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BDCA1-Positive Dendritic Cells (DCs) Represent a Unique Human
Myeloid DC Subset That Induces Innate and Adaptive Immune
Responses to Staphylococcus aureus Infection

Jun-0 Jin,? Wei Zhang,? Jiang-yuan Du,® Qing Yu®P®
Shanghai Public Health Clinical Center, Shanghai Medical College, Fudan University, Shanghai, China®; Department of Immunology and Infectious Diseases, The Forsyth
Institute, Cambridge, Massachusetts, USA®

Staphylococcus aureus bloodstream infection (bacteremia) is a major cause of morbidity and mortality and places substantial
cost burdens on health care systems. The role of peripheral blood dendritic cells (PBDCs) in the immune responses against S.
aureus infection has not been well characterized. In this study, we demonstrated that BDCA1" myeloid DCs (mDCs) represent a
unique PBDC subset that can induce immune responses against S. aureus infection. BDCA1" mDCs could engulf S. aureus and
strongly upregulated the expression of costimulatory molecules and production of proinflammatory cytokines. Furthermore,
BDCA1* mDCs expressed high levels of major histocompatibility complex (MHC) class I and II molecules in response to S. au-
reus and greatly promoted proliferation and gamma interferon (IFN-v) production in CD4 and CD8 T cells. Moreover, BDCA1*

mDCs expressed higher levels of Toll-like receptor 2 (TLR-2) and scavenger receptor A (SR-A) than those on CD16"* and
BDCA3"* mDCs, and these two receptors were both required for the recognition of S. aureus and the subsequent activation of
BDCA1* mDCs. Finally, BDCA1* mDC-mediated immune responses against S. aureus were dependent on MyD88 signaling
pathways. These results demonstrate that human BDCA1™ mDCs represent a unique subset of mDCs that can respond to S. au-
reus to undergo maturation and activation and to induce Th1 and Tcl immune responses.

taphylococcus aureus is one of the common causes of nosoco-

mial and community-acquired bloodstream infections in the
world (1). After entering the bloodstream, S. aureus establishes
infection and disseminates to almost all organs. Consequently, S.
aureus bacteremia, which is the presence of bacteria in the blood,
is often associated with serious metastatic complications, includ-
ing endocarditis, osteomyelitis, and sepsis, with a mortality rate of
20t030% (2, 3). The infection is extremely hard to treat, requiring
prompt source control and, often, prolonged antimicrobial ther-
apy (4). Furthermore, the growing prevalence of antibiotic-resis-
tant strains, together with the increase in the number of patients
with a compromised immune status because of immune suppres-
sion after transplantation, cancer chemotherapy, or HIV infec-
tion, has led to a significant increase in the incidence of S. aureus
bacteremia (5, 6).

A clinically significant bacteremia is generally defined as the
isolation of bacteria from one or more peripheral venous blood
culture samples collected from a patient with associated relevant
clinical symptoms of systemic infection (7). The rampant dissem-
ination of S. aureus in almost any organ increases the difficulty of
antimicrobial therapies, as inappropriate therapies can lead to
failures of treatment and to greater mortality (8). For these rea-
sons, rapid diagnosis and new effective therapeutic strategies are
required to better control S. aureus bloodstream infections. Ther-
apeutic approaches aiming at enhancing the efficiency of the im-
mune activation specific to S. aureus may represent the best op-
tions. To this end, it is pivotal to understand the immune
responses involved in host defense against S. aureus infection.

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) and key modulators of T and B cell immunities, mainly
owing to their superior abilities to take up and present antigens
(Ags) (9, 10). The nature of the immune response to a given
pathogen is tightly regulated by the DC network, which consists of
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multiple subsets that are equipped with unique pattern recogni-
tion receptors (PRRs) and are endowed with specialized functions
(9). Human peripheral blood DCs (PBDCs) account for >1% of
circulating peripheral blood mononuclear cells (PBMCs) and are
classically defined as Ag-presenting leukocytes that lack other leu-
kocyte lineage markers and express high levels of major histocom-
patibility complex (MHC) class IT molecules (11). The PBDCs are
categorized into two main groups: CD11c~ CD123™ plasmacy-
toid DCs (pDCs) and CD11c" CD123™*" myeloid DCs (mDCs).
More recently, mDCs were further divided into three phenotypi-
cally distinct subsets, defined by their expression of CDlc
(BDCAL), CD16, and CD141 (BDCA3) (12). Promising DC-
based therapeutic trials have been reported to treat malignancies
and infections (13, 14), but the majority of these trials use in vitro-
generated, monocyte-derived DCs (MDDCs), and the physiolog-
ical relevance of this DC subtype is currently unclear.

