of flagellin (1 pg/ml) or CpG ODN (1 pM) for
4 d. The concentrations of IL-17, IFN-y, and IL-4 in the culture super-
natants were determined using the Bio-plex system (Bio-Rad). After the
depletion of DCs by anti-CD11c microbeads (Miltenyi Biotec), CD4" cells
expressing T-bet and RORYT were analyzed by flow cytometry. Cocultured
cells were restimulated for 4 h with PMA (50 ng/ml; Sigma-Aldrich) and
ionomycin (500 ng/ml; Calbiochem) in the presence of GolgiStop (BD
Pharmingen) after the depletion of DCs by anti-CD11c microbeads. Then,
CD4" cells producing IL-17 and IFN-y were analyzed by flow cytometry.

In vitro CD8" T cell proliferation assay

OT-1 Tg CD8" T cells (1 X 10°) were cultured in triplicate with the in-
dicated numbers of CD11¢*CD103"CD8a” LPDCs in the presence or
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absence of poly I:C (50 pg/ml), R-848 (100 nM), CpG ODN (1 uM), or
CD11c¢*CD103*CD8a~ LPDCs (2 X 10%) in the presence or absence of
flagellin (1 pg/ml) or CpG ODN (1 pM) in medium supplemented with
OVA protein (10 wg/ml) for 96 h. Following this, I mCi [*H]thymidine
(Amersham Biosciences) was pulsed for the last 8 h, and then [3 H] uptake
was measured in a scintillation counter (Packard Instruments).

Generation of OT-1 CTL

OT-I Tg CD8* T cells (1 X 10°) were cultured in medium supplemented
with OVA protein (10 wg/ml) together with CDI11¢*CDI103*CD8a*
LPDCs (1 X 10°%) in the presence or absence of poly I:C (50 pg/ml), R-848
(100 nM), CpG ODN (1 M), or CD11¢*CD103*CD8a~ LPDCs (1 X 10%)
in the presence or absence of flagellin (1 pg/ml) or CpG ODN (1 uM). On
day 4 of culture, 10 U/ml recombinant human IL-2 (rhIL-2; R&D Systems)
was added, and activated cells were further expanded in the presence of
rhIL-2. On day 7 of culture, activated OT-I CTL were used as effectors in
in vitro cytotoxicity assay.

In vitro cytotoxicity assay

EL-4 cells were pulsed with or without 10 wg/ml OVA,s7_564 peptide. After
60 min, targets were washed with 2% FCS/PBS to remove excess peptide
and resuspended in PBS. Targets were labeled with 0.1 wM CFSE (Sigma-
Aldrich) for 10 min at room temperature and washed twice. Targets were
then plated out at 10° cells/well in a 96-well U-bottom plate in a 100 wl
volume. Media alone or 2 X 10° cells with effectors (activated OT-I CTL)
were added and incubated for 5 h at 37°C/5% CO,. After incubation, cells
were stained with Kusabira-Orange-conjugated anti-Annexin V Ab for 20
min. Cells were then analyzed by flow cytometry. A gate was set on for-
ward scatter versus CFSE to exclude effectors and measure cell death and
apoptosis on targets. The percentage-specific lysis was calculated using the
following formula: cytotoxicity (%) = ([ET — To)/[100 — Ty]) X 100, in
which ET was the percentage of Annexin V* cells in CFSE* cells after the
culture of targets and effectors, and T was the percentage of Annexin V*
cells in CFSE" cells after the culture of targets alone.

Immunization

CD11¢*CD103*CD8a™ LPDCs or CD11c*CD103*CD8a~ LPDCs were
cultured for 12 h with OVA protein (100 pg/ml) in the presence of CpG
ODN (1 uM). Ag-loading cells (5 X 10* per mouse) were injected on days
0 and 14 into the peritoneal cavities of naive T/r9™'~ mice; control mice
were treated with PBS.

