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Murine Dendritic Cell Type I IFN Production Induced by

Human IgG-RNA Immune Complexes Is IFN Regulatory

Factor (IRF)5 and IRF7 Dependent and Is Required for IL-6

Production1

Kei Yasuda,* Christophe Richez,* Joseph W. Maciaszek,* Neerja Agrawal,* Shizuo Akira,‡

Ann Marshak-Rothstein,† and Ian R. Rifkin2*

Dendritic cell (DC) activation by nucleic acid-containing IgG complexes is implicated in systemic lupus erythematosus (SLE)

pathogenesis. However, it has been difficult to definitively examine the receptors and signaling pathways by which this activation

is mediated. Because mouse Fc�Rs recognize human IgG, we hypothesized that IgG from lupus patients might stimulate mouse

DCs, thereby facilitating this analysis. In this study, we show that sera and purified IgG from lupus patients activate mouse DCs

to produce IFN-�, IFN-�, and IL-6 and up-regulate costimulatory molecules in a Fc�R-dependent manner. This activation is only

seen in sera with reactivity against ribonucleoproteins and is completely dependent on TLR7 and the presence of RNA. As

anticipated, IFN regulatory factor (IRF)7 is required for IFN-� and IFN-� production. Unexpectedly, however, IRF5 plays a

critical role in IFN-� and IFN-� production induced not only by RNA-containing immune complexes but also by conventional

TLR7 and TLR9 ligands. Moreover, DC production of IL-6 induced by these stimuli is dependent on a functional type I IFNR,

indicating the need for a type I IFN-dependent feedback loop in the production of inflammatory cytokines. This system may also

prove useful for the study of receptors and signaling pathways used by immune complexes in other human diseases. The Journal

of Immunology, 2007, 178: 6876–6885.

S
ystemic lupus erythematosus (SLE)3 is an autoimmune

disease characterized by the loss of tolerance to diverse

self-Ags and the consequent production of autoantibodies

(1). Many of the more common autoantigens are components of

either DNA/protein or RNA/protein multimolecular particles that

are normally found in the cell nucleus, but which cluster and con-

centrate at the surface of cells undergoing apoptosis (2, 3). Al-

though the underlying etiology remains incompletely understood

and likely represents a complex interaction of genetic and envi-

ronmental factors, a number of potential contributors to disease

pathogenesis have been identified.

The multiple subtypes of IFN-� and the single IFN-� belong to

the type I IFN family, and all signal through a single shared re-

ceptor, the IFN-� receptor (IFNAR) (4). Type I IFNs may play an

important role in SLE pathogenesis, and activation of the type I

IFN system is a prominent feature of early and active disease (5,

6). Plasmacytoid dendritic cells (DC) (pDCs, also called natural IFN-

producing cells) are the major source of type I IFN during viral

infections and are thought also to be the most likely source of type

I IFN in SLE (7–9). Attention has focused recently on the possi-

bility that immune complexes containing self-nucleic acid might

be the major inducers of type I IFN production by pDCs in SLE.

Immune complexes or IgG obtained from the sera of certain

patients with SLE induce normal human pDCs to produce IFN-�

in vitro. This activation generally requires the addition of an ex-

ogenous source of autoantigen to the cultures to promote the for-

mation of stimulatory immune complexes (10, 11), although for

certain IgG, the addition of exogenous Ag is not needed (12, 13).

The stimulatory ability of the immune complexes depends on the

presence of either DNA or RNA within the complexes, as well as

engagement of Fc�RIIa on the pDC.

