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Abstract: Toll-like receptors (TLRs) are a family
of molecules that function as sensors for the detec-
tion of foreign pathogens through the recognition
of nonvariable microbial motifs. Although numer-
ous studies have focused on singular TLRs, less
attention has been focused on how simultaneous
signaling of multiple TLRs may result in counter-
regulation of the effects of each. Here, we examine
the counter-regulation that occurs during simulta-
neous stimulation of TLR7 and TLR9 on human
plasmacytoid dendritic cells (PDCs) and B cells.
Interestingly, we observed that the capacity for
potent IFN-�-induction by TLR9 ligands like
CpG-C and CpG-A is markedly reduced by concur-
rent small molecule TLR7 stimulation. However,
this inhibition is specific to particular CpG motif,
containing immunostimulatory sequence (ISS)
functions such as IFN-� induction and BDCA-2
down-regulation. Other ISS activities such as PDC
expression of CD80/CD86, secretion of IL-6, and
B cell proliferation are not altered by the presence
of TLR7 ligands (TLR7Ls). In concordance with
the ability of TLR7Ls to decrease IFN-� secretion
induced by ISS, we also find that the expression of
interferon regulatory factor-7 (IRF-7), a transcrip-
tional factor critical for IFN-� expression, is re-
duced. Furthermore, down-regulation of TLR9
mRNA expression is accelerated after TLR7 stim-
ulation. These data indicate that TLR7 and TLR9
costimulation do not combine synergistically for
IFN-� induction and demonstrate that, instead, a
negative feedback mechanism has evolved, possi-
bly to prevent levels of IFN-� secretion potentially
detrimental to the host. J. Leukoc. Biol. 82:
000–000; 2007.
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INTRODUCTION

During an encounter with a microbial pathogen, recognition by
the host is achieved primarily through early sentinels called
pattern recognition receptors (PRRs), endogenous molecules
that bind with high affinity to pathogen-associated molecular
patterns (PAMPs), such as LPS, lipopeptides, flagellin, RNA,
and DNA. The primary family of PRRs is the Toll-like receptor
(TLR) family, transmembrane signaling molecules that play a

key role in the initiation of innate immune responses and that
also act as a link to the T cell-mediated adaptive response
(reviewed in [1]). Although most TLRs are cell surface ex-
pressed, a subset of TLRs is localized to the endosomal com-
partment, where they are uniquely situated to recognize foreign
nucleic acid ligands that have entered the cell through the
endocytosis and subsequent breakdown of the foreign patho-
gen. Included within this subset are TLR3 (recognizes viral
dsRNA), TLR7 and TLR8 (viral ssRNA), and TLR9 (CpG-rich
viral and bacterial DNA). A common functional property of this
subset is the induction of elevated IFN-� production from
conventional DCs (TLR3) and plasmacytoid dendritic cells
(PDCs) (TLR7, TLR9) [2].

Type I interferons are tightly regulated cytokines, the pro-
duction of which is induced by a limited panel of microbial
stimuli that interact with receptors on specific cell types:
usually, subsets of dendritic cells. The important nature of this
careful regulation becomes clear by observations that overex-
pression of IFN-� can be very detrimental to the host. Highly
elevated levels of IFN-� have been implicated as etiologic for
the onset of systemic autoimmune diseases, especially sys-
temic lupus erythematosus (SLE) [3]. Increased serum concen-
trations of IFN-� have been shown to correlate directly with
disease severity in human SLE [3]. Such high expression is
thought to be induced by immune complexes composed of
antibodies bound to host DNA with demethylated CpG motifs
or to ribonucleoprotein (RNP), TLR9- and TLR7-mediated,
respectively [4], [5].

Although signaling through either TLR7 or TLR9 is known
to activate a variety of cell types and immune responses, these
TLRs are perhaps best known for being strong promoters of
type I interferon secretion from PDCs. Recombinant type I IFN
is already in use as effective therapy for HCV infection [6] and
for condylomata acuminata (genital warts) [7], and IFN-�-
mediated effects are thought to be desirable for the treatment of
cancer [8, 9] and asthma [10]. For this reason, TLR7Ls and
TLR9Ls engineered for optimal IFN-�-inducing capacity are
being developed as drugs and vaccine adjuvants for several
indications, including allergy, HBV, HCV, and Non-Hodgkin’s
lymphoma [11, 12]. TLR9Ls include CpG-A, a form of ISS that
is characterized by poly-guanosine sequences that enable G-
tetrad binding with other CpG-A ODNs, allowing the formation
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of large molecular weight globular CpG-A structures that in-
duce very high levels of IFN-� from PDCs but are inert on B
cells. On the other hand, CpG-C ODNs are another class of
TLR9Ls that contain 5�-TCG motifs and palindromic, self-
annealing sequences that harbor multiple CpG motifs. This
class of ODN can form a duplex that appears to be required
for high IFN-� induction. A potent TLR7L is R848, or
resiquimod, a small guanosine analog molecule, known to
signal through either TLR7 or TLR8, which mimics natural
ligands, fragments of viral ssRNA, in a manner yet unclear.
Like ISS, R848 is known to induce IFN-� from PDCs, but it
also induces high levels of inflammatory cytokines such as
IL-6, TNF-�, IL-12, and IL-10 from monocytes and myeloid
dendritic cells (MDCs) [2, 13, 14, 15]. To better understand the
ability of these compounds to promote high expression of type
I interferon from PDCs, we examined the ability of TLR7Ls and
TLR9Ls to each counter-regulate the immune activities of the
other.

MATERIALS AND METHODS

Preparation of peripheral blood mononuclear
cells, PDCs, and B cells

Peripheral blood was collected from healthy volunteers by venipuncture using
heparinized syringes. Peripheral blood mononuclear cells (PBMCs) were iso-
lated by centrifugation through a Ficoll (Pharmacia, Uppsala, Sweden) density
gradient at 2,500 rpm for 25 min at room temperature. Enrichment of PDCs
was performed using the Diamond Plasmacytoid Dendritic Cell Isolation kit
(Miltenyi Biotec, Auburn, CA, USA). Specifically, PBMCs were initially la-
beled with a biotinylated antibody cocktail specific for non-PDCs (i.e., T cells,
B cells, NK cells, myeloid dendritic cells, monocytes, granulocytes, and
erythroid cells). Cells were washed, resuspended in MACS buffer, and mag-
netically labeled with anti-biotin Microbeads (Miltenyi) for 15 min at 4°C.
Cells were again washed and resuspended in adequate volume and passed over
LD depletion columns placed within a MidiMACS or QuadroMACS magnet.
Cells that did not bind to the column were then incubated with anti-BDCA-
4/CD304 Microbeads and positively selected over two sequential MS columns.
Cell purity of �99% was consistently obtained for the BDCA-2�, CDw123�

PDC phenotype. Isolation of B cells was performed by double-positive selec-
tion using CD19 Microbeads (Miltenyi Biotec) and two sequential LS columns.
B cell purity was consistently �98%.

Cell culture and reagents

Generally, PBMCs were cultured at 5 � 105 cells/well in 96-well flat-bottom
plates. For isolated PDCs, cells were cultured at 3–5 � 104 cells/well in
96-well round-bottom plates. For isolated B cells, cells were cultured at 2 �
105 cells/well in 96-well round-bottom plates. PBMCs, PDCs, and B cells were
cultured using RPMI 1640 (BioWhittaker Cambrex, Walkersville, MD, USA)
supplemented with 10% heat-inactivated human AB serum (Gemini, Wood-
land, CA, USA) plus 50 U/ml penicillin, 50 �g/ml streptomycin, 300 �g/ml
glutamine, 1 �M sodium pyruvate, and 1X nonessential amino acids (all
BioWhittaker). R848 (TLR7/8L), imiquimod (TLR7L), and poly(I:C) (TLR3L)
(all from InvivoGen, San Diego, CA, USA) were used at 1 �M, 10 �M, and 5
�g/ml, respectively, previously determined to be optimal concentrations for the
induction of IFN-� from human PBMCs. CpG ODNs (ISS) were synthesized as
described [16] and used at 1–20 �g/ml. All ODNs were phosphorothioate and
had �5 endotoxin units/mg of ODN, determined by Limulus amebocyte lysate
assay (BioWhittaker). Sequences: 1018 (CpG-B): 5�-TGACTGTGAACGTTC-
GAGATGA; C274 (CpG-C): 5�-TCGTCGAACGTTCGAGATGAT; D19 (CpG-
A): 5�-GGtgcatcgatgcagGGGGG; C695 (CpG-C):5�-TCGAACGTTCGAACGT-
TCGAACGTT; C792 (CpG-C): 5�- TCGAACGTTCGAACGTTCGAACGTTC-
GAAT; control C ODN: 5�-TGCTTGCAAGCTTGCAAGCA. Upper case letters
represent PS linkages and lowercase letters represent PO linkages. Polymyxin

B (PMXB, Sigma, St. Louis, MO, USA) was used at 100 �g/ml. Herpes Simplex
Virus-1 (kindly provided by Dr. Rick Pyles, University of Texas Medical
Branch, Texas) was UV-inactivated and used at a multiplicity of infection
(MOI) of 10. Influenza virus (H1N1, strain A/PR/8/34) from American Type
Culture Collection (Manassas, VA, USA) was inactivated for 30 min at 56°C
and used at a MOI of 10.