Detection of Ag-specific Ab titers

One week after the final immunization, serum and fecal extracts were
obtained from the immunized and control mice. For determination of OVA-
specific IgG titers in the sera or IgA titers in the fecal extracts, 96-well
microtiter plates (Corning) were coated overnight at 4°C with 200 pg/ml
OVA in 50 mM carbonate buffer (pH 9.6). Plates were blocked with PBS
containing 1% fraction V BSA (Serologicals Proteins) at 37°C for 1 h. Test
sera were serially diluted with PBS containing 0.2% BSA and 0.02%
Tween 20 and incubated at 37°C for 2 h. After incubation, HRP-conjugated
goat anti-mouse IgG or IgA (Zymed), diluted 1:2000 in PBS containing
0.2% BSA and 0.02% Tween 20, was added and incubated at 37°C for 1 h.
Wells were washed five times with PBS containing 0.02% Tween 20 be-
tween each step. Plates were developed at room temperature following
the addition of o-phenylendiamine (0.4 mg/ml) and hydrogen peroxide
(0.012%) in 7 mM citrate buffer (pH 5). Finally, 1 M H,SO,4 was added,
and absorbance was measured at 490 nm with a microplate reader (model
550; Bio-Rad). Preimmunized serum was used as a negative control. The
average extinction in negative control wells, to which three times the SD
was added, provided the reference point for determination of the titer in the
test sera. Ab titers were expressed as the reciprocal of the last dilution
yielding an extinction value higher than the reference value.

Ag-specific cytokine production in T cells

One week after the final immunization, splenocytes were collected from the
immunized and control mice and were cultured for 4 d with the OVA;57_264
peptide (10 pg/ml) or OVA1,3 339 peptide (10 pg/ml). The concentration
of IFN-y (OVA,s7_364 and OVA3p3_339), IL-17 (OVA333 339), and IL-4
(OVA333 339) in the culture supernatants was measured using the Bio-
plex system (Bio-Rad).

In vivo cytotoxicity assay

C57BL/6 splenocytes were labeled with either 0.5 or 5 wM CFSE for 15
min at room temperature and washed twice. CFSE™&" cells (M2) were

subse(juently pulsed with 0.5 pg/ml OVA,s7_264 for 90 min at 37°C. The
CFSE™"" cells (M1) remained unpulsed. Cells were mixed at a 1:1 ratio,
and then a total of 5 X 10° cells was injected i.v. into the immunized or
control mice.

Statistical analysis

Statistical significance was evaluated using an unpaired two-tailed Student
test in all experiments. A p value <0.05 was considered significant.

Results
CD103" LPDCs were divided into two subsets

DCs comprise a heterogenous population of APCs, which include
plasmacytoid DCs and CDI 1c™ conventional DCs (cDCs) (15).
Mouse ¢DCs in lymphoid tissues include CD8a* and CD8«~
subsets that have distinct functional properties. CD103* DCs are
a major cDC subset in the intestinal LP (7). Similar to ¢DCs in
lymphoid tissues, we found that CD11¢*CD103" cells in the small
intestinal LP were divided into CD8a* and CD8a ™~ subsets (Fig.
1A). Our previous report showed that CD11¢* LPCs in the small
intestine consisted of four subsets: CD11c"CD11b" DCs,
CD11c™CDI11b™ DCs, CD11c™CDI1b™ macrophages, and
CDI11c™CDI11b™* eosinophils (12). Flow cytometry analysis
indicated that CD11c*CD103"CD8a* cells converged on the
CD11c"CD11b" subset, whereas CD11c*CD103*CD8a” cells
were predominantly in the CD11c™CDI11b™ subset (Fig. 1A).
Although both CD11c¢™CD11b'" and CD11c¢™CD11b" DC subsets
are CD103" in the intestinal LP (Fig. 1B) (12), only CD11c"
CD11b" LPDCs expressed CD8a (Fig. 1C). These findings sug-
gest that CD103" LPDCs are divided into CD8a* and CD8c.”~
subsets, which were equivalent to CD11c™CD11b" and CD11cM
CD11b"™ LPDCs, respectively.