A recent report showed that DCs are crucial players in the host
immune response to S. aureus bloodstream infection in a mouse
model (15). However, there is limited knowledge about how hu-
man blood DCs respond to S. aureus. Moreover, the infection
route of S. aureus in bacteremia is the bloodstream, but the role of
PBDC subsets has not been investigated. Therefore, understand-
ing the emerging complexities of human DC subsets and their

Received 31 March 2014 Returned for modification 24 April 2014
Accepted 5 August 2014

Published ahead of print 11 August 2014

Editor: B. A. McCormick

Address correspondence to Jun-O Jin, Junojin1@gmail.com.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.01851-14

November 2014 Volume 82 Number 11


http://orcid.org/0000-0003-4216-8111
http://dx.doi.org/10.1128/IAI.01851-14
http://iai.asm.org

respective functions is essential for the development of new ther-
apeutics to treat S. aureus bacteremia by targeting DCs. In this
study, we investigated the responses of highly purified BDCA1™,
CD16",and BDCA3 ™" human blood mDC subsets to S. aureus and
revealed marked differences in these responses.

MATERIALS AND METHODS

Ethics statement. This study was conducted according to the principles
expressed in the Declaration of Helsinki. Peripheral blood was obtained
from healthy donor volunteers (39 males and 14 females of 20 to 35 years
of age, with no clinical signs of inflammation) at the Shanghai Public
Health Clinical Center. The Institutional Review Board of the Shanghai
Public Health Clinical Center approved this study (IRB number
20127X09303013). Written informed consent was obtained from all vol-
unteers.

Chemicals and antibodies. Fluorescence-conjugated antibodies
(Abs) with the following specificities were used for staining: isotype con-
trol Abs (IgG1, IgG2a, and IgG2b), anti-BDCAl-allophycocyanin (APC)—
Cy7 (IgG1; L161), anti-CD11c—APC or —phycoerythrin (PE)-Cy7 (IgG1;
3.9), anti-CD16-PE (IgGl; 3G8), anti-BDCA3—peridinin chlorophyll
protein (PerCP)-Cy5.5 (IgG1; M80), anti-CD123-PE-Cy7 (I1gG1; 6H6),
anti-CD83—fluorescein isothiocyanate (FITC) (IgGl; HB15e), anti-
CD86—-APC (IgG2b; IT2.2), anti-CD4 —Pacific Blue (IgG2b; OKT4), anti-
CD8-APC (IgG1; HIT8a), anti-HLA-A,B,C-FITC (IgG2a; W6/32), and
anti-gamma interferon (anti-IFN-vy)-Alexa488 (IgG1; 4S.B3) were ob-
tained from Biolegend, and anti-HLA-DR,-DP,-DQ-FITC Ab (IgGl;
Tu39) was purchased from BD Biosciences (San Diego, CA). The follow-
ing neutralizing antibodies were used to block cytokine activity. Abs
against human CD11b (IgGl; ICRF44), Toll-like receptor 2 (TLR-2)
(IgG2a; TL2.1), and TLR-4 (IgG2a; HTA125) were purchased from Bio-
legend. An Ab against scavenger receptor A (SR-A) (IgG1; E-10) was ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA). PKH26 red and
PKHG67 green fluorescent cell linkers were purchased from Sigma-Aldrich.
An MyD88 inhibition peptide and control peptide were obtained from
InvivoGen (San Diego, CA).

Bacteria. S. aureus strain SH1000 wild-type cells were cultured in
brain heart infusion broth (Sigma-Aldrich, St. Louis, MO) for 16 hat 37°C
in air with shaking (180 rpm). Bacteria were pelleted by centrifugation,
washed with phosphate-buffered saline (PBS), and centrifuged again be-
fore a final resuspension in PBS to an optical density at 600 nm (ODyy,)
of 1.0. The number of viable bacteria was determined after serial di-
luting and plating onto agar containing 5% sheep blood (InvitroGen,
San Diego, CA).

Isolation of PBDCs. PBDCs were isolated from PBMCs by depletion
of lineage-positive mononuclear cells followed by magnetic bead labeling
as previously described (16), with minor modifications. Briefly, PBMCs
were incubated with a cocktail of mouse anti-human monoclonal Abs
(MADs) containing Abs to CD3, CD14, CD19, CD20, CD56, CD34, and
CD235ain cold PBS. After washing, cells were incubated with anti-mouse
IgG microbeads to deplete the Ab-labeled cells. BDCA1* mDCs were
isolated from these PBMCs by positive selection using BDCA1* DC iso-
lation kits (Miltenyi Biotec, Auburn, CA). CD16" and BDCA3"™ mDC
subsets were further isolated from PBDCs by positive selection or elec-
tronic sorting on a FACSAria II flow cytometer (Becton Dickinson,
Franklin Lakes, NJ). These procedures routinely yielded blood DC prep-
arations with a purity of >95%.

Bacterial phagocytosis. S. aureus was labeled with PKH26, a cell-
tracking and -labeling red fluorescence dye. Isolated PBDCs were prein-
cubated with Fc receptor blocking solution for 30 min (Biolegend), and
then cells were cultured at 4 or 37°C with PKH26-labeled S. aureus (ratio
of 1:50) in culture medium (RPMI 1640 medium with 5% autologous
serum) for 1 h, washed three times in ice-cold PBS—0.5% autologous
serum, and then analyzed by FACSAria II flow cytometry. For confocal
analysis, BDCA1" mDCs that were labeled with PKH67, a cell-tracking
and -labeling green fluorescence dye, were cultured with PKH26-labeled
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S. aureus for 1 h and then spun down on a glass slide by cytospin centrif-
ugation (Shandon, Pittsburgh, PA). The samples were then mounted us-
ing glycerol and analyzed by confocal microscopy (Carl Zeiss LSM 510;
Carl Zeiss, Thornwood, NY).