ELISA
Following a 20–24 h incubation at 37°C, PBMC, B cell, and PDC-derived
supernatants were harvested and processed by ELISA for cytokines IFN-�,
TNF-�, and IL-6. Human TNF-� and IL-6 were assayed with CytoSet antibody
pairs (BioSource, Worcester, MA, USA). Limits of maximal/minimal detection
were 4000/2 pg/ml for both assays. IFN-� was assayed with an ELISA using
anti-human IFN-� antibodies (PBL Biomedical Laboratories, New Brunswick,
NJ, USA), and the limit of maximal/minimal detection was 12,100/16 pg/ml.

Flow cytometry
To evaluate PDC maturation, PDCs were cultured as described above with TLR
ligands for 20–24 h at 37°C and then harvested and stained for surface marker
expression using CD80-FITC, CD86-APC, CCR7-PE.Cy7 (BD PharMingen,
San Diego, CA, USA), and BDCA-2-FITC (Miltenyi Biotec). For the evaluation
of intracellular IFN-� within PDCs, cells were cultured for 4 h (with R848) or
10 h (with C274), followed by an overnight incubation with 5 �g/ml brefeldin
A (Epicentre, Madison, WI, USA). Culture times were previously determined
to be optimal for those stimulations. Following BFA exposure, PDCs were
washed, stained for BDCA-2, and fixed with 2% formaldehyde. Following
fixation, PDCs were permeabilized with 0.5% saponin and then stained for
intracellular IFN-� using anti-human IFN-�-PE (Chromaprobe, Maryland
Heights, MO, USA). Acquisition was performed using a FACScaliber and
FACScan (Becton Dickinson, San Diego, CA, USA), and data analysis was
conducted through FlowJo (Ashland, OR, USA).

Gene expression assay and analysis
Human PBMCs and purified PDCs were stimulated with TLR7Ls and/or
TLR9Ls and cultured for 10 h. Total RNA was extracted via the Qiagen
RNeasy mini protocol (Qiagen, Valencia, CA, USA) and was converted to
cDNA using oligo-dT (Promega, Madison, WI, USA), random hexamers (Pro-
mega), and SuperScript RT II (Invitrogen, Carlsbad, CA, USA). cDNA was
diluted 1:10 for PBMC-derived samples and 1:3 for PDC-derived samples.
Polymerase chain reaction (PCR) was conducted using QuantiTect SYBR
green PCR master mix (Qiagen) and naked primers synthesized by Operon
(Alameda, CA, USA) for human ubiquitin (F: 5�-CACTTGGTCCTGCGCTTGA,
R: 5�-CAATTGGGAATGCAACAACTTTAT), IFN-� (F: 5�-CCCAGGAG-
GAGTTTGGCAA, R: 5�-TGCTGGATCATCTCATGGAGG), IRF-7 (F: 5�-
GAGCCCTTACCTCCCCTGTTAT, R: 5�-CCACTGCAGCCCCTCATAG),
TLR7, TLR9 (primer sequences proprietary). Human TNF-� was assayed using
QuantiTect probe PCR master mix (Qiagen) and predeveloped TaqMan assay
reagents (PDAR) primers with labeled probe (Applied BioSystems, Foster City,
CA, USA). Reactions were conducted using the MyIQ Single Color RT-PCR
Detection System (Bio-Rad, Hercules, CA, USA). Threshold cycle (CT) values for
each gene were normalized to ubiquitin using the Eq. 1.8(UBQ-GENE) (100,000),
where UBQ is the mean CT of triplicate ubiquitin runs, GENE is the mean CT of
duplicate runs of the gene of interest, and 100,000 is arbitrarily chosen as a factor
to bring all values above 0. The negative control for each experiment, stimulation
with medium alone, is assigned a value of 1, and all data are expressed as fold
induction over the negative control.

B cell proliferation
Purified B cells were cultured as described above for 4 days followed by an
overnight incubation with 3H-thymidine (1 �Ci/well, GE Healthcare, Arlington
Heights, IL, USA). Wells were then harvested through unifilter 96-well plates
using a Packard Filtermate Harvester (Packard Bioscience, Meriden, CT,
USA). Following the harvest, the wells of the filter plates were loaded each with
40 �l of scintillation cocktail and loaded on a TopCount NXT Microplate
Scintillation Counter (Packard) for tritium detection.

Phospho-I�B� detection
Purified human PDCs were cultured with C274 (5 �g/ml) 	 R848 (5 �M) for
various time points (10–90 min). Following culture, cells were harvested and
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assessed for phosphorylated I�B� S32 using the I�B� CASE kit, according to
manufacturer’s instructions (SuperArray Bioscience, Frederick, MD, USA).

Immunofluorescent microscopy

Purified human PDCs were cultured with Alexa-488-conjugated C274 and D19
for 3 h, fixed, permeabilized, and counterstained with CD107a-PE or CD71-PE
(Becton Dickinson, San Jose, CA, USA). The labeled PDCs were mounted on
microslides with a cytospin centrifuge and acquired on a Zeiss LSM 510 META
confocal microscope and a 63X/1.4 N.A. objective. Analysis was conducted on
Zeiss LSM software.

MTT cytotoxicity assay

Human PBMCs or PDCs were cultured overnight in 96-well plates at previ-
ously experimentally determined cell densities with titrated concentrations of
R848, imiquimod (IMQ), and/or ISS. MTT reagent (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (R&D Systems, Minneapolis, MN, USA)
was added to each well, and the cultures were incubated up to 18 h longer.
When purple formazan precipitates were clearly visible, detergent reagent was
added to each well. The plates were then left covered in the dark at room
temperature overnight. When no purple crystals remained, the plate cover was
removed, and absorbance was read at 570 nm with a reference wavelength of
650 nm.

Statistics

Statistical significance was calculated using either the paired t test or the
one-way ANOVA with standard (parametric) methods (GraphPad InStat, San
Diego, CA, USA); which test is specified in the figure legend. Symbols
representing significance are ***, P � 0.001; **, P � 0.01; *, P � 0.05; ns,
not significant. In some cases, data were log-transformed before analysis. Error
bars are standard error of means (SEM).

RESULTS

CpG-C induces a higher maximal IFN-�
response from PBMCs than do small
molecule TLR7Ls

Both CpG-C and small molecule TLR7Ls, such as R848 and
IMQ, have been demonstrated as robust IFN-�-inducers for
mouse and human PDCs [2, 17, 18]. When CpG-C C274 was
used to stimulate human PBMCs at 20 �g/ml (3 �M), a
standard concentration for observing in vitro ISS activity [16],
IFN-� induction was comparable to that of R848 and imi-
quimod (IMQ) at their previously determined optimal concen-
trations (1 �M and 10 �M, respectively) (Fig. 1). However,
when titrated to lower concentrations, C274 displays much
more potent IFN-�-inductive ability than does R848 or IMQ,
with optimal induction at �1 �g/ml (0.15 �M). This “bell-
shaped curve” type of IFN-� response has been described
previously for CpG-C [16, 17]. CpG-A D19 proved most potent
of all stimuli for maximal IFN-� induction, while CpG-B 1018
induced marginal levels. These results indicate that the A and
C classes of ISS induce higher maximal levels of IFN-� than
synthetic TLR7Ls.