CD103*CD8a* LPDCs express TLR3, TLR7, and TLR9

We previously showed that CD11¢™CD11b™ LPDCs specifically
express TLRS5 and have unique properties to mediate innate and
acquired immune responses induced by flagellin stimulation (12).
To examine the immunological function of the newly identified
CD103*CD8«™ LPDC subset, we isolated CD11c"CD103*CD8o*
cells by FACS sorting. CD11c™CD103*CD8a.” cells (CD103*
CD8a™ LPDCs) were used as controls for the following experi-
ments. We first checked the expression patterns of TLR family
members. Whereas CD103*CD8a~ LPDCs expressed TLR5 and
TLR9, CD103*CD8a" LPDCs expressed TLR3, TLR7, and TLR9
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FIGURE 1. CD103* LPDCs are divided into two populations. A, Small
intestinal LPDCs were stained for CDI11b, CD11c¢, CD103, and CD8a.
Live CD11c" cells were analyzed for the expression of CD103 and CD8«
(left panel). CD11c"CD103*CD8a™ and CD11c*CD103*CD8a” cells were
further analyzed for the expression of CD11b (right panel). B, Surface
expression of CD103 on CD11c™CD11b"™ or CD11c"CD116™ LPDCs. C,
Surface expression of CD8«a on CD11¢™CD11b" or CD11cMCD11b™
LPCs. B, isotype control; O, stained cells.
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(Fig. 2A). As shown in our previous study, the CD11c"CD11b"
subset, which correspond to CD103"CD8a~ LPDCs, produced
IL-6 and IL-12 p40 in response to flagellin and CpG ODN (12).
We stimulated CD103"CD8a™ and CD103*CD8a” LPDCs with
their respective TLR ligands and checked proinflammatory cyto-
kine production (Fig. 2B). Consistent with the previous results,
CD103*CD8a.~ LPDCs produced IL-6 and IL-12 p40 in response
to flagellin and CpG ODN. Similarly, CD103"CD8a* LPDCs
produced IL-6 and IL-12p40 in response to their respective
ligands, poly I:C, R-848, and CpG ODN. However, TNF-a, IL-23,
or IL-10 were not induced in either cell subset.

CDI03*CD8a™ LPDCs are not involved in T cell-independent
IgA synthesis

We next investigated the role of CD103*CD8a* LPDCs in the
activation of adaptive immune responses. We previously showed
that the CD11c"'CD11b™ subset in the LP specifically expresses
Raldh?2 and is involved in T cell-independent IgA class-switch
recombination of B cells (12, 13). We examined the in-
volvement of CD103"CD8a* LPDCs in IgA synthesis. We first
checked whether CD103"CD8a” LPDCs synthesize RA and found
that whereas CD103"CD8a~ LPDCs specifically expressed
Raldh2, no expression of RALDH isoforms was detected in
CD103*CD8a* LPDCs (Fig. 3A). Thus, RA-producing CD103"
DCs in the LP belong to the CD8a.~ subset (CD11¢"CD11b") and
not the CD8a* subset (CD11c™CD11b'). We further examined
whether CD103*CD8a* LPDCs could induce T cell-independent
IgA class switching, demonstrating that although flagellin- and
CpG ODN-stimulated CD103"CD8a.~ LPDCs efficiently induced
the differentiation of B220 IgA* plasma cells, stimulation of
CD103"CD8a* LPDCs via TLR3, TLR7, or TLR9 did not (Fig.
3B). Consistent with the FACS data, IgA production was not
detected in the supernatants of naive B cells cocultured with
CD103*CD8a* LPDCs and stimulated with TLR ligands (Fig.
3C). Taken together, these findings suggest that CD103*CD8a™
LPDCs are not able to induce T cell-independent differentiation of
IgA™ plasma cells.

FIGURE 2. TLR expression in CD103"
CD8a" LPDCs. A, Expression of mRNA
encoding the indicated genes in CD103"CD8a™
and CD103"CD8a~ LPDCs. Data are repre- Tid
sentative of three independent experiments. B,
Cytokine production by CD103*CD8a" and

represent the means * SD from three in-
dependent experiments. *p < 0.05. ND, not 7
detected.

