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Bacterial CpG-DNA Triggers Activation and Maturation of
Human CD11c2, CD1231 Dendritic Cells1

Marc Bauer,* Vanessa Redecke,* Joachim W. Ellwart,† Barbara Scherer,*
Jean-Pierre Kremer,† Hermann Wagner,2* and Grayson B. Lipford 2*

Human plasmacytoid precursor dendritic cells (ppDC) are a major source of type I IFN upon exposure to virus and bacteria, yet
the stimulus causing their maturation into DCs is unknown. After PBMC activation with immunostimulatory bacterial DNA
sequences (CpG-DNA) we found that ppDC are the primary source of IFN-a. In fact, either CpG-DNA or dsRNA (poly(I:C))
induced IFN-a from purified ppDC. Surprisingly, only CpG-DNA triggered purified ppDC survival, maturation, and production
of TNF, GM-CSF, IL-6, and IL-8, but not IL-10 or IL-12. Known DC activators such as CD40 ligation triggered ppDC maturation,
but only IL-8 production, while bacterial LPS was negative for all activation criteria. An additional finding was that only CpG-
DNA could counteract IL-4-induced apoptosis in ppDC. Therefore, CpG-DNA represents a pathogen-associated molecular pattern
for ppDC. In contrast to these finding, CpG-DNA, like LPS, caused TNF, IL-6, and IL-12 release from PBMC and purified
monocytes; however, differentiation of monocytes into DCs with GM-CSF and IL-4 unexpectedly resulted in refractoriness to
CpG-DNA, but not LPS. Taken together, these results suggest that within a DC subset a multiplicity of responses can be generated
by distinct environmental stimuli and that responses to a given stimulus may be dissimilar between DC subsets.The Journal of
Immunology,2001, 166: 5000–5007.

D endritic cells (DCs)3 in their naive or so-called immature
state act as environmental sentinels detecting pathogen
presence and sampling interstitial fluids from which they

take up and process Ag (1). Maturation of DCs to professional
APCs can be initiated by T cells expressing CD40 ligand (CD40L)
or directly via engagement of pathogen constituents displaying
conserved molecular patterns, also termed pathogen-associated
molecular patterns (PAMP) (2–7). Maturing DCs express T cell-
costimulating molecules on their surface, such as CD80, CD86,
and CD40, and release soluble mediators, such as cytokines and
chemokines. DCs then efficiently interact with peripheral T cells to
initiate adaptive immune responses and dictate the Th polarization
toward either Th1 or Th2 (1).

DCs have been subdivided into lineage subsets based on surface
marker phenotype. Functional characterization of human DCs has
established myeloid-like DCs as Th1-inducing precursor DC type
1 (pDC1) and lymphoid-like DCs as Th2-inducing precursor DC

type 2 (pDC2) (8). pDC1 are generated from peripheral blood mono-
cytes by treatment with GM-CSF and IL-4 and are also known as
monocyte-derived DCs (MDDCs). These DCs express CD11c,
CD13, CD33, and GM-CSF-Ra (CD116), but not CD4, and become
mature after stimulation with CD40L or PAMP. pDC1 production of
IL-12 upon stimulation is a likely explanation for Th1 polarization.
pDC2 are plasmacytoid cells isolated from the tonsil, termed here
plasmacytoid precursor DC (ppDC) (8). These cells are CD41

CD11c2 CD132, CD332, CD45RA1, IL-3Ra1 (CD1231) and use
IL-3 as a survival factor (9–11). DCs of this phenotype can also be
found circulating in the peripheral blood or resident in lymphoid or-
gans (9, 10, 12–16). CD41/CD112 DCs from the blood have also
been termed plasmacytoid cells, IFN-producing cells, natural IFN-
ab-producing cells, IL-3Rahigh DCs, or pDC2 (8–10, 17, 18). CD40
ligation matures ppDC, but does not induce IL-12; however, they do
produce type I IFNs if stimulated with UV-irradiated HSV (8, 18).
Type I IFNs (IFN-a and IFN-b) are involved in antiviral defense, cell
growth regulation, immune activation, and Th1 polarization. ppDC
have been implicated as the major source of type I IFNs after viral or
bacterial stimulation (17, 19).

Viruses and bacteria probably activate MDDC and ppDC
through engagement of pattern recognition receptors (e.g., Toll-
like receptor (TLR) or dsRNA-responsive protein kinase). Well-
documented PAMP are endotoxins (LPS), dsRNA, and immuno-
stimulatory bacterial CpG-DNA sequences (CpG-DNA) (7). LPS,
a prototypic PAMP, matures and induces cytokine production from
murine bone marrow-derived DCs and human MDDC (2). A LPS
binding and signaling complex assembles when TLR4 interacts
with LPS bound to CD14, thus initiating the IL-1R/TLR receptor
transduction pathway (20–22). CpG-DNA-driven activation of
APCs also acts through the IL-1R/TLR-like signal transduction
pathway; however, cellular uptake and translocation into early en-
dosomes are required (23–25). It has been recently determined that
CpG-DNA signals via TLR9 (26). TNF-associated factor-6 is a
critical element in the IL-1R/TLR as well as CD40 signaling path-
ways (27). Subsequent to TNF-associated factor-6 both IkB kinase
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and Jun kinase are activated. Interestingly, dsRNA activation of
dsRNA-responsive protein kinase also results in IkB kinase and
Jun kinase activation (28). The convergence of these multiple stim-
uli may explain how they are all able to activate and mature DCs.

Bacteria and virus stimulate the release of IFNs from plasma-
cytoid cells; however, the PAMPs involved remain unidentified
with the possible exception of dsRNA. Bacterial CpG-DNA was
originally recognized for its ability to induce IFNs from both mu-
rine spleen cells and human peripheral blood cells. Given that bac-
terial stimuli activate DCs (29–31), we attempted to characterize
the effects of CpG-DNA and other stimuli on human MDDC and
ppDC. We describe that in contrast to LPS, bacterial CpG-DNA
activates human lymphoid CD41, CD11c2, ppDC cells to produce
IFN-a and subsequently to mature into phenotypic DCs that dis-
play dendritic morphology, express high levels of costimulatory
molecules, and produce cytokines. Conversely, LPS, but not CpG-
DNA, activated myeloid MDDC/pDC1. Additionally, the effects
of dsRNA and CD40 ligation were examined.

Materials and Methods
Reagents

Escherichia coliDNA and poly(I:C) (Sigma, Deisenhofen, Germany) were
used at a concentration of 50mg/ml (32). When needed as a control,E. coli
DNA was digested by DNase I (Roche, Mannheim, Germany) overnight
and checked for complete digestion by gel electrophoresis. LPS (Sigma,
Germany) was used at a concentration of 100 ng/ml. All cytokines were
purchased from PharMingen (San Diego, CA). The following oligode-
oxynucleotides (ODNs) were used in their phosphorothioate form: CpG-
ODN 2006, 59-TCGTCGTTTTGTCGTTTTGTCGTT-39; the nonstimulatory
oligonucleotide GpC-ODN, 59-TGCTGCTTTTGTGCTTTTGTGCTT-39; and
the control oligonucleotide C-ODN, 59-GCTTGATGACTCAGCCGGAA-39
(32). All ODN were used at 2mM, which yielded maximal activity (data
not shown) (32).