The presence of TLR7Ls suppresses
TLR9L-induced IFN-�

Because the IFN-� inductive capacities of CpG-C and TLR7Ls
are similar in that both types of ligands signal through TLR
family members and both act exclusively on PDCs, we deter-
mined whether any counter-regulation existed between them in
their induction of IFN-� from PBMCs. Figure 2A shows that

the TLR7Ls R848 and IMQ used at their optimal IFN-�-
inducing dose markedly reduced the IFN-�-inducing capacity
of C274, bringing total secreted IFN-� levels close to those
observed with TLR7L alone, even at the most optimal concen-
tration of C274. Subsequent dose titration experiments showed
this inhibitory effect to be dose-dependent, with a declining
concentration of TLR7L correlating with less inhibitory effect
(data not shown). To determine whether this was a general
phenomenon that applied to multiple types of TLR9L, we also
stimulated PBMCs with CpG-A D19 in the presence and
absence of TLR7Ls. Despite D19 exhibiting an even more
potent IFN-�-inductive capacity than C274, we still observed
that the presence of TLR7Ls inhibited D19’s effect on IFN-�
while retaining their own ability to induce modest levels of
IFN-� (Fig. 2B). To extend these observations, we determined
whether R848 could also inhibit IFN-� induction by a natural
TLR9L, inactivated HSV-1, previously shown to promote
IFN-� expression in a TLR9-dependent manner [19]. For
comparison, we also included the inactivated influenza strain
PR8, a known TLR7L and IFN-�-inducer. Interestingly, we
observed that the presence of R848 inhibited the high IFN-�
induction of HSV-1 but not PR8 (Fig. 2C). Even when we
optimized the culture system for maximum TLR9L IFN-�-
inducing capacity, by using the most potent examples of
CpG-C (C695 and C792) complexed with PMXB, a poly-
cationic carrier known to greatly enhance ISS-mediated IFN-�
levels [20], and stimulated PBMCs enriched with purified
PDCs added back to 3%, we still observed dramatic IFN-�
reduction (Fig. 2D). We also stimulated cells with the TLR3L
and known IFN-�-inducer poly(I:C) but found that R848 was
markedly more potent for IFN-� induction and consequently
could not measure any potential inhibitory effect on poly(I:C)
in this assay (data not shown). These results indicate that
synthetic TLR7Ls can interfere with the ability of potent
TLR9Ls to induce IFN-� but do not interfere with potent
natural TLR7Ls.

Fig. 1. Immunostimulatory sequence (ISS) is a more potent inducer of max-
imal IFN-� production from peripheral blood mononuclear cells (PBMCs) than
Toll-like receptor 7 ligands (TLR7Ls). Human PBMCs were cultured at 5 �
105 cells/well for 20–24 h with titrated concentrations of CpG-A D19, CpG-B
1018, CpG-C C274, R848, and imiquimod (IMQ). Supernatants (SNs) were
assayed for IFN-� via ELISA. Data are expressed as means 	 SEM from 4
donors and is 1 of 3 representative experiments.
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R848 suppression is conducted through
the PDC and is specific to IFN-� secretion
and BDCA-2 expression

R848 has shown ligand specificity for both the TLR7 and TLR8
receptors [21]. Because non-PDC cell types like monocytes
and MDCs are known to express TLR8 in humans [22] (TLR7
expression on human myeloid cells is controversial), it is
possible that the negative influence of R848 on ISS-induced
IFN-� might be carried out indirectly through another cell type
in PBMCs other than the PDC. To address this question, we
purified PDCs to �98% purity through BDCA-4 MACS mi-
crobead-positive selection and stimulated them with combina-
tions of ISS and R848. As expected, we found that CpG-C
C274, CpG-A D19, and R848 were all able to induce IFN-�
production from PDCs, although the ISS ODNs were more
potent (Fig. 3A). However, when R848 was used in conjunc-
tion with ISS, the induction of IFN-� by both C274 and D19
were inhibited, although the effect on D19 was more dramatic.
In support, we also observed that IFN-� induced by combina-
tion R848 � C274 stimulation was detectable in PDCs via ICS
at the optimal time point for stimulation by R848 alone, 4 h,
and was not detectable at the optimal time point for C274
alone, 10 h (Fig. 3D). This indicates that the R848 molecule is
acting directly on the PDC to inhibit the IFN-�-inducing
activity of ISS and does not require the presence of secondary
cell types to carry out this effect. In addition, since human
PDCs are known to be TLR7� but TLR8- [23], this inhibitory
activity appears to be mediated through TLR7. When TNF-�
and IL-6 induction by ISS and R848 were also monitored, we
did not observe any inhibitory regulation by R848 (Fig. 3, B
and C).

We also examined the maturation state of the PDCs after ISS
and R848 stimulation. When PDCs encounter a maturative
signal, they typically increase the expression of molecules
involved with antigen presentation to and costimulation of T
cells, such as CD80, CD86, CD54, CD40, and MHC class II,
while down-regulating the PDC marker and C-type lectin re-
ceptor BDCA-2 and augmenting the chemokine receptor
CCR7, which allows homing to secondary lymphoid tissue [2,
24]. We stimulated purified PDCs with CpG-C C274 and/or
R848 for 24 h and found that both TLRLs enhanced the
expression of CD80 and CD86 to equivalently maximal levels
(data not shown). C274 substantially down-regulated BDCA-2
by 50%, while increasing CCR7 expression 2.5-fold (Fig. 4).
R848 was less effective at decreasing BDCA-2 (21%), but
more effective at augmenting CCR7 (4.7-fold). In combination,
C274 � R848 stimulation was additive for CCR7 enhancement
(6.5-fold), and the effect on BDCA-2 (19%) was similar to that
of R848 alone. In contrast, the natural TLR7L PR8 had little
effect on PDC maturation markers, and the effect of C274 �
PR8 was essentially the same of C274 alone, indicating this
effect may be limited to synthetic TLR7Ls. To determine
whether the effects of C274 or R848 on BDCA-2 were depen-
dent on IFN-�, we blockaded type I IFN signaling using a
neutralizing Ab cocktail, and observed no change in the effects
on BDCA-2 expression, indicating IFN-�-independence of this
function. As PDCs mature, they lose IFN-� productive capac-
ity as well as BDCA-2 expression, and a slow-down of BDCA-2
diminishment by R848 may represent a delay in differentiation
to mature DC status. These data suggest that the triggering of
TLR9 in the midst of TLR7 signaling by R848 may result in
two functional changes in the ability of the TLR9L to stimulate

Fig. 2. The presence of R848 suppresses TLR9L-induced IFN-�. Human PBMCs were cultured at 5 � 105 cells/well for 20–24 h with (A) titrated concentrations
of C274, (B) titrated D19, (C–D) high IFN-�-inducers HSV-1 (10 multiplicity of infection (MOI)), influenza PR8 (10 MOI), CpG-C C695/Polymyxin B (PMXB)
(5/100 �g/ml), and CpG-C C792/PMXB (5/100 �g/ml), all in the presence or absence of 1 �M R848 or 100 �M IMQ. Supernatants were assayed for IFN-� using
ELISA. Data are expressed as mean 	 SEM from 4 donors and is 1 of 3 representative experiments (A–B) and mean 	 SEM from 3 donors (C–D). Statistical
significance was computed vs. C274 values using the paired t test.
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the PDC: 1) a reduced ability to induce IFN-� production, and
2) an altered ability to induce PDC maturation.

R848 has no effect on ISS-induced
B cell functions

Additionally, we examined the activity of R848 and C274 on
B cells, the other TLR9� subset contained within PBMCs.
Figure 4 demonstrates that both C274 and R848 are able to
induce proliferation of and IL-6 production by purified B
cells. R848, however, is substantially less potent than C274.
Moreover, the presence of R848 had no impact on the
inductive abilities of C274 (Fig. 5). Therefore, the lack of
inhibition by R848 on CpG-C-induced B cell functions or on
PDC IL-6 secretion indicates that the inhibitory effect of
R848 on C274 is a selective one, primarily for PDC IFN-�
secretion.