CD103*CD8a ™ LPDCs in response to medium s m
alone (Med) or indicated TLR ligands. Data

CD103*CD8a™ LPDCs do not induce Foxp3™ Tregs

Previous reports have shown that CD103* DCs isolated from the
LP or from the MLNs promote the differentiation of Foxp3*
Tregs, an activity dependent on RA and TGF-B (8, 10). We ex-
amined whether CD103"CD8a”™ and CD103*CD8a~ LPDCs
could induce Treg conversion. Naive OVA-specific OT-Il Tg CD4"
T cells were cocultured with CD103*CD8a* or CD103"CD8a ™
LPDCs together with or without the indicated TLR ligand in the
presence of OVA protein and TGF-B (Fig. 4). CD103"CD8c™
LPDCs could not induce the conversion of Foxp3™ Tregs regard-
less of TLR ligand stimulation. In contrast, CD103*CD8a”~
LPDCs, which express Raldh2, promoted the differentiation of
Foxp3* Tregs. Furthermore, stimulation with both flagellin and
CpG ODN reduced Foxp3™ Treg induction. However, even
CDI103*CD8a~ LPDCs could not induce Foxp3™ Tregs in the
absence of TGF-p (data not shown). Thus, CD103"CD8c.~ but not
CDI103"CD8a* LPDCs effectively induced Foxp3™ Tregs in the
presence of TGF-B in the absence of TLR activation.

CD4* Th cell responses in CD103"CD8«a™ LPDCs

We next assessed the ability of CD103*CD8a* LPDCs to induce Ag-
specific Th cell differentiation in OVA-specific OT-II Tg CD4"
T cells. As shown in our previous study, CD11c"CD11b™ LPDCs
induced Th1 and Th17 cells in response to flagellin and CpG ODN
(12). We could detect both IFN-y— and IL-17—-producing cells in
cocultures of OT-II CD4* T cells and CD103"CD8a~ LPDCs
stimulated by flagellin and CpG ODN (Fig. 5A4). However, only
IFN-y-producing cells were detected in cocultures of OT-II CD4*
T cells and CD103"CD8a" LPDCs stimulated by poly I:C, R-848,
and CpG ODN. Both CD103"CD8«* LPDCs stimulated by poly I:
C, R-848, and CpG ODN and CD103*CD8a~ LPDCs stimulated by
flagellin and CpG ODN induced high expression of T-bet, a lineage-
determining factor for Thl cells in naive CD4" T cells (Supple-
mental Fig. 1A). Furthermore, expression of ROR~T, the key tran-
scription factor in Th17 cells was upregulated in naive CD4™ T cells
together with CD103"CD8a~ LPDCs stimulated by flagellin and
CpG ODN (Supplemental Fig. 1B). Consistent with the flow
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cytometry analysis, both IFN-y and IL-17 were significantly in-
duced in cocultures with CD103*CD8a~ LPDCs stimulated by
flagellin and CpG ODN (Fig. 5B). In contrast, only IFN-y was
significantly induced in cocultures with CD103"CD8a” LPDCs
stimulated by poly I:C, R-848, and CpG ODN. Taken together, these
findings suggest that activated CD103"CD8a” LPDCs induced
phenotypic and functional Th1 cells but not Th17 cells in vitro.

In vitro CD8" T cell proliferation by CD103*CD8a* LPDCs

Soluble and cell-associated Ags can be presented to CD8" T cells
in an MHC class I-restricted manner (16), a process referred to as
cross-presentation. It is believed that CD8a™ DCs but not CD8a.~
DCs are responsible for cross-presentation in the spleen (17). To
examine whether CD103*CD8a* LPDCs contribute to the pre-
sentation of Ag to CD8" T cells in vitro, we checked their ability
to stimulate the proliferation of OVA-specific CD8" T cells from
OT-1 Tg mice (Fig. 6A). Although the proliferation of CD8*
T cells was low when they were cocultured with CD103*CD8a*
LPDCs, treatment of the DCs with poly I:C, R-848, and CpG
ODN strongly stimulated CD8" T cell proliferation. Similarly,