Cell culture

Cells were cultivated in RPMI 1640 supplemented with 50mM 2-ME, 2
mM L-glutamine, 100 U/ml penicillin G, 100mg/ml streptomycin, 10 mM
HEPES, and 10% FCS (Seromed, Berlin, Germany). IL-3 was used at a
concentration of 500 U/ml, GM-CSF at 1000 U/ml, and IL-4 at 800 U/ml.
The fibroblast cell line 3T3 stably transfected with human CD40L was
described previously (33).

Cell preparation and purification

PBMC were isolated from citrate-stabilized buffy coats by centrifugation
over Ficoll-Hypaque gradient. Briefly, 15 ml of the buffy coat was diluted
1/1 with PBS, underlayed with 15 ml of Ficoll-Hypaque solution, 1.077 g/l
(Biochrom, Berlin, Germany), and centrifuged for 30 min at 10003 g.
Cells at the interface were harvested and washed four times with HBSS.
Depletion of CD1231 DCs from PBMC was performed by MACS sepa-
ration (Miltenyi Biotec, Bergisch Gladbach, Germany) on the basis of
CD123 expression.

Monocytes were purified by plastic adherence. Briefly, PBMC (103
106/well) were incubated in RPMI 1640/10% FCS in six-well plates (Fal-
con, Heidelberg, Germany) for 2 h at 37°C. After decanting the medium,
the cells were washed with PBS/2% FCS and incubated for an additional
hour. The washing step was repeated, and the adherent cells were harvested
with a cell scraper. The monocytes were.90% pure as analyzed by flow
cytometry.

Myeloid DC were generated from monocytes (MDDC/pDC1). Mono-
cytes were isolated from PBMC by positive selection using a MACS sep-
aration kit according to the manufacturer’s instruction (Miltenyi Biotec).
The purity was determined by FACS analysis using a Coulter EPICS XL
(Coulter, Krefeld, Germany) and was.95%. The monocytes were cultured
for 7 days in 800 U/ml GM-CSF and 500 U/ml IL-4. Every second day 500
U/ml GM-CSF and 300 U/ml IL-4 were added.

ppDC/pDC2 were isolated from tonsils by a combination of elutriation
and FACS sorting or MACS separation followed by FACS sorting. Fresh
tonsils were cut into small fragments and pushed through a mesh. The cell
suspension was fractionated by countercurrent centrifugation in an elutria-
tion rotor (JE-6B with Sandersonchamber; Beckman, Krefeld, Germany) at
constant speed (1800 rpm) with increasing flow rate (8–24 ml/min). Frac-
tions enriched for CD1231 cells, as accessed by FACS analysis, were

pooled. For further purification, the enriched CD1231 cell fractions were
sorted by FACS according to CD1231, HLA-DR1 expression. The purity
was determined by flow cytometry and was.98%. All steps were per-
formed with the addition of DNase I (Roche) to prevent clumping of the
cells. The anti-CD123 mAb, clone 9F5, is a nonblocking Ab, so signaling
by IL-3 via the receptor was possible after sorting. For MACS separation,
a tonsilar single-cell suspension was stained with PE-conjugated mAb
against CD123 (PharMingen) and counterstained with anti-PE microbeads.
CD1231 cells were positively selected on a column. Further purification
was performed by FACS as stated above.

Cytology analysis

Cells were cytocentrifuged onto slides and fixed with methanol for 5 min.
Dried slides were stained for 20 min with May-Giemsa solution (Merck,
Darmstadt, Germany) and rinsed with distilled water. The slides were an-
alyzed by confocal microscopy on an LSM 510 (Zeiss, Heidelberg, Ger-
many) and imaged digitally.

Determination of cell survival and proliferation

ppDC were cultured at a concentration of 203 103/well at 37°C in 96-well
U-bottom plates with different stimuli. After 24 h cells were harvested and
incubated with propidium iodide at an end concentration of 1mg/ml for 10
min. Staining of the DNA in dead cells was determined by FACS and
presented as the percentage of living cells. In parallel experiments prolif-
eration was determined by seeding ppDC (203 103/well) in triplicate
96-well U-bottom plates (Falcon) followed by culture for 3 days at 37°C
with or without stimulation. For the last 16 h cells were pulsed with 1mCi
of [3H]thymidine (6.7 Ci/mM). Lysed cells were harvested onto filter pa-
pers, the filters were washed, and the [3H]thymidine incorporation into the
DNA was measured and expressed as counts per minute. When CD40L
transgenic 3T3 cells were used as stimulus, they were irradiated with a dose
of 4000 rad.

Measurement of cytokine release

PBMC (53 106/ml) or MDDC/pDC1 (13 106/ml) were incubated at 37°C
in 24-well plates in the presence or the absence of stimuli. The supernatants
were harvested after 12 h for TNF-a or after 24 h for all other cytokines.
ppDC were cultured at a concentration of 0.23 106/ml at 37°C in 24-well
plates, and supernatants were taken after 12 h for TNF-a or after 36 h for
all other cytokines. The samples were analyzed in duplicate, and the
ELISAs were performed according to the manufacturer’s instruction.
ELISA kits for IL-6, IL-10, and TNF-a were purchased from PharMingen;
those for IL-8, GM-CSF, and total IL-12 were obtained from R&D Sys-
tems (Minneapolis, MN); and those for IFN-a were obtained from PBL
Biomedical Laboratories (New Brunswick, ME). Streptavidin-peroxidase
conjugate, as enzyme (Sigma), ando-phenylenediamine, as substrate (Sig-
ma), were used for development when not included in the kits.

Expression of surface markers

PBMC (5 3 106/ml) and MDDC/pDC1 (13 106/ml) were cultured for
24 h at 37°C in 24-well plates in the presence or the absence of stimuli.
ppDC (0.23 106/ml) were cultured for 36 h. Cells were harvested, washed,
and preincubated with human IgG (Miltenyi) for FcR blockade. Abs used
for specific staining or isotype controls were FITC- or PE-conjugated
anti-CD1a, anti-CD3, anti-CD4, anti-CD11c, anti-CD13, anti-CD14, anti-
CD16, anti-CD19, anti-CD33, anti-CD40, anti-CD56, anti-CD80,
anti-CD86, anti-CD116, anti-CD123, anti-HLA-DR, and anti-HLA-ABC
(PharMingen). The staining was performed on ice for 30 min; cells were
washed twice and then fixed with 1% paraformaldehyde solution (Sigma).
FACS analysis was performed on a Coulter EPICS XL (Coulter).