R848 suppression is dominant over
TLR9L-induced IFN-�

The inhibitory effect of R848 could be exerted through com-
petition with ISS for binding to TLR9 or through the modula-

tion of critical factors in the TLR9 signaling pathway. To
determine whether R848 needs to be present simultaneously
with ISS to mediate its inhibitory effects, we stimulated PBMCs
with R848 or C274 for 4 h before washing the cells and
restimulating them with TLR9Ls. PBMCs that had been pre-
viously exposed to R848 were no longer able to respond to the
TLR9Ls CpG-C, CpG-A, or HSV-1 with IFN-� production
(Fig. 6A). On the other hand, prestimulation for 4 h with C274
did not significantly impact subsequent stimulation with either
R848 or other TLR9Ls in regards to IFN-� induction. Inter-
estingly, pre-exposure to the natural TLR7L PR8, an inacti-
vated influenza strain, did not result in subsequent resistance
to ISS stimulation and in fact led to an additive effect on IFN-�
induction (Fig. 6B). Pre-exposure to R848 also made the cells
resistant to subsequent restimulation with R848 itself, with the
levels of IFN-� maintained at a level 60% lower than control
cultures. This may be an example of tolerance to TLR stimu-
lation, as has been shown with LPS. In conclusion, pre-expo-
sure to the synthetic TLR7L R848, but not the natural TLR7L
PR8, rendered IFN-�-producing cells unable to respond to
later stimulation with TLR9Ls.

Fig. 3. R848 suppression is conducted through the PDC. (A–C) Human PDCs were cultured at 3–5 � 104 cells/well for 20–24 h with 5 �g/ml C274 	 1 �M
R848 and 5 �g/ml D19 	 1 �M R848. SNs were assayed for IFN-�, tumor necrosis factor-� (TNF-�), and IL-6 via ELISA. Data are expressed as mean 	 SEM

from 4 donors and is 1 of 3 representative experiments. Statistical significance was calculated using one-way ANOVA. (D) Human purified PDCs (pooled from 2
donors) were cultured at 3-5 � 104 cells/well for 4 h and 10 h with C274 	 R848 followed by BFA addition and overnight culture as described in Methods.
Intracellular IFN-� was assayed via flow cytometry. Results shown are representative of 3 experiments.
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R848 induces a TLR7hi TLR9lo expression profile
with faster kinetics than TLR9Ls

Since we had found the ability of ISS to induce IFN-� to be
severely impaired in the presence of R848, we examined TLR9
expression in cells that had been stimulated with TLR7Ls.
Potent TLR7Ls, such as R848 and PR8, were observed to
quickly, if modestly, up-regulate TLR7 expression in PBMCs
by 2 h while simultaneously down-regulating TLR9 expression,
detectable by 1 h and very substantially by 4 h (Fig. 7, A and
B). By 10 h, TLR7 levels induced by PR8 are still elevated,
while R848-induced TLR7 is approaching baseline expression.
However, TLR9 levels remain low by 10 h. IMQ was equiva-
lently potent to the other TLR7Ls for TLR9 reduction, although
not for TLR7 enhancement. Interestingly, C274 also induces a
similar TLR7hi TLR9lo profile by 10 h, but its kinetics are

considerably slower, and 10 h is the optimal time point for this
effect compared with the 2–4 h observed with the TLR7Ls.
Therefore, although both TLR7Ls and CpG-C eventually in-
duce a similar TLR expression profile (TLR7hi TLR9lo) in
PBMCs, TLR7Ls achieve this much more rapidly. These more
rapid kinetics are also observed with IFN-� RNA expression
(Fig. 7C). R848, IMQ, and PR8 all markedly enhanced IFN-�
expression by 1 h, while C274 exhibited slower kinetics,
reaching its maximal expression at 10 h.

Within bulk PBMCs, TLR9� cells include PDCs and B cells
[25, 26]. TLR7 is synthesized by those same cell types and has
sometimes been reported to be expressed by myeloid lineage
cells like monocytes and MDCs [26]. To determine in which
PBMC cell type compartment these modifications in TLR7/9
expression are occurring, we isolated purified PDCs and B

Fig. 4. R848 blocks ISS effect on BDCA-2
on PDCs. PDCs were cultured at 3-5 � 104

cells/well for 20–24 h with 5 �g/ml C274 	
1 �M R848 or 10 MOI PR8. PDCs were
harvested, stained for surface marker ex-
pression, and assessed by flow cytometry.
Data are expressed as mean fluorescence
intensity (MFI) 	 SEM from 6 donors, and
statistical significance was calculated using
one-way ANOVA.

Fig. 5. R848 does not suppress C274
functions on B cells. Human purified B cells
were cultured at 2 � 105 cells/well for 4
days with 5 �g/ml C274 	 titrated R848
and control type-C ODN. (A) B cell prolif-
eration was assessed by 3H-thymidine in-
corporation, and (B) B cell SNs were as-
sayed for IL-6 via ELISA. Data are ex-
pressed as mean 	 SEM from 4 donors and is
1 of 2 representative experiments. None of
the C274 � R848 points were significantly
different from C274 in both assays, using
the paired t test.
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cells from PBMCs and examined TLR expression after stimu-
lation with C274 or TLR7Ls. PDCs displayed the same shift
toward TLR7 elevation and TLR9 reduction that we observed
in PBMCs (Fig. 7, D–E). Notably, the reduction in TLR9
appeared earlier with TLR7Ls than with C274. Similarly, rapid
kinetics were likewise found for TLR7Ls with regard to IFN-�
expression in PDCs (Fig. 7F). Both R848 and PR8 were more
potent than C274 for IFN-� RNA induction by 2 h, although
C274 was much more effective than R848 by the 10 h time
point, which accounts for the higher levels of secreted IFN-�
protein induced by C274 compared with R848 (Fig. 1). Simi-
larly to PDCs, B cells also demonstrated a shift to a TLR7hi

TLR9lo profile after stimulation with either R848 or C274 (Fig.
7G), demonstrating that the reduction in TLR9 expression and
elevation in TLR7 expression observed in PBMCs was contrib-
uted to by both PDCs and B cells, the only components of
PBMCs that express both TLR7 and TLR9. It seems unlikely
that this rapid down-regulation of TLR9 expression in PDCs by
TLR7Ls is solely responsible for the mechanism of R848-
mediated suppression of ISS-induced IFN-�; however, since
other TLR9-mediated functions of PDCs (IL-6) and of B cells
are not inhibited by R848. Nonetheless, it is clear that signal-
ing through TLR7 leads to counter-regulation of TLR9 activity
on multiple fronts, both directly on IFN-� induction during
simultaneous ISS and TLR7L exposure, and on TLR9 expres-
sion itself, which would prevent further TLR9 signaling sub-
sequent to the initial TLR7L exposure.

Maintenance of high levels of IRF-7 mRNA
by ISS is disrupted by R848

In an attempt to define the mechanism of action of R848’s
inhibitory activity, we examined the intracellular compartmen-
talization of ISS within the PDC in the presence of R848.
Previous studies have demonstrated that potent IFN-� induc-
tion by certain ISS ODNs is dependent upon localization to the

early endosomal compartment, whereas the induction of other
ISS activities such as PDC maturation occurs through TLR9
signaling from the late endosomal compartment [27]. The lo-
calization of fluoresceinated ISS to these compartments can be
determined by costaining with anti-transferrin receptor (early
endosome) and anti-LAMP-1 (late endosome) and visualization
by confocal microscopy. We examined purified human PDCs
that had been incubated with fluoresceinated C274 or D19 in
the presence or absence of R848 and found that R848 did not
alter the ability of D19 and C274 to localize to the early
endosome (data not shown), arguing against modifying the
compartmentalization of ISS as a mechanism for inhibition of
IFN-�.