Flow cytometry analysis. Cells were washed with PBS containing
0.5% autologous serum, preincubated for 30 min with unlabeled isotype
control and Fc blocking Abs, and then incubated with fluorescence-con-
jugated Abs at 4°C for 30 min, followed by washing with PBS. The cells
were analyzed on a FACSAria II flow cytometer (Becton Dickinson,
Franklin Lakes, NJ) with FlowJo 8.6 software (Tree Star). Cellular debris
was excluded from the analysis by gating on forward and side scatter, and
dead cells were further excluded by gating on 7-aminoactinomycin D
(7AAD)-negative cells. As a control for nonspecific staining, isotype-
matched irrelevant MAbs were used.

Real-time RT-PCR. Total RNA was reverse transcribed into cDNA by
use of oligo(dT) and Superscript III (Invitrogen, Carlsbad, CA) or Molo-
ney murine leukemia virus (M-MLV) reverse transcriptase (RT) (Pro-
mega, Madison, WI). The cDNA was subjected to real-time PCR ampli-
fication (Qiagen, Limburg, Netherlands) for 45 cycles, with an annealing
and extension temperature of 60°C, on a Light Cycler 480 real-time PCR
system (Roche, Switzerland). Primer sequences were as follows: for inter-
leukin-1B (IL-1B), forward (F) primer 5'-CTCAGGTGTCCTCGAAGA
AATCAA-3" and reverse (R) primer 5'-GCTTTTTTTGCTGTGAGTCC
CG-3'; for IL-6, F primer 5'-TTCTCCACAAGCGCCTTCGGTCCA-3'
and R primer 5'-AGGGCTGAGATGCCGTCGAGGATGTA-3'; for IL-
12p40, F primer 5'-GTCAGAGGGGACAACAAGGA-3" and R primer 5'-
TGATGAAGAAGCTGCTGGTG-3'; for tumor necrosis factor alpha
(TNF-a), F primer 5'-CGAGTGACAAGCCTGTAGC-3" and R primer
5'-GGTGTGGGTGAGGAGCACAT-3', and for IFN-vy, F primer 5’ -TGG
GTTCTCTTGGCTGTTACTG-3" and R primer 5'-GAGTTCCATTATC
CGCTACATCTG-3'.

Measurement of T cell responses. mDC subsets and syngeneic CD4
and CD8 T cells from the same patients were purified from PBMCs. CD4
and CD8 T cells were labeled with 5 WM carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Invitrogen, Carlsbad, CA). S. aureus-stimu-
lated mDC subsets were treated with 50 pg/ml of mitomycin C for 1 h,
after which they were cocultured with CFSE-labeled syngeneic CD4 or
CD8 T cells for 4 days at 37°C in RPMI 1640 medium under 5% CO,. The
cells were stimulated with phorbol 12-myristate 13-acetate (50 ng/ml) and
ionomycin (1 uM) (both from Calbiochem, La Jolla, CA) for 4 h, with the
addition of monensin solution (Biolegend, San Diego, CA) during the
final 2 h. Cells were then stained for surface molecules first, fixed, perme-
abilized with Cytofix/Cytoperm buffer (eBioscience, San Diego, CA), and
subsequently incubated with the indicated anti-cytokine antibodies in
Perm/Wash buffer (eBioscience, San Diego, CA) for 30 min. The cells
were analyzed for proliferation status by CFSE dilution on a FACSAria IT
flow cytometer.

ELISA. The IL-1, IL-6, IL-10, IL-12p70, and TNF-« concentrations
in the culture supernatants were measured in triplicate by use of standard
enzyme-linked immunosorbent assay (ELISA) kits (Biolegend, San Di-
ego, CA), with standard cytokine preparations used as internal controls.

Statistical analysis. Results are expressed as means =+ standard errors
of the means (SEM). The statistical significance of differences between
experimental groups was calculated using analysis of variance with a Bon-
ferroni posttest or unpaired Student’s ¢ test. All P values of <0.05 were
considered significant.