Th1 vs Th2 induction

ppDC (2 3 105) were cultured in 24-well plates in the presence or the
absence of the stimuli at 37°C. After 24-h incubation 106 allogenic naive
T cells were added. Naive T cells were obtained from PBMC depleted of
CD11b1, CD161, CD191, CD361, and CD561 (Pan T Cell Isolation Kit)
and additionally of CD81 and CD 45RO1 cells on a MACS column (Milte-
nyi). Naive T cells and ppDC were cocultured in supplemented RPMI 1640
with added IL-3 (500 U/ml) and sodium pyruvate (1 mM) for 6 days. The
T cells were then washed, counted, and restimulated at a concentration of
5 3 105 cells/ml with PMA (50 ng/ml) and ionomycin (0.5mg/ml) for 24 h.
The secretion of IL-4, IL-5, and IFN-g was determined by ELISA (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.
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Results
CpG-DNA, but not LPS, induces type I IFN from PBMC

In studies designed to determine APC reactivity to PAMPs, we
found that bacterial CpG-DNA and LPS stimulated human mono-
cytes to produce cytokines, such as IL-12, IL-6, and TNF-a (Fig.
1, A andB) (32). Monocyte activation throughE. coli DNA was
DNA dependent, because DNase digestion destroyed cytokine re-
lease. CpG-DNA also caused IFN-a release from PBMCs in a
CpG-dependent manner; in contrast, however, LPS did not induce
IFN-a (Fig. 1C). Poly(I:C), a dsRNA known to induce IFN-a from
PBMCs, was used as a positive control (Fig. 1C). Interestingly,
purified monocytes did not produce IFN-a upon CpG-DNA stim-
ulation, although poly(I:C) remained effective (Fig. 1D). These
data implied that IFN-producing cells within PBMCs were lost
during the monocyte preparation. Additionally, CpG-DNA, LPS,
and poly(I:C) were at variance with regard to IFN production
pattern.

MDDCs respond to LPS, but not CpG-DNA

DC are a known source of various cytokines and IFNs (34–36).
Most contemporary studies rely on MDDC as a source of DCs.
MDDC generated by culturing monocytes in GM-CSF and IL-4
are myeloid in origin and have been termed pDC1 based on func-

tional analysis (8). We tested MDDC/pDC1 for their responsive-
ness toward CpG-DNA or LPS. In agreement with others (2, 37,
38), LPS induced human MDDC to up-regulate the expression of
costimulatory molecules such as CD40 and CD86 and to produce
cytokines such as TNF-a, IL-12, IL-6, and IL-8 (Fig. 2 and Table
I). MHC class I and II molecules were also up-regulated 2-fold
(data not shown). However, CpG-DNA was negative for up-reg-
ulation of activation markers and cytokine production (Fig. 2 and
Table I). Additionally, LPS and CpG-DNA were both negative for
the production of IFN-a (Table I), although these cells have been
shown to release type I IFNs upon poly(I:C) stimulation (34, 35).
Given that ex vivo-prepared human monocytes are sensitive to
immunostimulatory CpG-DNA, (Fig. 1A) (32), these results im-
plied that the conversion of monocytes to MDDC is associated
with a CpG-DNA refractory state.

The ppDC/pDC2 respond to CpG-DNA, but not LPS

Plamacytoid CD41, CD11c2, CD1231 (IL-3Ra1) ppDC, func-
tionally described as pDC2, acutely respond to microbial stimuli
with the production of type I IFN (18, 19). Upon depletion of
CD1231 cells from PBMCs, bacterial CpG-DNA failed to trigger
IFN-a from the remaining PBMCs, yet poly(I:C) was still effective
(Table II). In contrast, IFN-a producer cells within PBMCs were
nonresponsive to LPS (Table II). This contrasted with IL-12 pro-
duction, which was induced in PBMCs or CD123-depleted PB-
MCs by LPS, CpG-ODN, andE. coli DNA, but not by poly(I:C)
(Table II). Furthermore, CpG-DNA, but not LPS, up-regulated the
expression of CD86 and CD40 costimulatory molecules on
CD1231, CD41 cells within PBMCs (Fig. 3). These data implied
that CD1231, CD41 cells are responsive to bacterial DNA and
thus focussed our attention on the purification and characterization
of ppDC.

CpG-DNA, but not LPS or poly(I:C), promotes the survival of
purified ppDC

The tonsil is a rich source of ppDC (9). Upon purification (.98%;
seeMaterials and Methods) the phenotype of these cells was lin2,

FIGURE 1. CpG-DNA induces cytokine release from PBMC and
monocytes, but not IFN-a release from monocytes.A, Human monocytes
(5 3 105/well) were cultured with 50mg/ml E. coli (EC) DNA (f) or
DNase-digested 50mg/ml EC DNA (M), and cytokine release was mea-
sured by ELISA.B, Human monocytes were cultured with 1mg/ml LPS
(f) or medium only (M), and cytokine release was measured. Note that the
IL-6 value should be multiplied by 13 103. C, PBMC (103 106/well)
were cultured with medium only, 2mM CpG-ODN, 2mM GpC-ODN, 1
mg/ml LPS, or 50mg/ml poly(I:C), and IFN-a was measured by ELISA.D,
Human monocytes (53 105/well) were cultured as described inC. All
supernatants were collected for ELISA at 24 h, with the exception of TNF
at 12 h. The data are reported as the mean6 SD of three independent
experiments using different donors.

FIGURE 2. LPS, but not CpG-DNA, activates MDDC to up-regulate
costimulatory molecules. MDDC (13 106/ml) were cultured with medium
alone, 2mM CpG-ODN, or 1mg/ml LPS. After 24 h cells were stained with
FITC-coupled Abs against CD86, CD40, or corresponding isotype con-
trols. The corresponding FACS histograms are shown with mean fluores-
cence values given adjacent to the histogram. Data shown are representa-
tive of three experiments with cells from different donors.

5002 BACTERIAL DNA TRIGGERS HUMAN DC MATURATION

 by guest on A
pril 26, 2013

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/


CD1a2, CD11c2, CD132, CD332, CD45RO2, CD45RA1,
CD1231, CD41 (data not shown), as demonstrated previously (9,
10). Consistent with previous reports, nearly all freshly isolated
ppDC apoptosed during overnight culture in medium alone; how-
ever, 70% survived if cultured with IL-3 (Fig. 4A). CD40 ligation
in the absence of IL-3 promoted some survival over a 24-h period
(Fig. 4A); however, over extended periods cells continued to die
(data not shown). In our hands, GM-CSF also promoted survival
(Fig. 4A), consistent with data derived from blood-borne CD1231

DCs (11). In agreement with others TNF-a alone did not promote
survival (data not shown) (11). The most effective survival stimuli
wereE. coli DNA and CpG-ODN, which supported 80% survival
of ppDC (Fig. 4A). Control DNAs were ineffective, with the pos-
sible exception of a minimal effect from the GpC-ODN. LPS was
an ineffective anti-apoptotic agent (Fig. 4A), consistent with
CD1231, CD41 cell nonresponsiveness to LPS (Fig. 3). Poly(I:C)
was also ineffective in blocking ppDC apoptosis (Fig. 4A).

ppDC are believed to be Th2 polarizing, and IL-4 was demon-
strated to abolish IL-3-driven survival (8, 11). Indeed, a combina-
tion of IL-3 and IL-4 did not allow survival from apoptosis (Fig.
4B). Activation via CD40 cross-linking plus IL-3 was also ineffi-
cient in promoting survival when IL-4 was added simultaneously
(Fig. 4B). In contrast, CpG-DNA stimulation was able to overcome
the negative effects of IL-4 (Fig. 4B). Additionally, ppDC prolif-
erated upon culture with IL-3 (Fig. 4C). In contrast, neither CD40
cross-linking nor CpG-DNA promoted proliferation, implying that
maturation/differentiation (see below) in these DCs curtailed pro-
liferation (11).