The determination of whether the inhibition of ISS-induced
IFN-� secretion is mediated by a soluble factor induced from
PDCs by TLR7Ls is difficult, because analysis of the activity of
supernatants (SNs) from TLR7L-stimulated PDCs will be con-
founded by unknown quantities of residual TLR7L. However,
we did seek to neutralize IL-10 in our cultures with blocking
Ab to the cytokine and receptor, since IL-10 is a well-charac-
terized inhibitory cytokine that has a known ability to counter
the effects of IFN-� [28, 29]. We found that neutralization of
IL-10 did not affect the inhibitory properties of SNs derived
from R848- or IMQ-stimulated PBMCs (data not shown), ruling
out IL-10 as the mediator of TLR7L effect.

Focusing on internal cellular events, we also examined the
expression of molecules critical for signal transduction through
TLR9. Triggering of TLR9 is known to activate two signaling
pathways dominated by the transcription factors IRF-7 and
nuclear factor �B (NF�B) [30, 31]. The IRF-7-mediated path-
way of signal transduction is responsible for the transcription of
IFN-� and IFN-
, which then promote the transcription of
downstream genes, including cytokines and antiviral factors
[32, 33]. On the other hand, activation of the NF�B pathway by
TLR9 triggering leads to the up-regulation of activation mark-

Fig. 6. R848 suppression is dominant over TLR9L-induced IFN-�. Human PBMCs were pretreated for 4 h with (A) C274, R848, or (B) PR8 and then secondarily
stimulated overnight with various TLR7Ls or TLR9Ls. SNs were assayed for IFN-� content via ELISA. Data are expressed as mean 	 SEM from 4 donors and is
1 of 2 representative experiments.
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ers like CD80 and CD86 and the secretion of cytokines like
IL-6 and TNF-� from PDCs and B cells [31, 34]. We deter-
mined whether the activation of these two pathways by ISS was
altered in the presence of R848. PDCs were purified from
PBMCs, and IRF-7 mRNA expression was measured over a
time course of stimulation with CpG-C C274 and/or R848.
Stimulation with C274 kept IRF-7 peak expression at levels
�2-3-fold higher than those induced by R848 (Fig. 8A).
However, IRF-7 mRNA levels in PDCs stimulated by the
combination of C274 and R848 were not substantially different
than those stimulated by R848 alone. Accordingly, the pattern
of IFN-� mRNA expression over time confirms the dominance
of the effect of R848 over C274 (Fig. 8B). This inhibitory effect
was dose-dependent since decreasing doses of R848 resulted
in diminished capacity to suppress IRF-7 or IFN-a mRNA
induction by C274 (Fig. 8, C and D). These data suggest that
R848 down-regulates the IFN-�-inducing activity of ISS by
eroding the ability of ISS to up-regulate IRF-7 expression.

To measure activation of the NF�B pathway, we detected
expression of the phosphorylated form of I�B� in purified
human PDCs after ISS and R848 stimulation. I�B� is an
inhibitor protein that binds to NF�B and prevents its translo-
cation across the nucleus. Once phosphorylated, I�B� releases
NF�B, which can translocate and activate genes with NF�B
site-containing promoters. The levels of phosphorylated I�B�
induced by C274 was not affected by the presence of R848
(data not shown), verifying that the NF�B signal transduction
pathway is still activated to equivalent levels and thus does not
account for diminished ISS activity. This result agrees with our

findings that those ISS-induced activities that are mediated by
IRF-7 (e.g., IFN-� induction), and not by NF�B (e.g., B cell
functions), are reduced by TLR7Ls.

DISCUSSION

The majority of experimental work performed to date to exam-
ine the function of TLRs have focused on individual members
of the TLR family by using specific ligands, both natural and
synthetic. Solitary TLR activation rarely occurs in vivo; how-
ever, because microbes present a host of PAMPs that are
recognized by the host virtually simultaneously. Thus, the
normal context in which TLR signaling is experienced in vivo
is simultaneous with the activation of other PRRs and specif-
ically other TLRs. For this reason, the elucidation of TLR
counter-regulation is important toward an understanding and
prediction of the host immune response during pathogen at-
tack. Some investigators have recently examined the issue of
counter-regulation among the TLR repertoire. Synergistic co-
activation has been observed between TLR3 and TLR7 [35–
38], TLR4 and TLR7 [36–38], and TLR3 and TLR9 [39] and
both synergism [40] and cross-tolerance [41] have been re-
ported between TLR9 and TLR2/4. Simultaneous triggering of
TLR7/8 and TLR9, however, is a less likely combination to be
encountered in vivo, as a pathogen has yet to be described that
displays both TLR7/8- and TLR9-specific PAMPs. The DNA
genomes from viruses like HSV-1, HSV-2, and murine cyto-
megalovirus (MCMV), and the DNA from bacteria are rich in

Fig. 7. R848 induces a TLR7hi TLR9lo expression profile with more rapid kinetics than
TLR9Ls. Human PBMCs (A–C) and purified plasmacytoid dendritic cells (PDCs) (D–F) were
stimulated for different time points (1–10 h) with TLR7Ls or TLR9Ls, after which RNA was
extracted and analyzed via real-time PCR. The expression levels of TLR7, TLR9, and IFN-�
genes were normalized to ubiquitin expression. Data are presented as the mean of fold induction
over medium control (given the value of 1.0) with SEM for 4 donors (A–C) and 2 donors (D–F),
and is 1 of 2 representative experiments. B cells (G) were stimulated for 10 h with C274, Control
C ODN, or R848 and assayed for TLR7, TLR9, and TNF-� gene expression using RT-PCR. Data
are also presented as fold induction with SEM for 2 donors. In (B), R848, PR8, and IMQ
treatments are all statistically different from C274, using the paired t test.
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CpG motifs, which may be presented in single-strand (ss) or
double strand (ds) DNA fragments to activate TLR9 [42, 43].
On the other hand, TLR7 and TLR8 recognize ssRNA from
RNA viruses like influenza and VSV [42]. Therefore, activation
of both TLR7 and TLR9 by a single pathogen is not currently
predicted, and concurrent infection with a DNA virus and an
RNA virus is a rare event. However, since these two TLRs
(along with TLR3) rank among the most powerful inducers of
type I IFN secretion, and given the clinical benefits of inter-
feron therapy observed for indications like viral infection
(HCV, HPV) and cancer (melanoma, renal cell carcinoma), it
behooves us to investigate the possibility of the combined
activation of TLR7 and TLR9 resulting in super-enhanced
IFN-� induction.

Interestingly, our results indicate that activating the TLR7
pathway via small synthetic guanosine analogs simultaneously
with activation of TLR9 can result in a down-modulation of the
potential for TLR9-mediated IFN-� induction by PDCs, with-
out affecting other TLR9-mediated PDC functions such as IL-6
secretion and CD80/CD86 expression. We show that when the
TLR7/8L R848 is present, multiple types of TLR9Ls are
inhibited from inducing IFN-�, including CpG-C C274,
CpG-A D19, and the natural TLR9L HSV-1. This effect ap-
pears to be mediated directly through the PDC, and thus
through TLR7 and not TLR8, since PDCs are TLR8–. The state
of PDC maturation induced by the triggering of both TLR7 and
TLR9 is also dominated by TLR7, namely, the marked eleva-
tion in numbers of PDCs expressing CCR7 and the diminished

loss of BDCA-2 expression. However, the levels of IL-6 in-
duced by ISS from PDCs and the activation of B cells by ISS is
not significantly altered by the presence of R848, indicating
that the dominant effects of R848 on ISS-stimulated functions
are selective. R848 does not appear to mediate its effect
through blocking ISS from binding to TLR9, since pretreated
cells retain their unresponsiveness to ISS even 4 h after expo-
sure to R848, nor does R848 alter the endosomal localization
of ISS within the PDC. R848 does prevent ISS from inducing
higher levels of IRF-7 expression without affecting activation
of the NF�B pathway, thus indicating interference with TLR9
signaling as a possible mechanism. Finally, in addition to
counter-regulating IFN-� expression induced by ISS, TLR7Ls
also stimulate for rapid up-regulation of TLR7 and down-
regulation of TLR9 expression in PDCs and B cells within the
first few hours of exposure, further contributing to a down-
regulation of the TLR9 signaling pathway.