RESULTS

BDCA1" mDCs are a unique phagocytic DC subset responsive
to S. aureus. A recent report showed that DCs are crucial players
in the host immune response to S. aureus bloodstream infection in
a mouse model. However, the responses of human blood DCs,
especially individual DC subsets, to S. aureus infection have not
been investigated. To address this question, we first compared the
abilities of human DC subsets to phagocytose S. aureus. We iso-
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FIG 1 BDCA1" mDCs are a unique phagocytic DC subset responsive to S. aureus. (A) BDCA1", CD16", and BDCA3" mDCs were enriched from PBDCs by
an initial immunomagnetic depletion of lineage-positive cells by use of anti-human-lineage Abs (against CD3, CD19, CD20, CD34, CD56, and CD235a). The
resulting cells were stained for a panel of surface markers and analyzed by flow cytometry. The BDCA1",CD16*,and BDCA3 " mDC subsets among the CD11c*
CD123™¢ mDCs are shown. (B) Isolated PBDCs (1 X 10°) were incubated with PKH26-labeled S. aureus for 1 h at 4 or 37°C. PKH26 fluorescence signals in the
gated mDC subsets, as analyzed by flow cytometry, are shown. Data are representative of analyses of 3 samples. (C) BDCA1 ", CD16", and BDCA3 " mDCs were
purified from PBDCs, and their purity was at least 95%, as shown in each graph. (D) The purified PBDC subsets described for panel C were incubated with
PKH26-labeled S. aureus for 1 h and then analyzed for the PKH26 fluorescence signal. Data are averages from analyses of 4 samples from 4 donors. (E)
PKH67-labeled BDCA1* mDCs were cultured with PKH26-labeled S. aureus for 1 h and then analyzed for the PKH26 fluorescence signal and its cellular location

by confocal microscopy. Images for one representative donor of four are shown.

lated PBDC:s ex vivo from blood of healthy donors by depletion of
lineage-positive mononuclear cells as described in Materials and
Methods (Fig. 1A). PBDCs were cocultured with PKH26-labeled
S. aureus to allow detection of cells that had phagocytosed bacte-
ria. As shown by multicolor flow cytometry, more than 60% of
BDCA1" mDCs were positive for PKH26 red fluorescence, which
indicates the presence of S. aureusin cells or on the cell surface. For
comparison, no more than 5% of CD16* or BDCA3™ mDCs were
positive for PKH26 (Fig. 1B). To further confirm this observation,
we purified BDCA1", CD16", and BDCA3™* mDC subsets (Fig.
1C) and cultured them with PKH26-labeled S. aureus for 1 h. As
shown in Fig. 1D, a large proportion of BDCA1* mDCs were
positive for PKH26, whereas only a few CD16" or BDCA3™"
mDCs were positive for PKH26. To examine the cellular location
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of PKH26-labeled S. aureus, we performed confocal microscopy
and found that PKH26-labeled S. aureus was mostly located in the
cytoplasm of the BDCAI™ mDCs (Fig. 1E). Moreover, the
BDCA1* mDCs became PKH26 positive only after coculture with
PKH26-labeled S. aureus at 37°C, not 4°C. These results indicate
that BDCA1™" mDCs indeed engulfed S. aureus bacteria and dem-
onstrate that BDCA1™ mDCs are a unique phagocytic DC subset
in blood mDCs that can respond to S. aureus.

BDCA1" mDCs upregulate the expression of costimulatory
molecules and the production of proinflammatory cytokines in
response to S. aureus. We next compared the activation and mat-
uration of BDCA1*, CD16%, and BDCA3* mDC subsets in re-
sponse to S. aureus. Isolated BDCA1", CD16", and BDCA3™
mDCs were incubated with S. aureus for 12 h. Expression of the
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FIG2 S. aureusinduces activation of BDCA1* mDCs. (A) Purified BDCA1",CD16™, and BDCA3™ mDCs were cocultured with S. aureusfor 12 h. CD80, CD83,
and CD86 expression was measured by flow cytometry. The results are representative of 4 independent experiments with cells from 4 donors. (B) IL-1B, IL-6,
IL-12p40, and TNF-a mRNA levels in S. aureus-stimulated PBDC subsets, presented relative to the B-actin mRNA level. Data are averages from analyses of 4
samples from 4 donors. (C) Concentrations of IL-18, IL-6, IL-12p70, and TNF-a in culture media of S. aureus-activated BDCA1*,CD16 ", and BDCA3" mDCs,
as measured by ELISA. Data are averages from analyses of 4 samples from 4 donors for each group. (D) Cell viability of S. aureus-treated DC subsets was measured
by annexin V-FITC and propidium iodide staining. Data are averages from analyses of 3 samples from 3 donors.

activation markers CD80, CD83, and CD86 on BDCA1" mDCs
was markedly upregulated by incubation with S. aureus, whereas
that on CD16" or BDCA3™ mDCs was not increased (Fig. 2A).
We next examined whether mDC subsets can produce proin-
flammatory cytokines in response to S. aureus. Isolated mDC sub-
sets were stimulated with S. aureus for 2 h, and cytokine mRNA
levels were measured. S. aureus stimulation of BDCA1* mDCs led
to a marked increase in IL-183, IL-6, IL-12p40, and TNF-ae mRNA
levels (Fig. 2B). Consistent with the mRNA levels, the protein
concentrations of IL-18, IL-6, IL-12p70, and TNF-a were dra-
matically increased in the supernatants of BDCA1" mDCs cocul-
tured with S. aureus for 12 h (Fig. 2C). In addition, BDCA3™
mDCs also upregulated IL-12p40 mRNA and IL-12p70 protein
levels when stimulated by S. aureus, although both these levels
were lower than those in BDCA1" mDCs (Fig. 2B and C). In
comparison, CD16™ mDCs did not upregulate the expression of
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any of these cytokines in response to S. aureus (Fig. 2B and C).
Moreover, S. aureus did not markedly alter the viability of mDC
subsets (Fig. 2D), suggesting that cell death was not a major con-
tributing factor to the S. aureus-induced inflammatory response
in BDCA1™ mDCs. These results suggest that S. aureus treatment
induces upregulation of costimulatory molecules and proinflam-
matory cytokines in BDCA1" mDCs, which exhibit phenotypic
and functional characteristics of mature DCs.