The ppDC display activated DC morphology upon CpG-DNA
stimulation

The cell morphology of ppDC was consistent with published de-
scriptions of plasmacytoid cells that reside in T cell-rich areas of
the tonsil and lymph nodes, and CD11c2, CD41 DCs from the
blood (Fig. 5A) (11, 18). Although IL-3 was anti-apoptotic, the

overall plasmacytoid morphology was maintained for 36 h with
perhaps the appearance of a few small dendrites and a subtle in-
crease in size (Fig. 5E). In contrast, CpG-DNA promoted long
dendrite formation, a strong increase in size, an alteration in nu-
clear structure, and increased vacuolization, seemingly clustered
around a dense focal point (Fig. 5,B–D). This was similar in nature
to IL-3/CD40 activation (Fig. 5F), which has been documented
previously (10). IL-3/LPS or IL-3/poly(I:C) treatment did not dif-
fer from the mild maturational effects of IL-3 alone (compare Fig.

FIGURE 4. CpG-DNA rescues purified ppDC from apoptosis. DCs
(20 3 103/well) were incubated in 96-well round-bottom plates with me-
dium alone; 500 U/ml IL-3; 1000 U/ml GM-CSF; 203 103 CD40L trans-
genic 3T3 cells; 2mM CpG-ODN, GpC-ODN, or C-ODN; 50mg/ml E. coli
(EC) DNA; 50 mg/ml digested EC DNA; 50mg/ml poly(I:C); or 1mg/ml
LPS. A, After 24 h the cells were stained with propidium iodide, and the
percentage of living cells was determined by FACS analysis.B, IL-4 (800
U/ml) was added simultaneously with the indicated stimuli, and living cells
were counted at 24 h as described above.C, Cells were cultured with the
indicated stimuli for 72 h and pulsed with [3H]thymidine for the last 16 h.
The mean6 SD are given for three (A) or two (Band C) independent
experiments using different donors.

Table I. CpG-DNA does not activate MDDC to produce cytokinesa

Stimulation

Cytokines (ng/ml)

IL-12 TNF IL-6 IL-8 IFN-a

Medium 0.02 0.00 0.00 0.03 0.01
E. coli DNA 0.00 0.00 0.03 0.03 0.00
CpG-ODN 0.02 0.00 0.00 0.06 0.01
LPS 0.36 23.16 15.1 99.24 0.01

a Immature MDDC (13 106/ml) were cultured with medium alone, 2mM CpG-
ODN, or 1mg/ml LPS. Supernatants were collected and assayed for TNF, IL-12, IL-6,
IL-8, and IFN-a by ELISA. Data shown are representatives of three experiments with
cells from different donors.

Table II. IL-12 and IFN-a release by PBMC and PBMC depleted of
CD1231 cellsa

Medium
CpG
ODN

E. coli
DNA pI:C LPS

IL-12 (ng/ml)
PBMC 0.01 0.68 1.04 0.00 3.53
PBMC, depleted 0.00 0.73 1.07 0.00 3.48

IFN-a (pg/ml)
PBMC 3.0 129.6 207.7 1989.0 2.3
PBMC, depleted 4.5 3.3 2.0 1328.0 2.2

a PBMC and PBMC depleted of CD1231 cells (53 106/ml) were cultured with
medium alone, 2mM CpG-ODN, 50mg/ml E. coli-DNA, 50 mg/ml poly(I:C), or 1
mg/ml LPS. After 24 h, supernatants were analyzed for total IL-12 and IFN-a. Data
shown are representatives of three experiments with cells from different donors.

FIGURE 3. CpG-DNA stimulates CD1231, CD41 DCs in PBMC.
PBMC (103 106/ml) were cultured with medium alone, 2mM CpG-ODN,
or 1 mg/ml LPS. After 24 h cells were stained with CyChrome-labeled
anti-CD4, PE-labeled anti-CD123, and FITC-coupled Abs against CD86,
CD40, or the corresponding isotype controls. The corresponding FACS
histograms for CD86 and CD40 expression gated on CD41, CD1231 cells
are shown, and mean fluorescence values are given adjacent to the histo-
gram. Data shown are representative of three experiments with cells from
different donors.
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5, G andH, with Fig. 5E). These data implied that CpG-DNA is a
strong activating agent for ppDC and confirmed the lack of acti-
vation by LPS.

The ppDC become activated by bacterial DNA

Up-regulation of costimulatory molecules such as CD86 and CD40
are a hallmark of DC activation (1). IL-3 was inefficient in acti-
vating ppDC (Fig. 6). In contrast, CpG-DNA induced strong CD86
and CD40 expression in a CpG-dependent fashion, although some
activation was seen with the GpC-ODN (Fig. 6). CD40 ligation
induced CD86 up-regulation, but not that of CD40, presumably
due to CD40 ligation-driven receptor down-regulation (Fig. 6).
CD80 and MHC classes I and II were also up-modulated by CpG-
DNA and CD40 ligation (data not shown). In contrast, poly(I:C)
and LPS were ineffective (Fig. 6). Thus, CpG-DNA activates/ma-
tures ppDC, but LPS and poly(I:C) are ineffective.

CpG-DNA-activated ppDC produce cytokines

IFN-producing cells/pDC2 produce IL-8 upon CD40 cross-link-
ing, but in acute response to enveloped viruses and bacteria they
produce type I IFNs (8, 18, 19, 36, 39). Given the strong stimu-
latory effects of bacterial CpG-DNA, we tested the cytokine re-
lease pattern of ppDC after CpG-DNA exposure. Confirming pre-
vious reports, CD40 ligation induced only IL-8 release (Fig. 7) (8).
Poly(I:C) induced only IFN-a, while LPS was nonstimulatory
(Fig. 7). However, CpG-DNA sequence specifically induced not
only IFN-a and IL-8, but also TNF and GM-CSF (Fig. 7). IL-6
was weakly induced, but, interestingly, neither IL-10 nor IL-12
was induced (data not shown). The control GpC-ODN induced
significant TNF and GM-CSF; however, this was not true for the
control unrelated sequence, C-ODN. This implies that the activa-
tion of ppDC by GpC-ODN was not due to phosphorothioate mod-
ification, but perhaps was due to flanking sequences outside the
GpC held in common with the CpG-ODN. Overall, these data
implied that the type of stimuli used dictates the response pattern
triggered in purified ppDC. For example, poly(I:C) triggered only
IFN-a production, but not DC maturation. CD40 ligation induced
maturation, but only IL-8 production. In contrast, CpG-DNA trig-
gered phenotypic maturation into DCs and the production of a
variety of cytokines.

Allogenic ppDC induce T cell differentiation

Although ppDC did not produce IL-12, both CpG-DNA and
poly(I:C) induced IFN type I production, which may influence T
cell differentiation. We stimulated ppDC with either IL-3 or IL-3
plus CpG-DNA, LPS, CD40L, or poly(I:C) and used these DC to
differentiate naive CD41 T cells (Fig. 8). IL-3-cultured ppDC dif-
ferentiated T cells toward a mixed response, producing both Th1
and Th2 cytokines, IFN-g, or IL-4 and IL-5, respectively (similar
to published data) (36). LPS or CD40L did not significantly alter
this response; however, LPS depressed IL-4 production, while

FIGURE 5. CpG-DNA induces morphologic changes in ppDC. Cells
were used fresh (A) or were cultured for 36 h with the indicated stimuli
(B–H). The stimuli wereE. coli DNA (B), CpG-ODN (CandD), IL-3 (E),
CD40L transgenic 3T3 cells plus IL-3 (F), poly(I:C) plus IL-3 (G), or LPS
plus IL-3 (H). Cytospins were prepared, stained with May-Giemsa solu-
tion, and analyzed by confocal microscopy.