The mechanism by which synthetic TLR7Ls achieve their
inhibitory effect is unclear. We have ruled out that R848 is
inhibiting ISS-induced IFN-� simply through a cytopathic
effect on the cells. MTT cell viability assays conducted on
purified PDCs showed that R848 and IMQ did not exert de-
tectable toxicity either alone or in the presence of ISS (data not
shown). This is consistent with Schlaepfer et al., who found that
R848 did not alter the metabolic activity of human tonsillar
cells after 7 days of treatment in vitro [44]. We also determined
that R848 did not interfere with the localization of ISS to the

Fig. 8. R848 abrogates the ISS-induced increase in IRF-7 mRNA expression. (A–B) Human purified PDCs (pooled from 3 donors) were stimulated for different
time points (1–24 h) with 5 �g/ml C274 	 1 �M R848, after which RNA was extracted and analyzed via real-time PCR. (C–D) PDCs were stimulated with C274 	
a dose titration of R848 for 5 h, followed by RT-PCR analysis. The expression levels of IRF-7 and IFN-� genes were normalized to ubiquitin expression. Data
are presented as relative expression and are from 1 of 3 representative experiments.
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early endosome, critical for IFN-� signaling [27], and that
R848 was not suppressing IFN-� induction via IL-10.

The signaling capabilities of TLR7Ls and TLR9Ls appear to
be very similar, in that they both up-regulate at least two main
signaling pathways, the critical factors of each being IRF-7 and
NF�B. IRF-7 is expressed constitutively in PDCs, and after
stimulation by TLR7Ls or TLR9Ls becomes phosphorylated by
TANK binding kinase 1 (TBK1) and I�B kinase ε (IKKε), then
associates with MyD88 in the endosome, leading to sustained
signaling. As an activated homodimer, IRF-7 translocates to
the nucleus and binds to positive regulatory domain (PRD)
sites in the promoter regions of type I interferon genes (re-
viewed in [45]), leading to the elevated expression of many
IFN-� subtypes, IFN-
, and IFN-�. High levels of type I
interferon are, in turn, responsible for the up-regulation of
numerous antiviral genes such as 2,5-oligoadenylate syn-
thetase (OAS), interferon-stimulated gene-54K (ISG-54K),
guanylate binding protein-1 (GBP-1), Mx-A (ortholog of mouse
myxoma resistance gene-A), and GTPases [32, 33]. On the
other hand, triggering of TLR7/TLR9 also results in the acti-
vation of the Ser/Thr kinase IKK�, which phosphorylates the
inhibitor protein I�B�, releasing it from its association with
NF�B. NF�B subunits are free to translocate to the nucleus,
where they associate with NF�B binding sites and activate a
wide range of genes, including cytokines like TNF-�, IL-6, and
IP-10, and costimulatory receptors such as CD80, CD86, and
CD40. Therefore, it appears that the activation by TLR7Ls and
TLR9Ls of these two signaling pathways (IRF-7 vs. NF�B) in
PDCs corresponds with the two major arms of immune func-
tions induced by TLR7/9 triggering in that cell type (type I IFN
production and IFN-�-dependent downstream effects vs.
proinflammatory cytokines, costimulatory molecules, and anti-
gen presentation).

It is unclear whether these two signaling pathways may
positively or negatively counter-regulate each other. It has
been suggested that potent IFN-�-inducers such as CpG-A
may be inhibited by efficient activation of the NF�B pathway,
especially since CpG-A itself is an inefficient activator of
NF�B [46], which may be indicative of an antagonistic rela-
tionship. If so, R848 may be exerting its effects on ISS-induced
IFN-� by amplifying the NF�B pathway, which, in turn, may
cause a suppression of the IRF-7 pathway and type I interferon
expression. As TLR7 and TLR9 appear to trigger very similar
signaling pathways with similar functional outcomes, this sug-
gests that they also employ similar programs for termination of
signal.

Since we have observed that the kinetics of the response
triggered by TLR7 (e.g., type I IFN mRNA transcription,
intracellular and secreted IFN-� protein, alterations in TLR
mRNA expression) are much more rapid when compared with
the kinetics of the TLR9-mediated response, it is probable that
the down-regulatory mechanism induced through TLR7, what-
ever it is, also has more rapid kinetics, and that this is
responsible for inhibiting the ability of subsequent TLR9 trig-
gering to induce IFN-�. However, this suppressive mechanism
appears to be specific to the IRF-7 signaling pathway and the
induction of type I interferon, since we have shown that NF�B-
mediated functions induced by ISS (e.g., B cell activity, PDC
CD80/86 expression) are unaffected by the presence of TLR7L.

Viral infection of PDCs is known to induce the phosphorylation
of constitutively expressed IRF-3, which, in turn, promotes the
expression of IFN-
. IFN-
 autocrinely activates the PDC
through IFN-�/
R and causes the formation of interferon-
stimulated gene factor (ISGF3) (composed of STAT1, STAT2,
and IRF-9), which then binds to ISRE promoter sites in the
IRF-7 gene, enhancing IRF-7 expression. Enhanced IRF-7
expression participates in a positive feedback loop for aug-
mented IFN-� production (reviewed in [45, 47]). Thus, the
TLR7L-mediated suppression of ISS-induced IFN-� that we
observe may take the form of reduced expression of IRF-7
mRNA, which we observe is elevated to high levels by ISS but
is lowered more than twofold in the presence of R848 (Fig. 8).
Furthermore, reduction in the level of IRF-7 phosphorylation,
required for activation of the IRF-7 pathway, may be another
method by which TLR7Ls can reduce ISS-induced IFN-�
expression.

We observed that TLR7 signaling accelerated the down-
regulation of TLR9 expression in PDCs (Fig. 7). It seems
unlikely that this accounts for the mechanism of R848’s action
on ISS-induced IFN-� induction, because 1) if it were, it would
be expected that all TLR9-dependent ISS activities, not just
IFN-� induction, should be inhibited by R848, 2) the reduc-
tion in TLR9 protein expression would have to occur immedi-
ately after the TLR9 mRNA decline to have an effect, requiring
extremely rapid turnover kinetics, and 3) the natural TLR7L
PR8 exhibits similarly rapid kinetics yet does not exert dom-
inant effects on ISS signaling in the way that R848 and IMQ
do. However, it is still probable that the down-regulation of
TLR9 does serve to limit subsequent ISS functionality after
TLR7 signaling. Indeed, TLR7 and TLR9 show further simi-
larity in their regulatory processes in that TLR9 signaling
itself, like TLR7, also leads to a down-regulation of TLR9 and
further ISS unresponsiveness (Fig. 7; [48]). This may be indic-
ative of tight control over IFN-� secretion, whether instigated
by TLR9 or TLR7, to prevent the triggering of autoimmunity
such as SLE [3].

Counter-regulation between TLR7/8Ls and oligonucleotides
has also been recently reported by Jurk et al. [49], who ob-
served that R848-induced NF�B activation in HEK293 TLR7-
transfectants, as well as loxoribine-induced IFN-� induction
from human PBMCs and PDCs could be reduced and inhibited
by the presence of PS ODNs. The authors show this to be a
CpG-independent phenomenon in the case of the HEK293
cells, although it was observed that an oligo-dT(17) sequence
was more potent than randomized sequences. The CpG depen-
dency of the effect on IFN-� induction is unclear, as no CpG
oligos were used in those studies, presumably because since
they themselves induce IFN-�, a simultaneous reduction in
TLR7L-induced IFN-� would be difficult to discern. Never-
theless, Jurk et al. observe that TLR7 signaling can be domi-
nated by the presence of a ssDNA oligo (CpG-containing or
not), which appears to contradict our observations that TLR7L
signaling is dominant over TLR9Ls (CpG ODNs). However,
those authors did not use R848 in their PDC IFN-� studies,
while we did not use loxoribine in our studies, so it may be that
different TLR7Ls can differentially regulate or be regulated by
TLR9Ls, as supported by our observations of differential ac-
tivity between synthetic TLR7L R848 and natural TLR&L
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PR8. Furthermore, Jurk et al. speculate that they are observing
the interference of TLR7L binding to TLR7 by the presence of
poly-T ODNs. However, steric interference seems an unlikely
possibility to explain our findings, since we do not observe that
R848 inhibits other ISS functions mediated by TLR9, such as
B cell activation, suggesting a selective inhibition and not a
complete block, as prevention of ISS binding to TLR9 would
imply.