S. aureus-activated BDCA1* mDCs promote expansion of
IFN-v-producing CD4 and CD8 T cells. Recent studies have
shown that BDCA3™ mDCs are specialized for facilitating CD8 T
cell activation and proliferation (17-19). However, as we ob-
served, the failure of BDCA3™ mDCs to ingest S. aureus suggests
that they are not responsible for processing and presentation of
bacterial Ags to T cells. Therefore, we compared the abilities of S.
aureus-activated BDCA1™, CD16%, and BDCA3™ mDCs to in-
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FIG 3 S. aureus-activated BDCA1" mDCs promote CD4 and CD8 T cell activation. (A) Expression levels of MHC class I and Il in S. aureus-stimulated BDCA1 ™,
CD16%, and BDCA3" mDCs. Data for one representative donor of three are shown. The S. aureus-stimulated or unstimulated mDC subsets were cultured
together with syngeneic naive CD4 or CD8 T cells for 4 days. (B) CFSE dilution in T cells was analyzed by flow cytometry. (C) Intracellular IFN-y production was
analyzed by flow cytometry of T cells cocultured with unstimulated BDCA1* mDCs (left panel) or S. aureus-stimulated DC subsets (right three panels). (D)
Relative IFN-y mRNA levels in T cells cocultured with S. aureus-stimulated DC subsets were measured by real-time quantitative PCR (qPCR). (E) IFN-y
concentrations in the culture supernatants were measured by ELISA. The results shown represent the means and SEM for 4 independent experiments with

samples from 4 donors.

duce proliferation and cytokine production of syngeneic T cells. S.
aureus stimulation for 12 h led to substantial upregulation of
MHC class T and II expression on BDCA1* and BDCA3™ DCs
(Fig. 3A). Next, we cocultured S. aureus-stimulated mDC subsets
with syngeneic CD4 or CD8 T cells for 4 days. Proliferation of CD4
or CD8 T cells was markedly increased by S. aureus-activated
BDCA1" mDCs, as indicated by the CFSE labeling assay (Fig. 3B).
Moreover, S. aureus-activated BDCA1™ mDCs induced a marked
increase in the proportion of CD4 and CD8 T cells that produced
IEN-v, the signature cytokine for Thl and Tcl cells (Fig. 3C). In
contrast, S. aureus-activated BDCA3™ mDCs were not able to in-
duce proliferation and IFN-vy production in CD4 or CD8 T cells
(Fig. 3B and C). To further confirm this observation, we examined
IFN-y mRNA and protein levels from syngeneic CD4 and CD8 T
cells that were cocultured with S. aureus-stimulated mDC subsets.
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Consistent with intracellular IFN-y production levels, CD4 and
CDS8 T cells cocultured with S. aureus-activated BDCA1" mDCs
had substantially higher expression levels of IFN-y mRNA and
protein than those cocultured with S. aureus-activated CD16™ or
BDCA3™* mDCs (Fig. 3D and E). Collectively, these data demon-
strate that BDCA1" mDCs are the major human DC subset that is
responsive to S. aureus with regard to phagocytosis, inflammatory
cytokine secretion, and CD4 and CD8 T cell activation.

TLR-2 and SR-A contribute to S. aureus-induced BDCA1*
mDC maturation. We next asked which phagocytosis receptors
mediate S. aureus uptake by BDCA1" mDCs. First, we compared
the expression levels of CD11b, TLR-2, TLR-4, and SR-A in the
mDC subsets. BDCA1" mDCs showed higher levels of TLR-2 and
TLR-4 than those in CD16* and BDCA3 " mDCs. Moreover, con-
sistent with our previous finding (20), BDCAI1™ mDCs showed
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FIG 4 Activation of BDCA1" mDCs in response to S. aureus is dependent on TLR-2 and SR-A. (A) CD11b, TLR-2, TLR-4, and SR-A expression levels on purified
BDCA1*, CD16", and BDCA3" mDCs. Data for one representative donor of three are shown. (B) BDCA1" mDCs were pretreated with the indicated
neutralizing antibodies and then incubated with PKH26-labeled S. aureus for 1 or 12 h. The percentages of BDCA1" mDCs that were PKH26 positive are shown.
The results shown represent the means and SEM for 3 independent experiments with samples from 3 donors. (C) Mean fluorescence intensities (MFI) of CD83
and CD86 in BDCA1* mDCs. (D) Concentrations of IL-18, IL-6, IL-12p70, and TNF-a in culture medium of S. aureus-activated BDCA1 * mDCs, as measured

by ELISA. Data are averages from analyses of 3 samples from 3 donors.