FIGURE 6. Up-regulation of CD86 and CD40 by CpG-DNA. Purified
ppDC (0.23 106/ml) were stimulated for 36 h with 0.23 106 CD40L
transgenic 3T3 cells; 2mM CpG-ODN, GpC-ODN, or C-ODN (control);
50 mg/ml E. coli (EC) DNA or digested EC DNA; 50mg/ml poly(I:C); or
1 mg/ml LPS. All cultures were supplemented with 500 U/ml IL-3 to sup-
port cell survival. Cells were stained with FITC-labeled Abs against CD86,
CD40, or the corresponding Ab isotype controls. The mean fluorescence
intensity values were determined by FACS analysis as described in Figs. 2
and 3. Data are the mean6 SEM of three experiments with cells from
different donors.
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CD40L depressed both IL-4 and IL-5. Poly(I:C) behaved similarly
to viral stimulation, that is, it enhanced IFN-g production and sig-
nificantly reduced IL-4 and IL-5 production. CpG-DNA, although
strongly trending toward a poly(I:C)-like induced response, did not
prove to be significantly different from IL-3 alone.

Discussion
Bacterial CpG-DNA appears to be a component of infection that
acutely triggers nonself pattern recognition by innate immunocytes
and thus initiation of adaptive immune responses (for review, see
Refs. 40 and 41). In the mouse these responses are Th1 polarized,
which can be partly explained by the ability of CpG-DNA to ini-
tiate immature DC transit to professional APCs that secrete high
levels of IL-12 (24, 29, 42). Here two prototypic human DCs were
selected to test for CpG-DNA responsiveness: myeloid-like DCs
differentiated in vitro from monocytes (MDDC/pDC1) and lym-
phoid-like DCs (ppDC/pDC2). Strikingly, MDDC responded to
LPS, but not CpG-DNA, while ppDC responded to CpG-DNA, but
not LPS.

Human monocytes responded to CpG-DNA and LPS, as deter-
mined by activation marker up-regulation and cytokine production
(Fig. 1, A andB) (32). Unexpectedly, MDDC were refractory to
CpG-DNA (Table I), but responsive to LPS, confirming previous
reports (2, 43). The protocol used to compel in vitro transformation
of human monocytes into immature MDDC cells uses culture in
GM-CSF and IL-4 (44). During the culture period the cells loose
their expression of CD14, an LPS coreceptor (44). However, the
resultant MDDC remain responsive to LPS, because the signaling
complex is reconstituted by serum-borne soluble CD14 (43). In-
terestingly, culture of murine macrophages or primary bone mar-
row-derived DCs in IL-4 also renders these cells refractory to
CpG-DNA (our unpublished observations). Human DCs grown
from CD341 bone marrow progenitors in the absence of IL-4, in
contrast, are CpG-DNA responsive (C. Meyer zum Büschenfelde,
unpublished observations). Whether IL-4 suppresses the response
of MDDC to CpG-DNA via mechanisms such as receptor loss or
signal interference needs to be analyzed. However, CpG-DNA
uses a nearly identical signal transduction pathway to LPS,
namely, the IL-1R/TLR pathway (25). This signaling pathway was
apparently fully active, as judged by LPS activation/maturation of
MDDC, implying that the CpG-DNA receptor may be absent in
MDDC. Very recently, Hemmi et al. reported that murine TLR9-
deficient mice do not respond to CpG-DNA (26). We determined
that MDDC do not express human TLR9, but do express the LPS
receptor TLR4 by semiquantitative PCR. Conversely, ppDC ex-
press TLR9, but not TLR4 or TLR2.4

Type I IFNs produced by a variety of cells in response to vi-
ruses, bacteria, and mycoplasma confer cellular resistance to virus,
affect cell growth and differentiation, and modulate the immune
system. It has been observed that PBMC produce type I IFNs in
response to bacteria, but not to bacterial LPS (45). We document
here that PBMC produce type I IFNs in response to bacterial CpG-
DNA and not LPS (Fig. 1 and Table II), extending earlier studies
that used CpG-DNA transfection with lipofectin (46, 47). Within
PBMC, plasmacytoid cells (lin2 CD1231 CD11C2 CD41) that
bear characteristic DC surface markers were recently identified as
the major source of type I IFN (18). These precursor DCs were
stimulated to produce IFN-a by both live and UV-irradiated en-
veloped viruses and Gram-negative and Gram-positive bacteria (8,
18, 19, 39). We show here that ppDC produce IFN-a in response
to CpG-DNA and poly(I:C), but not LPS. Nucleic acid-based
PAMPs could thus be the common link between viral and bacterial
pathogen-derived stimuli and induction of IFN responses. Further-
more, nucleic acid structures should be considered a potential im-
munostimulatory component within crude pathogen mixtures.

4 S. Bauer, C. Kirschning, V. Redecke, H. Hacker, S. Akira, H. Wagner, and G. B.
Lipford. Human TLR9 expression correlates with responsiveness to bacterial DNA.
Submitted for publication.

FIGURE 7. Cytokine release by purified ppDC. Cells (0.23 106/ml)
were cultured in 24-well plates with 0.23 106 CD40L transgenic 3T3
cells, 2 mM CpG-ODN, GpC-ODN or C-ODN, 50mg/ml E. coli (EC)
DNA or digested EC DNA, 50mg/ml poly(I:C), or 1 mg/ml LPS. All
cultures were supplemented with 500 U/ml IL-3. Supernatants were col-
lected and assayed in duplicate for TNF, IL-8, GM-CSF, or IFN-a by
ELISA. The data are reported as the mean6 SD of three independent
experiments with different donors. Significance differences between the
IL-3 treatment and test treatments are denoted in terms oft test values (p,
p # 0.05).

FIGURE 8. Allogenic ppDC induce T cell differentiation. The ppDC
(2 3 105) were cultured in 24-well plates in the presence of 500 U/ml of
IL-3 only or in combination with 2mM CpG-ODN, 50mg/ml poly(I:C),
CD40L transgenic 3T3 cells, or 1mg/ml LPS. After 24-h incubation 106

allogenic naive CD41 T cells were added and cultured for an additional 6
days. After priming, T cells were restimulated at a concentration of 53 105