Our study demonstrates that small-molecule TLR7Ls can
negatively regulate the effects of TLR9 stimulation when both
types of ligands are present to stimulate their main target cell,
the PDC. The negative regulatory effects of TLR7Ls like R848
are specific, however, for the IRF-7-mediated pathway of ISS-
induced functions, primarily characterized by massive up-
regulation of type I interferon expression. However, other ac-
tivities of ISS independent of the IRF-7 pathway are not
affected by TLR7 coactivation. Because the kinetics of some
TLR7L-induced responses are much more rapid than those
induced by CpG ODNs, we speculate that the natural down-
regulatory mechanism that limits TLR7 induction of IFN-�
also serves to essentially halt TLR9-mediated activation of
IFN-� before it gets started. Since activation of multiple strong
inducers of IFN-� might lead to debilitating effects such as
autoimmunity, this compensatory mechanism may have
evolved as a preemptive defense system. These observations
should serve to shed light on the unknown effects of combina-
tion therapy with TLR7Ls and TLR9Ls.

ACKNOWLEDGMENTS

We are grateful to C. Guiducci and F. Barrat (Dynavax, San
Fracisco, CA, USA) for assistance with fluorescent microscopy
and to C. Fressola (Dynavax), L. Tracy, and N. Lynn (Advanced
Bioscience Resources, Alameda, CA, USA) for phlebotomy
services.

REFERENCES

1. Takeda, K., Akira, S. (2005) Toll-like receptors in innate immunity. Int.
Immunol. 17, 1–14.

2. Gibson, S. J., Lindh, J. M., Riter, T. R., Gleason, R. M., Rogers, L. M.,
Fuller, A. E., Oesterich, J. L., Gorden, K. B., Qiu, X., McKane, S. W., et
al. (2002) Plasmacytoid dendritic cells produce cytokines and mature in
response to the TLR7 agonists, imiquimod and resiquimod. Cell. Immunol.
218, 74–86.

3. Ronnblom, L., Alm, G. V. (2001) A pivotal role for the natural interferon
alpha-producing cells (plasmacytoid dendritic cells) in the pathogenesis of
lupus. J. Exp. Med. 194, F59–F63.

4. Magnusson, M., Magnusson, S., Vallin, H., Ronnblom, L., Alm, G. V.
(2001) Importance of CpG dinucleotides in activation of natural IFN-
alpha-producing cells by a lupus-related oligodeoxynucleotide. Scand.
J. Immunol. 54, 543–550.

5. Lau, C. M., Broughton, C., Tabor, A. S., Akira, S., Flavell, R. A., Mamula,
M. J., Christensen, S. R., Shlomchik, M. J., Viglianti, G. A., Rifkin, I. R.,
et al. (2005) RNA-associated autoantigens activate B cells by combined B
cell antigen receptor/Toll-like receptor 7 engagement. J. Exp. Med. 202,
1171–1177.

6. Feld, J. J., Hoofnagle, J. H. (2005) Mechanism of action of interferon and
ribavirin in treatment of hepatitis C. Nature 436, 967–972.

7. Gupta, A. K., Cherman, A. M., Tyring, S. K. (2004) Viral and nonviral uses
of imiquimod: a review. J. Cutan. Med. Surg. 8, 338–352.

8. Wakita, D., Chamoto, K., Zhang, Y., Narita, Y., Noguchi, D., Ohnishi, H.,
Iguchi, T., Sakai, T., Ikeda, H., Nishimura, T. (2006) An indispensable

role of type-1 IFNs for inducing CTL-mediated complete eradication of
established tumor tissue by CpG-liposome co-encapsulated with model
tumor antigen. Int. Immunol. 18, 425–434.

9. Murata, M., Nabeshima, S., Kikuchi, K., Yamaji, K., Furusyo, N., Ha-
yashi, J. (2006) A comparison of the antitumor effects of interferon-alpha
and beta on human hepatocellular carcinoma cell lines. Cytokine 33,
121–128.

10. Simon, H. U., Seelbach, H., Ehmann, R., Schmitz, M. (2003) Clinical and
immunological effects of low-dose IFN-alpha treatment in patients with
corticosteroid-resistant asthma. Allergy 58, 1250–1255.

11. Ishii, K. J., Gursel, I., Gursel, M., Klinman, D. M. (2004) Immunothera-
peutic utility of stimulatory and suppressive oligodeoxynucleotides. Curr.
Opin. Mol. Ther. 6, 166–174.

12. Krieg, A. M. (2006) Therapeutic potential of Toll-like receptor 9 activa-
tion. Nat. Rev. Drug Discov. 5, 471–484.

13. Ahonen, C. L., Gibson, S. J., Smith, R. M., Pederson, L. K., Lindh, J. M.,
Tomai, M. A., Vasilakos, J. P. (1999) Dendritic cell maturation and
subsequent enhanced T-cell stimulation induced with the novel synthetic
immune response modifier R-848. Cell. Immunol. 197, 62–72.

14. Levy, O., Zarember, K. A., Roy, R. M., Cywes, C., Godowski, P. J.,
Wessels, M. R. (2004) Selective impairment of TLR-mediated innate
immunity in human newborns: neonatal blood plasma reduces monocyte
TNF-alpha induction by bacterial lipopeptides, lipopolysaccharide, and
imiquimod, but preserves the response to R-848. J. Immunol. 173,
4627–4634.

15. Fili, L., Ferri, S., Guarna, F., Sampognaro, S., Manuelli, C., Liotta, F.,
Cosmi, L., Matucci, A., Vultaggio, A., Annunziato, F., et al. (2006)
Redirection of allergen-specific T(H)2 responses by a modified adenine
through Toll-like receptor 7 interaction and IL-12/IFN release. J. Allergy
Clin. Immunol. 118, 511–517.

16. Marshall, J. D., Fearon, K., Abbate, C., Subramanian, S., Yee, P., Grego-
rio, J., Coffman, R. L., Van Nest, G. (2003) Identification of a novel CpG
DNA class and motif that optimally stimulate B cell and plasmacytoid
dendritic cell functions. J. Leukoc. Biol. 73, 781–792.

17. Marshall, J. D., Fearon, K. L., Higgins, D., Hessel, E. M., Kanzler, H.,
Abbate, C., Yee, P., Gregorio, J., dela Cruz, T., Lizcano, J. O., et al. (2005)
Superior activity of the type C class of ISS in vitro and in vivo across
multiple species. DNA Cell Biol. 24, 63–72.

18. Ito, T., Amakawa, R., Kaisho, T., Hemmi, H., Tajima, K., Uehira, K.,
Ozaki, Y., Tomizawa, H., Akira, S., Fukuhara, S. (2002) Interferon-alpha
and interleukin-12 are induced differentially by Toll-like receptor 7
ligands in human blood dendritic cell subsets. J. Exp. Med. 195, 1507–
1512.

19. Hochrein, H., Schlatter, B., O'Keeffe, M., Wagner, C., Schmitz, F.,
Schiemann, M., Bauer, S., Suter, M., Wagner, H. (2004) Herpes simplex
virus type-1 induces IFN-� production via Toll-like receptor 9-dependent
and -independent pathways. Proc. Natl. Acad. Sci. USA 101, 11416–
11421.

20. Marshall, J. D., Higgins, D., Abbate, C., Yee, P., Teshima, G., Ott, G., dela
Cruz, T., Passmore, D., Fearon, K. L., Tuck, S., et al. (2004) Polymyxin B
enhances ISS-mediated immune responses across multiple species. Cell.
Immunol. 229, 93–105.

21. Jurk, M., Heil, F., Vollmer, J., Schetter, C., Krieg, A. M., Wagner, H.,
Lipford, G., Bauer, S. (2002) Human TLR7 or TLR8 independently confer
responsiveness to the antiviral compound R-848. Nat. Immunol. 3, 499.

22. Bekeredjian-Ding, I., Roth, S. I., Gilles, S., Giese, T., Ablasser, A.,
Hornung, V., Endres, S., Hartmann, G. (2006) T cell-independent, TLR-
induced IL-12p70 production in primary human monocytes. J. Immunol.
176, 7438–7446.