detectable levels of SR-A, whereas the other two subsets did not
express this receptor (Fig. 4A). These observations prompted us to
evaluate whether neutralization of these receptors can affect
phagocytosis of S. aureus by BDCA1™ mDCs. Isolated BDCA1™
mDCs were pretreated with blocking Abs against CD11b, TLR-2,
TLR-4, SR-A, or combination of TLR-2 and SR-A for 1 h and then
incubated with S. aureus. One hour after incubation with S. au-
reus, we noticed that blockade of TLR-2 or SR-A partially pre-
vented the phagocytosis of S. aureus by BDCA1™ mDCs (Fig. 4B).
Additionally, a combination of anti-TLR-2 and anti-SR-A com-
pletely abolished the phagocytosis of S. aureus by BDCA1™ mDCs
(Fig. 4B). Moreover, 12 h after stimulation by S. aureus, the induc-
tion of costimulatory molecules CD83 and CD86 in BDCA1™
mDCs was significantly decreased by blockade of TLR-2 or SR-A,
although blockade of TLR-2 appeared to have a more potent effect
than blockade of SR-A on CD83 expression. Furthermore, the
combination of anti-TLR-2 and anti-SR-A decreased S. aureus-
induced CD83 and CD86 expression more potently than the case
with each Ab alone (Fig. 4C). Interestingly, the induction of IL-13,
IL-6, and IL-12p70 expression in S. aureus-stimulated BDCA1™
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mDCs was significantly abrogated by anti-TLR-2 but not anti-
SR-A (Fig. 4D). However, the inhibition of TNF-a induction by
blockade of SR-A was more efficient than that of TLR-2 (Fig. 4D).
The combination of anti-TLR-2 and anti-SR-A almost completely
abrogated S. aureus-induced production of proinflammatory cy-
tokines by BDCA1" mDCs, with a greater efficiency than that with
each Ab alone (Fig. 4D). These data indicate that S. aureus-in-
duced production of proinflammatory cytokines by BDCA1*
mDCs is crucially dependent on TLR-2, with that of TNF-a also
critically dependent on SR-A. Taken together, these results indi-
cate that TLR-2 and SR-A expressed by BDCA1™ mDCs are criti-
cal mediators of these cells’ phagocytic function and maturation
in response to S. aureus and that the presence of both of them
achieves the optimal effect.

The ability of S. aureus-activated BDCA1* mDCs to pro-
mote T cell responses is dependent on TLR-2 and SR-A. To de-
termine whether TLR-2 and SR-A are required for the ability of S.
aureus-activated BDCA1" mDCs to enhance T cell responses, we
stimulated BDCA1" mDCs with S. aureus in the presence or ab-
sence of anti-TLR-2, anti-SR-A, or a combination of both and
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FIG 5 The ability of S. aureus-activated BDCA1* mDCs to promote T cell responses is dependent on TLR-2 and SR-A. BDCA1" mDCs were stimulated with
S. aureusin the presence or absence of anti-TLR-2, anti-SR-A, or anti-TLR-2 plus anti-SR-A antibodies for 12 h and then cocultured with CFSE-labeled syngeneic
naive CD4 or CD8 T cells for 4 days. (A) CFSE dilution and intracellular IFN-vy production in CD4 or CD8 T cells were analyzed by flow cytometry. (B) Relative
IEN-y mRNA levels were measured by real-time qPCR. (C) Levels of IEN-vy in culture supernatants were measured by ELISA. Data are averages from analyses of

3 samples from 3 donors.

then cocultured these mDCs with syngeneic CD4 or CD8 T cells
for 4 days. The proliferation of CD4 or CD8 T cells was partially
inhibited by either anti-TLR-2 or anti-SR-A and was almost com-
pletely inhibited by the addition of both Abs together (Fig. 5A).
Moreover, the percentage of IFN-y-producing CD4 and CD8 T
cells was reduced by either anti-TLR-2 or anti-SR-A and was more
dramatically reduced by the combination of both Abs (Fig. 5A).
Similarly, IFN-y mRNA and protein derived from CD4 and CD8
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T cells were markedly decreased by anti-TLR-2 or anti-SR-A and
were more potently reduced by the combination of the two Abs
(Fig. 5B and C). These results further confirm that TLR-2 and
SR-A are essential for the full activation of BDCA1* mDCs in
response to S. aureus, which enables them to induce innate and
adaptive immune responses against S. aureus infection.