flagellin- and CpG ODN-stimulated CD103"CD8a.~ LPDCs po-
tently induced the proliferation of CD8" T cells. Thus, both
CD103*CD8a* and CD103*CD8a.~ LPDCs activated by TLR
ligands were capable of stimulating proliferation of CD8"* T cells
in vitro. We next examined the cytotoxic activity of OT-I CTL
induced by CD103"CD8a* LPDCs and CD103*CD8a~ LPDCs
in vitro. OT-I CTL induced by CD103*CD8a" LPDCs specifically
killed the OVA,s7¢4 peptide-pulsed target cells (Fig. 6B).
Treatment of the CD103*CD8a* LPDCs with poly I:C, R-848,
and CpG ODN further increased cytotoxicity of OT-I CTL. Sim-
ilarly, OT-I CTL induced by CD103*CD8a~ LPDCs specifically
killed the targets pulsed with OVA;s7 264 peptide. Flagellin and
CpG ODN treatment enhanced cytotoxic activity in CD8" T cells.
Taken together, both CD103"CD8a" and CD103"CD8a~ LPDCs
activated by TLR ligands strongly induced CTL in vitro.

In vivo immune responses by CD103*CD8a* LPDCs

We finally compared the adaptive immune responses in mice
immunized with Ag-loaded CD103*CD8a* LPDCs. We isolated
CD103*CD8a* and CD103*CD8«~ LPDCs from C57BL/6 mice
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0.6 0.49 0.51 045 4.52 235 1.92
[42]
- | |
o b 3 e "
dole Jle Jle Jle lle [lwlle
104
10° 0.41 0.49 0.32 054 0.6 0.13 04
102 A
10" e : .1 & 2y B
A1 % |l w & [[& ||l= e |l e |
5| 100 10" 107 10° 10¢
@

CD4

FIGURE 4. CD103"CD8a" LPDCs do not induce Foxp3* Tregs. Flow cytometry of OT-1II Tg CD4" T cells cultured in the presence of TGF-f (1 ng/ml)
for 4 d at the indicated conditions and stained intracellularly for Foxp3 and isotype controls. Numbers in the gated areas indicate percentage of CD4"Foxp3™

cells. Data are representative of three independent experiments.
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FIGURE 5. CD4"* T cell stimulation by CD103*CD8a" LPDCs. A, Flow cytometry of OT-11 Tg CD4" T cells cultured for 4 d under the indicated
conditions and stained intracellularly for IL-17, IEN-y (top panels), and isotype controls (bottom panels). Numbers in quadrants indicate percentage of IL-
17'IFN-y ™~ cells (top left panel), IL-17"IFN-y* cells (top right panel), or IL-17"IFN-y" cells (bottom right panel). Data are representative of three in-
dependent experiments. B, OT-II Tg CD4™ T cells were cultured in the indicated conditions for 4 d. IFN-vy, IL-4, and IL-17 production in the coculture
supernatants. Data represent the means = SD from three independent experiments. *p << 0.05. ND, not detected.

and cultured them with OVA protein (100 pg/ml) overnight. For
optimum activation of Ag-loaded DCs, we added CpG DNA (1
uM), a mutual TLR ligand for CD103"CD8a* and CD103"
CD8a~ LPDCs, to the culture media. Ag-loaded cells (1 X 10° )
were injected into the peritoneal cavities of Tlr9™'~ mice on days
0 and 14, whereas control mice were treated with PBS. One week
after the second injection, the DC vaccination-induced Ag-specific
B cell responses were analyzed. Groups of mice immunized with
both CD103"CD8a* and CD103*CD8a~ LPDCs showed signif-
icantly higher levels of serum OVA-specific IgG Ab (Fig. 7A). In
addition, high titers of OVA-specific IgA were detected in fecal

extracts from CD103*CD8a” LPDC-immunized mice. These
results indicated that CD103*CD8a* LPDCs induced Ag-specific
IgG in sera, whereas CD103"CD8a:~ LPDCs induced Ag-specific
IgG in sera as well as Ag-specific IgA in the intestinal compart-
ments.