cells/ml with PMA (50 ng/ml) and ionomycin (0.5mg/ml) for 24 h. Su-
pernatants were collected and assayed in duplicate for IL-4, IL-5, and
IFN-g by ELISA. The data are reported as the mean6 SD of four inde-
pendent experiments with different donors. Significance differences be-
tween the IL-3 treatment and test treatments are denoted in terms oft test
values (p,p # 0.05).
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Here we show that the nature of the stimulus dictates the quality
of ppDC activation and maturation. For example, poly(I:C), a
mimic of viral infection, triggered IFN-a production, but no ob-
vious cellular activation, as defined by DC morphology, up-regu-
lation of costimulatory molecules, and production of proinflam-
matory cytokines such as TNF-a. In contrast, bacterial CpG-DNA
not only caused IFN-a production, but acted as a survival factor
and also effectively brought about maturation into DCs expressing
high amounts of costimulatory molecules. Furthermore, the ma-
turing DCs, in addition to IFN-a, produced TNF-a, GM-CSF,
IL-6, and IL-8, but no IL-10 or IL-12. CD40 ligation, used as a
mimic for DC-activating T cells, seemed intermediate to poly(I:C)
or CpG-DNA, in that DCs matured, but only produced IL-8. Thus,
bacterial CpG-DNA induced in ppDC a breath of responses not
seen by other stimuli, including CD40 ligation (8, 11). Therefore,
given the proper stimulus, these cells demonstrate a repertoire of
responses commonly ascribed to myeloid DCs, with the exception
of IL-12 production. The induction of Th polarization by CpG-
DNA was noninformative, although consistent enhancement of
IFN-g and diminished IL-4 and IL-5 were observed (Fig. 8). In
allogenic mixed lymphocyte reactions none of the tested stimuli
enhanced allogenic T cell proliferation over IL-3 only (data not
shown), confirming observations made with HSV- vs IL-3-stimu-
lated ppDC (36). Overall, these results demonstrate that ppDC act
as environmental sentinels, converting to effector DCs in response
to inflammatory pathogen stimuli. This implies that ppDC are not
simply intermediate stage DCs in transition to more differentiated
forms (16) or that they are only responsible for peripheral T cell
tolerance (1).

Purified human ppDC succumbed within 24 h to apoptosis un-
less cultured together with IL-3 (Fig. 4A) (10). The survival factor
IL-3 promoted long term proliferation of phenotypically immature
ppDC (Figs. 4Cand 5E), and the Th2 cytokine IL-4 abolished
IL-3-driven survival (Fig. 4B). It has been postulated that IL-4 may
self-limit, via apoptosis, any potential recruitment of immature
pDC2 within repopulating Th2 biased lymph nodes or sites of
infection (8). Interestingly, CpG-DNA acted as a survival factor
for ppDC (Fig. 4A) and was anti-apoptotic in the presence of IL-4
(Fig. 4B). Anti-apoptotic effects of CpG-DNA have been observed
in B cells due to activation of NF-kB and prevention of mitochon-
drial membrane potential disruption via a chloroquine-sensitive
pathway (48). However, cross-linking of CD40 on ppDC failed to
counteract the apoptotic effect of IL-4, suggesting that CpG-DNA
induces additional signaling events compared with CD40 (Fig.
4B). This is in agreement with the findings of others and implies
that activation/maturation alone is insufficient to promote survival
(11). Rissoan et al. demonstrated that IFN-g was able to rescue
ppDC from IL-4-induced apoptosis (8). They concluded that the
induction of Th1 differentiation by pDC1 cells would promote the
survival of Th2, supporting pDC2 as a reciprocal control mecha-
nism. Although not formally demonstrated in the human, CpG-
DNA is a strong Th1-inducing adjuvant in murine models (47, 49,
50). Therefore, it is intriguing that only CpG-DNA counteracted
IL-4-induced apoptosis of purified ppDC (see below).

It has been postulated that DC lineage may determine the type
of Th cell differentiation (1, 51, 52), although the potential roles of
various DC culture conditions and activation protocols have not
been considered. DC-like cells have been expanded in vitro from
various sources, but whether in vitro-generated DCs are equivalent
to their in vivo counterparts is a question of debate (44, 53–56).
Here we focused on ex vivo-purified ppDC. These cells produced
IFN-a, but not IL-12, when stimulated with CpG-DNA (Fig. 7).
During productive T cell responses, IFN-a functions in vitro as a
T cell survival factor and in humans as a Th1-polarizing cytokine

(57–59). We have previously noted that CpG-DNA induced Th1-
polarized responses in PBMC via the induction of IFN-a and
IL-12 (60). Here we show that CD1231 cells produce IFN-a,
while IL-12 originates from a CD1232 cell population (Table II).
Others have reported that ppDC induced Th2 responses after CD40
cross-linking (8), a stimulus unable to trigger Th1 promoting
IFN-a production (Fig. 7). Additional studies challenged the clas-
sification of plamacytoid/pDC-2 cells as Th2-polarizing DCs be-
cause blood-borne lin2/ILT31/ILT12 DCs with a plasmacytoid
DC phenotype (CD41/CD1231/CD11c2), which responded to vi-
rus, CD40 ligation, and LPS, induced a nonpolarized Th1 and Th2
differentiation (38). Here we show that CpG-DNA stimulation of
ppDC trended toward enhanced Th1 polarization, although it was
not statistically significant (Fig. 8). In our hands, while CD40L and
LPS were not neutral, poly(I:C) was a significant inducer of Th1
polarization (Fig. 8). Stimulating ppDC with HSV can drive a very
strong type I IFN-dependent Th1 differentiation (36). The apparent
difference in Th1 promotion among CpG-DNA, poly(I:C), and
HSV seems partly related to type I IFN output by ppDC. Although
CpG-DNA induces full maturation of ppDC, the type I IFN pro-
duction was low relative to HSV stimulation (Fig. 7) (36). Overall,
these data suggest that within a given DC subset it is the quality of
the stimulus encountered that dictates the respective response pat-
tern and that the respective DC stimulus needs to be considered
when accessing T cell differentiation.

Currently it is believed that infection is sensed through pattern
recognition receptors driving Th cell-independent DC activation to
professional APCs. The idea of DCs directing either Th1 or Th2
responses has been expressed in the context of different DC lin-
eage, such as myeloid vs lymphoid or pDC1 vs pDC2, but not via
integration of signal within one subset of DCs. Our data show that
ppDC responded to LPS, dsRNA, CpG-DNA, or CD40 ligation
with a broad range of distinct responses. This implies that DCs
interpret environmental stimuli, rendering the appropriate re-
sponse, and that the nature of environmental stimuli determines the
DC response pattern. It follows that the propensity of ex vivo DCs
to direct Th1 or Th2 responses needs to be evaluated in the context
of various activation schemes.

References
1. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of

immunity. Nature 392:245.
2. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use

macropinocytosis and the mannose receptor to concentrate macromolecules in the
major histocompatibility complex class II compartment: downregulation by cy-
tokines and bacterial products.J. Exp. Med. 182:389.

3. Koch, F., U. Stanzl, P. Jennewein, K. Janke, C. Heufler, E. Kampgen, N. Romani,
and G. Schuler. 1996. High level IL-12 production by murine dendritic cells:
upregulation via MHC class II and CD40 molecules and downregulation by IL-4
and IL-10.J. Exp. Med. 184:741.

4. Flores-Romo, L., P. Bjorck, V. Duvert, C. van Kooten, S. Saeland, and
J. Banchereau. 1997. CD40 ligation on human cord blood CD341 hematopoietic
progenitors induces their proliferation and differentiation into functional dendritic
cells.J. Exp. Med. 185:341.

5. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of a
nonclonal system of recognition.Cell 91:295.

6. Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway, Jr. 1997. A human ho-
mologue of theDrosophilaToll protein signals activation of adaptive immunity.
Nature 388:394.

7. Aderem, A., and R. J. Ulevitch. 2000. Toll-like receptors in the induction of the
innate immune response.Nature 406:782.