S. aureus-induced BDCA1* mDC activation is mediated by
the MyD88 signaling pathway. To further clarify the mechanism
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FIG 6 The MyDS88 signaling pathway is essential for S. aureus-induced activation of BDCA1™ mDCs. BDCA1" mDCs were preincubated with the MyD88
inhibitor or a control peptide for 1 h and then cultured with S. aureus for 1 or 12 h. (A) Percentage of BDCA1" mDCs that were PKH26™. The results shown
represent the means and SEM for 3 independent experiments from 3 donors. (B) Mean fluorescence intensities of CD83 and CD86 in S. aureus-stimulated
BDCA1* mDCs. (C) Levels of IL-1p, IL-6, IL- 12p70, and TNF-a in culture medium of S. aureus-stimulated BDCA1 " mDCs were measured by ELISA. Data are
averages from analyses of 3 samples from 3 donors. (D) S. aureus-stimulated BDCA1* mDCs were cocultured with syngeneic CD4 and CD8 T cells for 4 days,
and CFSE dilution and intracellular IFN-y production in T cells were analyzed by flow cytometry. (E) IFN-y concentrations in culture supernatants were
measured by ELISA. Data are representative of or averages from analyses of 3 samples from 3 donors.

by which S. aureus promotes maturation of DCs, we examined the
role of the MyD88 signaling pathway, a critical pathway activated
by TLR stimulation in innate immune cells (21). It has also been
reported that MyD88 is required for TLR signal transduction in
mouse DCs in response to S. aureus (22, 23). Therefore, we as-
sessed whether the activation of human blood BDCA1™ mDCs by
S. aureus is dependent on the MyD88 signaling pathway. We
treated BDCA1 " mDCs with a specific MyD88-inhibiting peptide
or a control peptide before culturing the cells with S. aureus.
BDCA1" mDCs failed to take up S. aureus in the presence of the
MyD88 inhibitor (Fig. 6A). In addition, S. aureus-induced up-
regulation of CD83 and CD86 was significantly abrogated by the
MyD88 inhibitor (Fig. 6B). Moreover, proinflammatory cytokine
production in BDCA1™ mDCs induced by S. aureus was also se-
verely impaired by the MyD88 inhibitor (Fig. 6C). Consistent with
the impaired BDCA1" mDC activation, S. aureus-stimulated
BDCA1" mDCs cultured in the presence of the MyD88 inhibitor
were unable to promote proliferation and IFN-vy production by
syngeneic CD4 and CD8 T cells, as indicated by both intracellular
and secreted protein levels (Fig. 6D and E). Thus, these results
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demonstrate that the MyD88 signaling pathway is essential for S.
aureus-induced BDCA1™ mDC activation.

DISCUSSION

In this study, we demonstrated for the first time that BDCA1™"
mDCs represent a unique blood DC subset that can induce T cell
responses against S. aureus infection. BDCA1" mDCs, but not
CD16™ or BDCA3™ mDCs, can engulf S. aureus and strongly up-
regulate the expression of costimulatory molecules and produc-
tion of proinflammatory cytokines. A previous study has shown
that DCs are central regulatory cells in the immune responses to S.
aureus bloodstream infection in a mouse model (15). Consistent
with our human PBDC results, infection with S. aureus in mice
advanced the maturation status of DCs compared to that of DCs
in uninfected mice (15). Moreover, depletion of DCs in the mouse
model abolished S. aureus-induced IL-12 production and Thl
generation (15); in line with this, we found that S. aureus-stimu-
lated BDCA1" mDCs promote Th1 and Tc1 responses. Our find-
ing greatly supports the previous finding in mice and suggests that
human BDCA1* mDCs are crucial coordinators of the host im-
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mune response to S. aureus infection. Although DCs have an im-
portant role in S. aureus bloodstream infection in mice, the re-
sponses and functions of individual mouse DC subsets to S. aureus
need more study.

Different subsets of DCs have different abilities and modes of
presenting Ags (24). Human BDCA1" mDCs have the ability to
effectively activate CD4 T cells via MHC class II-peptide com-
plexes (25). In contrast, BDCA3" mDCs can efficiently cross-
present exogenous soluble and cell-bound antigens through MHC
class I, inducing cytotoxic CD8 T cell activation (18). Although
BDCA3™" mDCs present Ags for CD8 T cell activation, BDCA1™
mDCs are also able to cross-present soluble Ags and induce CD8 T
cell activation (26, 27). Here we also found that S. aureus-stimu-
lated human blood BDCA1* mDCs have a stronger overall capac-
ity to promote activation, not only of CD4 T cells but also of CD8
T cells, than the same mDCs not stimulated with S. aureus. We
hypothesize that the enhanced T cell-stimulating capacity of
BDCA1™" mDCs results from both the presentation of S. aureus
antigens to T cells by these DCs and the increased maturation and
cytokine production of these DCs. In addition, we hypothesize
that BDCA1" mDCs may have the ability to both cross-present
and directly present particular types of Ags to elicit different re-
sponses (28). These will be important areas for future investiga-
tions.

We also highlighted that human BDCA3" mDCs do not
phagocytose and have a limited ability to promote CD4 and CD8
T cell activation in response to S. aureus. However, we cannot fully
exclude a role of human BDCA3 " mDCs in the induction of im-
mune activation against S. aureus, since BDCA3 " mDCs were able
to upregulate MHC class I and II expression in response to S.
aureus. Future studies will investigate how blood BDCA3™ mDCs
upregulate MHC class I and II in response to S. aureus and
whether the upregulation of MHC class I and II allows them to
present self-Ags and induce certain autoimmune responses.