We next examined the Th cell responses of mice immunized with
Ag-loaded LPDCs. One week after the second injection, spleen
cells from the immunized mice were cultured in the presence of
OVA class II peptide (OVA3»3_339). As shown in our previous
study, we detected OVA class II peptide-specific IFN-y production
as well as IL-17 production after injection of CD103"CD8a~

FIGURE 6. CD8' T cell stimulation by CDI103*
CD8a* LPDCs. A, OT-1 Tg CD8" T cells were cultured
in the indicated conditions for 4 d. Total of 1 mCi
[*H]thymidine was pulsed for the last 8 h, and [*H]
incorporation was measured using a B scintillation
counter. Results are the average of triplicate wells =
SEM. Data are representative of three independent
experiments. B, OT-I Tg CD8" T cells were cultured in
the indicated conditions for 4 d. Activated CD8*
T cells were further expanded in the presence of rhIL-2
for following 3 d. OT-1 CTLs were tested for cyto-
toxicity against EL4 pulsed with or without OVA,s;_
264 peptide at an E:T ratio of 20:1 for 5 h. Data rep-
resent the means * SD from three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.005.
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FIGURE 7. In vivo immune responses by CD103'CD8a" LPDCs. A-D, CD103"CD8a" or CD103'CD8a~ LPDCs cultured for 12 h with OVA protein
(100 pg/ml) in the presence of CpG ODN (1 uM) were injected on days 0 and 14 into the peritoneal cavities of naive 7r9 ™"~ mice at a dose of 5 X 10* Ag-
loaded cells per mouse; control mice were treated with PBS. A, One week after the final immunization, titers of Ag-specific serum total IgG and fecal
extract IgA were measured by ELISA. Open circle, PBS (n = 5); black circle, CD103"CD8a” (n = 5); gray circle, CD103*CD8a ™ (n = 5). *p < 0.05 versus
PBS. One week after the final immunization, splenocytes (n = 5 per each group) were collected and cultured for 4 d with 10 pg/ml OVA3,3_339 peptide (B)
or OVA,s7_564 peptide (C) before measurement of IFN-y (B, C), IL-17 (B), and IL-4 (B) in culture supernatants. Data represent the means *+ SD from two
independent experiments. D, In vivo cytotoxic activity induction in mice immunized with PBS, CD103°CD8«*, or CD103"CD8a~ LPDCs. Target cells
were prepared as described in the Materials and Methods. OVA-specific cytolytic activity was measured in vivo following i.v. injection of equal numbers of
CFSE"™" cells pulsed with OVA,s7_6s peptide and nonpulsed CFSE®"! splenocytes used as targets into immunized mice at day 21. In vivo cytolysis of
these target cells was assed ex vivo by flow cytometry analysis of CFSE™" or CFSE™=" cells in the spleen. Numbers above peaks represent the relative
percentage of CESE™" (M1) or CESE™ " (M2) cells. Data are representative of three independent experiments. *p < 0.05. ND, not detected.

LPDCs (Fig. 7B) (12). In contrast, only IFN-y was produced by
splenocytes from mice injected with CD103*CD8a” LPDCs.
These results suggested that CD103"CD8a” LPDCs induced Thl
response but not Th17 response in vivo.