8. Rissoan, M. C., V. Soumelis, N. Kadowaki, G. Grouard, F. Briere, M. de Waal,
and Y. J. Liu. 1999. Reciprocal control of T helper cell and dendritic cell dif-
ferentiation.Science 283:1183.

9. Olweus, J., A. BitMansour, R. Warnke, P. A. Thompson, J. Carballido,
L. J. Picker, and F. Lund-Johansen. 1997. Dendritic cell ontogeny: a human
dendritic cell lineage of myeloid origin.Proc. Natl. Acad. Sci. USA 94:12551.

10. Grouard, G., M. C. Rissoan, L. Filgueira, I. Durand, J. Banchereau, and Y. J. Liu.
1997. The enigmatic plasmacytoid T cells develop into dendritic cells with in-
terleukin (IL)-3 and CD40-ligand.J. Exp. Med. 185:1101.

11. Kohrgruber, N., N. Halanek, M. Groger, D. Winter, K. Rappersberger,
M. Schmitt-Egenolf, G. Stingl, and D. Maurer. 1999. Survival, maturation, and

5006 BACTERIAL DNA TRIGGERS HUMAN DC MATURATION

 by guest on A
pril 26, 2013

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/


function of CD11c2 and CD11c1 peripheral blood dendritic cells are differen-
tially regulated by cytokines.J. Immunol. 163:3250.

12. O’Doherty, U., M. Peng, S. Gezelter, W. J. Swiggard, M. Betjes, N. Bhardwaj,
and R. M. Steinman. 1994. Human blood contains two subsets of dendritic cells,
one immunologically mature and the other immature.Immunology 82:487.

13. O’Doherty, U., R. M. Steinman, M. Peng, P. U. Cameron, S. Gezelter,
I. Kopeloff, W. J. Swiggard, M. Pope, and N. Bhardwaj. 1993. Dendritic cells
freshly isolated from human blood express CD4 and mature into typical immu-
nostimulatory dendritic cells after culture in monocyte-conditioned medium.
J. Exp. Med. 178:1067.

14. Thomas, R., and P. E. Lipsky. 1994. Human peripheral blood dendritic cell sub-
sets: isolation and characterization of precursor and mature antigen-presenting
cells.J. Immunol. 153:4016.

15. Thomas, R., L. S. Davis, and P. E. Lipsky. 1993. Isolation and characterization
of human peripheral blood dendritic cells.J. Immunol. 150:821.

16. Res, P. C., F. Couwenberg, F. A. Vyth-Dreese, and H. Spits. 1999. Expression of
pTa mRNA in a committed dendritic cell precursor in the human thymus.Blood
94:2647.

17. Svensson, H., A. Johannisson, T. Nikkila, G. V. Alm, and B. Cederblad. 1996.
The cell surface phenotype of human natural interferon-a producing cells as
determined by flow cytometry.Scand. J. Immunol. 44:164.

18. Siegal, F. P., N. Kadowaki, M. Shodell, P. A. Fitzgerald-Bocarsly, K. Shah,
S. Ho, S. Antonenko, and Y. J. Liu. 1999. The nature of the principal type 1.
interferon-producing cells in human blood.Science 284:1835.

19. Svensson, H., B. Cederblad, M. Lindahl, and G. Alm. 1996. Stimulation of nat-
ural interferon-a/b-producing cells byStaphylococcus aureus.J. Interferon Cy-
tokine Res. 16:7.

20. Medzhitov, R., P. Preston-Hurlburt, E. Kopp, A. Stadlen, C. Chen, S. Ghosh, and
C. A. J. Janeway. 1998. MyD88. is an adaptor protein in the hToll/IL-1 receptor
family signaling pathways.Mol. Cell 2:253.

21. Muzio, M., G. Natoli, S. Saccani, M. Levrero, and A. Mantovani. 1998. The
human toll signaling pathway: divergence of nuclear factorkB and JNK/SAPK
activation upstream of tumor necrosis factor receptor-associated factor 6.
(TRAF6). J. Exp. Med. 187:2097.

22. Kawai, T., O. Adachi, T. Ogawa, K. Takeda, and S. Akira. 1999. Unresponsive-
ness of MyD88-deficient mice to endotoxin.Immunity 11:115.

23. Hacker, H., H. Mischak, T. Miethke, S. Liptay, R. Schmid, T. Sparwasser,
K. Heeg, G. B. Lipford, and H. Wagner. 1998. CpG-DNA-specific activation of
antigen-presenting cells requires stress kinase activity and is preceded by non-
specific endocytosis and endosomal maturation.EMBO J. 17:6230.

24. Hacker, H., H. Mischak, G. Hacker, S. Eser, N. Prenzel, A. Ullrich, and
H. Wagner. 1999. Cell type-specific activation of mitogen-activated protein ki-
nases by CpG-DNA controls interleukin-12 release from antigen-presenting cells.
EMBO J. 18:6973.

25. Hacker, H., R. M. Vabulas, O. Takeuchi, K. Hoshino, S. Akira, and H. Wagner.
2000. Immune cell activation by bacterial CpG-DNA through myeloid differen-
tiation marker 88 and tumor necrosis factor receptor-associated factor (TRAF) 6.
J. Exp. Med. 192:595.

26. Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, K. Hoshino, H. Wagner,
K. Takeda, and S. Akira. 2000. A novel Toll-like receptor that recognizes bac-
terial DNA. Nature 408:740.

27. Ishida, T., S. Mizushima, S. Azuma, N. Kobayashi, T. Tojo, K. Suzuki,
S. Aizawa, T. Watanabe, G. Mosialos, E. Kieff, et al. 1996. Identification of
TRAF6, a novel tumor necrosis factor receptor-associated factor protein that
mediates signaling from an amino- terminal domain of the CD40 cytoplasmic
region.J. Biol. Chem. 271:28745.

28. Chu, W. M., D. Ostertag, Z. W. Li, L. Chang, Y. Chen, Y. Hu, B. Williams,
J. Perrault, and M. Karin. 1999. JNK2 and IKKb are required for activating the
innate response to viral infection.Immunity 11:721.

29. Sparwasser, T., E. S. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. Ellwart,
and H. Wagner. 1998. Bacterial DNA and immunostimulatory CpG oligonucle-
otides trigger maturation and activation of murine dendritic cells.Eur. J. Immu-
nol. 28:2045.

30. Jakob, T., P. S. Walker, A. M. Krieg, M. C. Udey, and J. C. Vogel. 1998.
Activation of cutaneous dendritic cells by CpG-containing oligodeoxynucleoti-
des: a role for dendritic cells in the augmentation of Th1 responses by immuno-
stimulatory DNA.J. Immunol. 161:3042.

31. Hartmann, G., G. J. Weiner, and A. M. Krieg. 1999. CpG DNA: a potent signal
for growth, activation, and maturation of human dendritic cells.Proc. Natl. Acad.
Sci. USA 96:9305.

32. Bauer, M., H. Wagner, K. Heeg, and G. B. Lipford. 1999. DNA activates human
immune cells through a CpG sequence dependent manner.Immunology 97:699.

33. Decker, T., F. Schneller, T. Sparwasser, T. Tretter, G. B. Lipford, H. Wagner, and
C. Peschel. 2000. Immunostimulatory CpG-oligonucleotides cause proliferation,
cytokine production, and an immunogenic phenotype in chronic lymphocytic
leukemia B cells.Blood 95:999.