The crucial role of DCs in host immune responses against var-
ious types of bacterial infections, including S. aureus bloodstream
infection, has been demonstrated in multiple i1 vivo mouse mod-
els (15, 29). However, there are limited reports about the specific
roles of individual DC subsets in bacterial infections. Here we
demonstrate that BDCA1™ mDCs play an important role in initi-
ating inflammatory responses during S. aureus infection in in vitro
culture systems. Indeed, it has been reported that BDCA1™ mDCs
are expanded in the peripheral blood of human subjects with bac-
terial infection-induced chronic periodontitis (30), suggesting
that BDCA1" mDCs may be the major human DC subset respon-
sive to bacterial infection. We hypothesize that BDCA1™ mDCs
play a critical role in the protective immune responses against S.
aureus bloodstream infection in vivo, and our future studies will
test this possibility by using mouse models of S. aureus infection.

DCs can directly sense pathogen components through PRRs,
such as TLRs, C-type lectins, mannose receptors, SRs, and com-
plement receptors (31). In line with previous reports, we also
found that BDCA1™ mDCs, but not BDCA3™ mDCs, express
TLR-2 and TLR-4 (18, 32). Moreover, several studies have shown
that TLR-2-deficient mice have increased mortality compared to
wild-type mice during S. aureus infection, which may be due to
high bacterial tissue burdens and impaired proinflammatory cy-
tokine production in TLR-2-deficient mice (33, 34). We also
found that maturation of human blood BDCA1" mDCs in re-
sponse to S. aureus was critically dependent on TLR-2, yet phago-

4474 iai.asm.org

cytosis of S. aureus by these mDCs was only partially dependent on
TLR-2. Consistent with our data, previous reports also showed
that TLR-2 in mouse macrophages is important for S. aureus Ag
recognition but that phagocytosis of S. aureus is not mainly de-
pendent on TLR-2 (35, 36). Interestingly, we also found that
BDCA1" mDCs expressed higher levels of surface SR-A than
CD16™ or BDCA3™* mDCs. The function of SR-A in human and
mouse DCs and macrophages in response to Gram-negative and
Gram-positive bacteria has been investigated, showing that SR-A
functionally contributes to phagocytosis of those bacteria (37, 38).
Moreover, many studies showed that SR-A plays a significant role
in the phagocytosis of S. aureus (39-41). We found that the pres-
ence of both SR-A and TLR-2 is required for the optimal phago-
cytosis of S. aureus by BDCA1™ mDCs. Consistent with our find-
ing, SR-A was previously shown to cooperate with TLR-2 to
promote phagocytosis of S. aureus in mouse bone marrow-de-
rived DCs (37). It is possible that similar to upregulation of SR-A
expression in a mouse macrophage cell line by TLR-4 signaling
(42), TLR-2 signaling may upregulate SR-A expression in
BDCA1" mDCs, thereby enhancing the phagocytic activities and
maturation of these cells in response to S. aureus. The molecular
mechanisms by which S. aureus affects TLR-2 and SR-A expres-
sion in BDCA1" mDCs require further investigation. Moreover,
the expression and contribution of other receptors that have been
implicated in the recognition of S. aureus, such as CD36, integrin
Bv, and TNF-« receptor 1 (43-45), will be characterized.

We also demonstrated that the phagocytosis and maturation of
human blood BDCA1" mDCs in response to S. aureus require the
MyD88 signaling pathway. Although previous reports showed
that the TLR-2-MyD88 signaling pathway has an important role
in S. aureus phagocytosis (34, 35, 46), we found that neutralization
of TLR-2 and inhibition of the MyD88 signaling pathway have
different effects on phagocytosis of S. aureus by human blood
BDCA1" mDCs. The MyD88 signaling pathway was crucial for
phagocytosis and maturation, but TLR-2 was partially involved
in phagocytosis. Interestingly, both SR-A and TLR-2 are required
for phagocytosis and maturation of BDCA1™ mDCs. These data
suggest that the MyD88 signaling pathway may be downstream of
SR-A and TLR-2 in this event. Moreover, recent studies have
shown that the MyD88 signaling pathway is essential for SR-A
ligand-induced antitumor effects in mouse NK cells (47) and for
migration of human and mouse monocytes/macrophages (48).
To address this hypothesis, we will characterize the downstream
cascades of SR-A and TLR-2 signaling pathways in human
BDCA1" mDCs stimulated by S. aureus, including the MyD88
signaling pathway.

In conclusion, our data provide compelling evidence that hu-
man BDCAI™ mDCs represent a unique myeloid DC subset
which induces Th1 and Tcl immune responses to S. aureus infec-
tion in a TLR-2-, SR-A-, and MyD88-dependent fashion. These
results have identified critical cellular players in host immune re-
sponses against S. aureus and suggest that enhancing the matura-
tion and functional capacity of BDCA1* mDCs may lead to better
control of S. aureus bloodstream infection.
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