To further examine the Ag-specific CD8" T cell response, spleen
cells from immunized mice were cultured in the presence of OVA
class I peptide (OVA57_564), and IFN-y levels were measured. We
detected OVA class T peptide-specific IFN-y production after in-
jection of both CD103*CD8a” and CD103"CD8a~ LPDCs (Fig.
7C). However, the class I-restricted IFN-y level was much lower
after CD103"CD8a* LPDC immunization than after CD103"
CD8a LPDC immunization, despite the injection of the same
numbers of Ag-loaded DCs stimulated with the same TLR ligand,
CpG ODN. We then evaluated the cytotoxic activity of the Ag-
specific CD8" T cells after CD103"CD8a* and CD103*CD8a~
LPDC immunization. To detect potential OVA-specific cytotox-
icity of CTLs in immunized mice, we used an in vivo cytotoxicity
assay consisting of an i.v. infusion of OVA;s57 44 peptide-pulsed
CFSE™"" target cells and nonpulsed CFSE™" target cells fol-
lowed by subsequent ex vivo quantification of the remaining
OVA,57_264 peptide-pulsed CFSE™" target cells in spleen cell
suspensions by flow cytometry. Partial lysis of CFSE™" target
cells was observed in the mice immunized with CD103*CD8a*
LPDCs, whereas CFSE""¢™ target cells were effectively lysed in
mice immunized with CD103*CD8«a~ LPDCs (Fig. 7D), corre-
lating with the OVA,s7.264 peptide-specific [FN-y production
findings.

Discussion

CDI103* DCs are the major population of APCs present in the
intestinal LP. They have been thought of as a monosubset of DCs
and were originally identified through their induction of Foxp3™*
Tregs via their derived RA (8, 10). Therefore, CD103* LPDCs
have been considered to be regulators of intestinal immunity,
which induce tolerance and maintain intestinal homeostasis. In
this study, we found that CD103" LPDCs in the small intestine are
divided into distinct subsets: a small CD8a™ subset and a large
CD8a subset. Our previous study showed that there existed two
subsets of DCs in intestinal LP: CD11c"CD11b" and CD11c"
CD11b™ (12). The CD11c™CD11b'™ and CD11c™CD11b" sub-
sets had a DEC-205", MHC class II high, CD80"CD86" surface
phenotype. In addition, the CD11¢™CD11b™ subset is moderately
F4/80 positive, suggesting that this subset expresses both DC
(DEC-205) and macrophage (F4/80) markers (12). According to
the flow cytometry analysis, CD103"CD8a" and CD103*CD8a~
LPDCs were equivalent to CD11c"CD11b" and CD11c"CD1 1b"
subsets, respectively (Fig. 1A).

In this study, we analyzed the immunological function of the
newly identified CD8a" conventional DCs in the small intestinal
LP for the first time, to our knowledge. CD103*CD8a«" LPDCs
showed different TLR family member expression profiles from
CD103"CD8a” LPDCs. Whereas CD103"CD8a” LPDCs
expressed TLRS and TLRY, CD103"CD8a” LPDCs expressed
TLR3, TLR7, and TLRY, which recognize dsRNA, ssRNA, and
CpG ODN, respectively (Fig. 24). However, both LPDC types
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produced proinflammatory cytokines, such as IL.-6 and TL-12p40,
but not the anti-inflammatory cytokine IL-10, in response to their
respective TLR ligands, suggesting that CDI103"CD8a* and
CDI103"CD8a” LPDCs induce inflammatory responses after TLR
ligand stimulation (Fig. 2B).

Both DC subsets were CD103*; however, only CD8a~ LPDCs
expressed the mRNA of RA-converting enzyme Raldh2 (Fig. 3A).
Consistent with Raldh2 expression, CD103"CD8a~ LPDCs in-
duced Foxp3™* Tregs in the presence of TGF-B (Fig. 4). These data
suggested that CD8a~ LPDCs but not CD8a" LPDCs are re-
sponsible for the regulatory functions of CD103* DCs in the LP.
Accordingly, CD103"CD8a* LPDCs may not have the ability to
induce immunological tolerance in the small intestinal LP.

Although Ag-specific IgG induction is essential for the reso-
lution of systemic infection, secretory IgA is critical for the pro-
tection of mucosal surfaces against viruses, bacteria, and toxins
by direct neutralization or prevention of binding to the mucosal
surface (18). Ag-specific IgA induction is important in preventing
bacterial and viral infection. RA has been shown to have a direct
IgA-promoting effect on B cells (12, 19). Both Ag-loaded CD103™
CD8a” and CD103"CD8a” LPDCs induced high titers of Ag-
specific IgG in serum. However, in accordance with Raldh2 ex-
pression, only CD103"CD8a~ LPDCs could induce T cell-
independent TgA synthesis in vitro and Ag-specific IgA in stool
samples (Figs. 3B, 3C, 7A). Thus, CD103*CD8a* LPDCs are not
involved in IgA synthesis in the small intestinal LP.