23. Rothenfusser, S., Tuma, E., Endres, S., Hartmann, G. (2002) Plasmacytoid
dendritic cells: the key to CpG. Hum. Immunol. 63, 1111–1119.

24. Kellermann, S. A., Hudak, S., Oldham, E. R., Liu, Y. J., McEvoy, L. M.
(1999) The CC chemokine receptor-7 ligands 6Ckine and macrophage
inflammatory protein-3 beta are potent chemoattractants for in vitro- and
in vivo-derived dendritic cells. J. Immunol. 162, 3859–3864.

25. Krug, A., Towarowski, A., Britsch, S., Rothenfusser, S., Hornung, V., Bals,
R., Giese, T., Engelmann, H., Endres, S., Krieg, A. M., et al. (2001)
Toll-like receptor expression reveals CpG DNA as a unique microbial
stimulus for plasmacytoid dendritic cells which synergizes with CD40
ligand to induce high amounts of IL-12. Eur. J. Immunol. 31, 3026–3037.

26. Zarember, K. A., Godowski, P. J. (2002) Tissue expression of human
Toll-like receptors and differential regulation of Toll-like receptor mRNAs
in leukocytes in response to microbes, their products, and cytokines.
J. Immunol. 168, 554–561.

27. Guiducci, C., Ott, G., Chan, J. H., Damon, E., Calacsan, C., Matray, T.,
Lee, K. D., Coffman, R. L., Barrat, F. J. (2006) Properties regulating the
nature of the plasmacytoid dendritic cell response to Toll-like receptor 9
activation. J. Exp. Med. 203, 1999–2008.

Marshall et al. Coregulation of TLR7/TLR9 stimulation 11



28. Zou, W., Borvak, J., Wei, S., Isaeva, T., Curiel, D. T., Curiel, T. J. (2001)
Reciprocal regulation of plasmacytoid dendritic cells and monocytes
during viral infection. Eur. J. Immunol. 31, 3833–3839.

29. Gary-Gouy, H., Lebon, P., Dalloul, A. H. (2002) Type I interferon pro-
duction by plasmacytoid dendritic cells and monocytes is triggered by
viruses, but the level of production is controlled by distinct cytokines.
J. Interferon Cytokine Res. 22, 653–659.

30. Uematsu, S., Sato, S., Yamamoto, M., Hirotani, T., Kato, H., Takeshita, F.,
Matsuda, M., Coban, C., Ishii, K. J., Kawai, T., et al. (2005) Interleukin-1
receptor-associated kinase-1 plays an essential role for Toll-like receptor
(TLR)7- and TLR9-mediated interferon-� induction. J. Exp. Med. 201,
915–923.

31. Tsujimura, H., Tamura, T., Kong, H. J., Nishiyama, A., Ishii, K. J.,
Klinman, D. M., Ozato, K. (2004) Toll-like receptor 9 signaling activates
NF-�B through IFN regulatory factor-8/IFN consensus sequence binding
protein in dendritic cells. J. Immunol. 172, 6820–6827.

32. Cheney, I. W., Lai, V. C., Zhong, W., Brodhag, T., Dempsey, S., Lim, C.,
Hong, Z., Lau, J. Y., Tam, R. C. (2002) Comparative analysis of anti-
hepatitis C virus activity and gene expression mediated by alpha, beta,
and gamma interferons. J. Virol. 76, 11148–11154.

33. Stark, G. R., Kerr, I. M., Williams, B. R., Silverman, R. H., Schreiber,
R. D. (1998) How cells respond to interferons. Annu. Rev. Biochem. 67,
227–264.

34. Takeshita, F., Ishii, K. J., Ueda, A., Ishigatsubo, Y., Klinman, D. M.
(2000) Positive and negative regulatory elements contribute to CpG oli-
gonucleotide-mediated regulation of human IL-6 gene expression. Eur.
J. Immunol. 30, 108–116.

35. Warger, T., Osterloh, P., Rechtsteiner, G., Fassbender, M., Heib, V.,
Schmid, B., Schmitt, E., Schild, H., Radsak, M. P. (2006) Synergistic
activation of dendritic cells by combined Toll-like receptor ligation in-
duces superior CTL responses in vivo. Blood 108, 544–550.

36. Roelofs, M. F., Joosten, L. A., Abdollahi-Roodsaz, S., van Lieshout, A. W.,
Sprong, T., van den Hoogen, F. H., van den Berg, W. B., Radstake, T. R.
(2005) The expression of toll-like receptors 3 and 7 in rheumatoid arthritis
synovium is increased and costimulation of toll-like receptors 3, 4, and 7/8
results in synergistic cytokine production by dendritic cells. Arthritis
Rheum. 52, 2313–2322.

37. Napolitani, G., Rinaldi, A., Bertoni, F., Sallusto, F., Lanzavecchia, A.
(2005) Selected Toll-like receptor agonist combinations synergistically
trigger a T helper type 1-polarizing program in dendritic cells. Nat.
Immunol. 6, 769–776.

38. Gautier, G., Humbert, M., Deauvieau, F., Scuiller, M., Hiscott, J., Bates,
E. E., Trinchieri, G., Caux, C., Garrone, P. (2005) A type I interferon
autocrine-paracrine loop is involved in Toll-like receptor-induced inter-
leukin-12p70 secretion by dendritic cells. J. Exp. Med. 201, 1435–1446.

39. Whitmore, M. M., DeVeer, M. J., Edling, A., Oates, R. K., Simons, B.,
Lindner, D., Williams, B. R. (2004) Synergistic activation of innate
immunity by double-stranded RNA and CpG DNA promotes enhanced
antitumor activity. Cancer Res. 64, 5850–5860.

40. Agren, J., Thiemermann, C., Foster, S. J., Wang, J. E., Aasen, A. O. (2006)
Cytokine responses to CpG DNA in human leukocytes. Scand. J. Immunol.
64, 61–68.

41. Dalpke, A. H., Lehner, M. D., Hartung, T., Heeg, K. (2005) Differential
effects of CpG-DNA in Toll-like receptor-2/-4/-9 tolerance and cross-
tolerance. Immunology 116, 203–212.

42. Perry, A. K., Chen, G., Zheng, D., Tang, H., Cheng, G. (2005) The host
type I interferon response to viral and bacterial infections. Cell Res. 15,
407–422.

43. Mogensen, T. H., Paludan, S. R., Kilian, M., Ostergaard, L. (2006) Live
Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria menin-
gitidis activate the inflammatory response through Toll-like receptors 2, 4,
and 9 in species-specific patterns. J. Leukoc. Biol. 80, 267–277.

44. Schlaepfer, E., Audige, A., Joller, H., Speck, R. F. (2006) TLR7/8
triggering exerts opposing effects in acute versus latent HIV infection.
J. Immunol. 176, 2888–2895.

45. Honda, K., Yanai, H., Takaoka, A., Taniguchi, T. (2005) Regulation of the
type I IFN induction: a current view. Int. Immunol. 17, 1367–1378.

46. Gorden, K. B., Gorski, K. S., Gibson, S. J., Kedl, R. M., Kieper, W. C.,
Qiu, X., Tomai, M. A., Alkan, S. S., Vasilakos, J. P. (2005) Synthetic TLR
agonists reveal functional differences between human TLR7 and TLR8.
J. Immunol. 174, 1259–1268.

47. Taniguchi, T., Takaoka, A. (2002) The interferon-alpha/beta system in
antiviral responses: a multimodal machinery of gene regulation by the IRF
family of transcription factors. Curr. Opin. Immunol. 14, 111–116.

48. Ito, T., Kanzler, H., Duramad, O., Cao, W., Liu, Y. J. (2006) Specializa-
tion, kinetics, and repertoire of type 1 interferon responses by human
plasmacytoid predendritic cells. Blood 107, 2423–2431.

49. Jurk, M., Kritzler, A., Schulte, B., Tluk, S., Schetter, C., Krieg, A. M.,
Vollmer, J. (2006) Modulating responsiveness of human TLR7 and 8 to
small molecule ligands with T-rich phosphorothiate oligodeoxynucleo-
tides. Eur. J. Immunol. 36, 1815–1826.

12 Journal of Leukocyte Biology Volume 82, September 2007 http://www.jleukbio.org