34. Cella, M., M. Salio, Y. Sakakibara, H. Langen, I. Julkunen, and A. Lanzavecchia.
1999. Maturation, activation, and protection of dendritic cells induced by double-
stranded RNA.J. Exp. Med. 189:821.

35. Verdijk, R. M., T. Mutis, B. Esendam, J. Kamp, C. J. Melief, A. Brand, and
E. Goulmy. 1999. Polyriboinosinic polyribocytidylic acid (poly(I:C)) induces sta-
ble maturation of functionally active human dendritic cells.J. Immunol. 163:57.

36. Kadowaki, N., S. Antonenko, J. Y. Lau, and Y. J. Liu. 2000. Natural interferon
a/b-producing cells link innate and adaptive immunity.J. Exp. Med. 192:219.

37. Cella, M., D. Scheidegger, K. Palmer-Lehmann, P. Lane, A. Lanzavecchia, and
G. Alber. 1996. Ligation of CD40 on dendritic cells triggers production of high
levels of interleukin-12 and enhances T cell stimulatory capacity: T-T help via
APC activation.J. Exp. Med. 184:747.

38. Cella, M., D. Jarrossay, F. Facchetti, O. Alebardi, H. Nakajima, A. Lanzavecchia,
and M. Colonna. 1999. Plasmacytoid monocytes migrate to inflamed lymph
nodes and produce large amounts of type I interferon.Nat. Med. 5:919.

39. Milone, M. C., and P. Fitzgerald-Bocarsly. 1998. The mannose receptor mediates
induction of IFN-a in peripheral blood dendritic cells by enveloped RNA and
DNA viruses.J. Immunol. 161:2391.

40. Wagner, H. 1999. Bacterial CpG DNA activates immune cells to signal infectious
danger.Adv. Immunol. 73:329.

41. Lipford, G. B., K. Heeg, and H. Wagner. 1998. Bacterial DNA as immune cell
activator.Trends Microbiol. 6:496.

42. Vabulas, R. M., H. Pircher, G. B. Lipford, H. Hacker, and H. Wagner. 2000.
CpG-DNA activates in vivo T cell epitope presenting dendritic cells to trigger
protective antiviral cytotoxic T cell responses.J. Immunol. 164:2372.

43. Verhasselt, V., C. Buelens, F. Willems, D. De Groote, N. Haeffner-Cavaillon, and
M. Goldman. 1997. Bacterial lipopolysaccharide stimulates the production of
cytokines and the expression of costimulatory molecules by human peripheral
blood dendritic cells: evidence for a soluble CD14-dependent pathway.J. Immu-
nol. 158:2919.

44. Sallusto, F., and A. Lanzavecchia. 1994. Efficient presentation of soluble antigen
by cultured human dendritic cells is maintained by granulocyte/macrophage col-
ony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis
factor alpha.J. Exp. Med. 179:1109.

45. Klimpel, G. R., D. W. Niesel, M. Asuncion, and K. D. Klimpel. 1988:Natural
killer cell activation and interferon production by peripheral blood lymphocytes
after exposure to bacteria.Infect. Immun. 56:1436.

46. Yamamoto, T., S. Yamamoto, T. Kataoka, and T. Tokunaga. 1994. Lipofection
of synthetic oligodeoxyribonucleotide having a palindromic sequence of
AACGTT to murine splenocytes enhances interferon production and natural
killer activity. Microbiol. Immunol. 38:831.

47. Roman, M., E. Martin-Orozco, J. S. Goodman, M. D. Nguyen, Y. Sato,
A. Ronaghy, R. S. Kornbluth, D. D. Richman, D. A. Carson, and E. Raz. 1997.
Immunostimulatory DNA sequences function as T helper-1-promoting adjuvants.
Nat. Med. 3:849.

48. Yi, A. K., D. W. Peckham, R. F. Ashman, and A. M. Krieg. 1999. CpG DNA
rescues B cells from apoptosis by activating NFkB and preventing mitochondrial
membrane potential disruption via a chloroquine-sensitive pathway.Int. Immu-
nol. 11:2015.

49. Lipford, G. B., M. Bauer, C. Blank, R. Reiter, H. Wagner, and K. Heeg. 1997.
CpG-containing synthetic oligonucleotides promote B and cytotoxic T cell re-
sponses to protein antigen: a new class of vaccine adjuvants.Eur. J. Immunol.
27:2340.

50. Sun, S., H. Kishimoto, and J. Sprent. 1998. DNA as an adjuvant: capacity of
insect DNA and synthetic oligodeoxynucleotides to augment T cell responses to
specific antigen.J. Exp. Med. 187:1145.

51. Kalinski, P., C. M. Hilkens, E. A. Wierenga, and M. L. Kapsenberg. 1999. T-cell
priming by type-1 and type-2 polarized dendritic cells: the concept of a third
signal.Immunol. Today 20:561.

52. Rogge, L., D. D’Ambrosio, M. Biffi, G. Penna, L. J. Minetti, D. H. Presky,
L. Adorini, and F. Sinigaglia. 1998. The role of Stat4. in species-specific regu-
lation of Th cell development by type I IFNs.J. Immunol. 161:6567.

53. Bjorck, P., and P. W. Kincade. 1998. CD191 pro-B cells can give rise to dendritic
cells in vitro.J. Immunol. 161:5795.

54. Romani, N., S. Gruner, D. Brang, E. Kampgen, A. Lenz, B. Trockenbacher,
G. Konwalinka, P. O. Fritsch, R. M. Steinman, and G. Schuler. 1994. Prolifer-
ating dendritic cell progenitors in human blood.J. Exp. Med. 180:83.

55. Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu,
and R. M. Steinman. 1992. Generation of large numbers of dendritic cells from
mouse bone marrow cultures supplemented with granulocyte/macrophage colo-
ny-stimulating factor.J. Exp. Med. 176:1693.

56. Szabolcs, P., M. A. Moore, and J. W. Young. 1995. Expansion of immunostimu-
latory dendritic cells among the myeloid progeny of human CD341 bone marrow
precursors cultured with c-kitligand, granulocyte-macrophage colony-stimulat-
ing factor, and TNF-a. J. Immunol. 154:5851.

57. Tough, D. F., P. Borrow, and J. Sprent. 1996. Induction of bystander T cell
proliferation by viruses and type I interferon in vivo.Science 272:1947.

58. Marrack, P., J. Kappler, and T. Mitchell. 1999. Type I interferons keep activated
T cells alive.J. Exp. Med. 189:521.

59. Belardelli, F., M. Ferrantini, S. M. Santini, S. Baccarini, E. Proietti,
M. P. Colombo, J. Sprent, and D. F. Tough. 1998. The induction of in vivo
proliferation of long-lived CD44hi CD81 T cells after the injection of tumor cells
expressing IFN-a1 into syngeneic mice.Cancer Res. 58:5795.

60. Kranzer, K., M. Bauer, G. B. Lipford, K. Heeg, H. Wagner, and R. Lang. 2000.
CpG ODN fail to directly costimulate human T cells yet enhance TCR-triggered
IFN-g production and upregulation of CD69 via induction of APC-derived in-
terferon type I and IL-12.Immunology 99:170.

5007The Journal of Immunology

 by guest on A
pril 26, 2013

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/