T cell-dependent immune responses are polarized by the acti-
vation of different CD4" T cells, which produce individual patterns
of cytokines. Both CD103"CD8a" and CD103"CD8«a” LPDCs
induced Ag-specific Thl cells following TLR ligand stimulation
(Figs. 5A, 5B, 7B). In addition to Thl cells, CD103*CD8a
LPDCs induced Ag-specific Th17 cells. Thl cells secrete 1L-2 and
IFN-v and predominate in cellular immune responses, particularly
during intracellular infections. Th17 cells were reported to have
important roles in a variety of inflammatory diseases, though it
still remains unclear whether Th17 cells contribute to host pro-
tection and inflammation (20). Th17 cytokines such as IL-17A,
IL-17F, and IL-22 have been shown to be critical for eliminating
extracellular pathogens, suggesting that Th17 cells may play
crucial roles in host defense against extracellular pathogens (21—
24). Therefore, CD103"CD8«~ LPDC-mediated immunization
may be more effective than CD103*CD8a" LPDC-mediated im-
munization in the prevention of infectious diseases due to the
induction of both Thl and Th17 cells.

We finally examined the Ag-specific CD8" T cell response
mediated by CD103*CD8a* and CD103"CD8a” LPDCs.
CDI103"CD8a* LPDCs and CD103"CD8a” LPDCs induced the
proliferation and cytotoxicity of CD8" T cells in response to TLR
ligand stimulation in vitro (Fig. 6). Although we injected the same
numbers of Ag-loaded DCs stimulated with CpG ODN, class I-
restricted IFN-y levels and cytotoxic activity after CD103"CD8a ™~
LPDC immunization were much higher than those after CD103"
CD8«” LPDC immunization (Fig. 7C, 7D). Haan et al. (17)
demonstrated that cell-associated Ag is cross-presented by CD8a”
DCs but not CD8a~ DCs in the spleen. Furthermore, i.v.-injected
soluble Ags were cross-presented by CD8a" DCs in the spleen. In
contrast, CD8a CD11b* DCs were generally involved in CD4*
T cell responses to soluble Ags (25). Therefore, CD8a* DCs in the
spleen are believed to be responsible for cross-presentation to
CD8" T cells. However, CD103"CD8a~ LPDCs induced Ag-
specific CTLs more effectively than CD103*CD8a* LPDCs.
Furthermore, both TLR activated CD103*CD8a* and CD103"
CD8a~ LPDCs effectively induced CD4™ Th responses. A pre-
vious study showed that CD8a* and CD8a CDI1b' DCs in

Peyer’s patches take up viral Ags from reovirus-infected intestinal
epithelial cells and can present them to CD4" T cells (26). In
addition, CD8a CDI11b~ DCs as well as CD8a" DCs present
viral Ags to CD8" T cells during viral infection in the airway (27).
Moreover, Chung et al. (28) demonstrated that CD8« CDI Ib*
DCs rather than CD8a™ DCs cross-present intestinal Ags to CD8”*
T cells in MLNs. Hence, within the mucosal-associated lymphoid
tissues, cross-presentation may be mediated by CD8a ™ DCs.

In summary, our data suggest that CD103*CD8a" and CD103"
CD8a~ LPDCs have divergent functions in active immunity.
Based on the results obtained in this study, from both quantitative
and qualitative viewpoints, CD103"CD8a" LPDCs may be less
suitable targets for oral vaccines than CD103"CD8c~ LPDCs in
the small intestine. Further analysis of these two CD103" DC
subsets as well as their functional cross talk is needed for a better
understanding of how the intestinal immunity is regulated to finely
tune the innate and adaptive systems.
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