Studies using defined mAb-nucleic acid immune complexes and

mouse DCs have helped determine the mechanism whereby nu-

cleic acid-containing immune complexes activate DCs. In the case

of immune complexes containing anti-nucleosome mAb bound to

nucleosomes, myeloid DC activation involves internalization of

the immune complex by a cell surface Fc�R with subsequent en-

gagement of TLR9 and possibly other chromatin-reactive recep-

tor(s) intracellularly (14). TLR9 is an intracellular receptor origi-

nally identified as being critically involved in the recognition of

unmethylated CpG motifs in viral or bacterial DNA (15), although

subsequent studies have shown that it can also recognize self-DNA

under conditions where self-DNA can gain access to TLR9 (16–

18). In the case of immune complexes containing an anti-Smith Ag

(Sm) mAb complexed to small nuclear ribonucleoproteins (RNPs)

containing U1 RNA, a similar activation mechanism appears to
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operate, only in this case DC activation is largely TLR7 dependent

(19). TLR7 is an intracellular receptor that recognizes single-

stranded U-rich RNA (20–22). However, although these studies

using defined mAb-nucleic acid complexes offer valuable insights

into potential mechanisms underlying pDC activation by immune

complexes in SLE, they only represent a small fraction of the

autoantigen specificities present in the polyclonal autoantibody re-

sponse of lupus patients. It may be that the requirement for en-

gagement of TLRs or of other non-TLR nucleic acid receptors

varies depending on the precise specificities of the individual

autoantibodies.

Human pDCs express both TLR9 and TLR7, and a number of

studies have examined the role of these receptors in the activation

of human pDC by IgG from lupus patients. Although such studies

have the important advantage of being able to test effects of patient

derived autoantibodies and/or immune complexes, it is much more

difficult to definitively prove the involvement of specific receptors

in any observed activation. Nevertheless, these studies show that

human pDC activation induced either by DNA-containing immune

complexes or by immune complexes consisting of anti-RNP Abs

bound to an exogenously added source of RNP can be decreased

by inhibitors of the TLR7/9 signaling pathway (13, 23, 24). How-

ever, it is worth noting that the mechanisms of actions of these

inhibitors are incompletely understood and may involve pathways

upstream of TLR7/9 rather than TLR7/9 antagonism per se (25).

Recent studies showing an association between IFN regulatory

factor (IRF)5 polymorphisms and an increased risk of SLE in hu-

mans potentially links TLR signaling pathways to SLE pathogen-

esis (26, 27). The intracytoplasmic adaptor molecule MyD88 is

required for signaling through TLR7 and TLR9. There are two

major pathways downstream of MyD88, one leading to proinflam-

matory cytokine production and the other to type I IFN production.

IRF5 and IRF7 are members of a family of transcription factors

that controls inflammatory and immune responses, and both are

involved in these downstream pathways (28). IRF7 is the master

regulator of type I IFN-dependent immune responses and is re-

quired for type I IFN production (29). The role of IRF5 is not

clearly established. Although it was originally identified as a reg-

ulator of type I IFN expression in human cell lines (30, 31), recent

data in IRF5-deficient mice suggest that IRF5 is involved in the

production of proinflammatory cytokines but not in the production

of type I IFN (32). At present, the role of IRF5 in DC activation

induced by nucleic acid-containing immune complexes is not

known.

Mouse Fc�Rs are able to bind human IgG with specificities

similar to that of human Fc�Rs (33). Therefore, we hypothesized

that serum or IgG from lupus patients would activate mouse DCs

and that this would facilitate the analysis of receptors and signaling

pathways involved in DC activation. These studies demonstrate

that this is the case and reveal a number of unanticipated activation

pathways of relevance not only to lupus but also to TLR signaling

in general.

Materials and Methods
Mice

C57BL/6 wild-type (WT) mice were purchased from The Jackson Labo-
ratory. FcR common �-chain-deficient mice (B6.129P2-Fcerg1tm1; back-
crossed 12 generations to C57BL/6) were obtained from Taconic Farms.
TLR7-deficient mice (backcrossed 7 generations to C57BL/6) have been
described previously (34). IRF5-deficient mice (backcrossed 8 generations
to C57BL/6) and IRF7-deficient mice (backcrossed three generations to
C57BL/6) were provided by Dr. T. Taniguchi (University of Tokyo, To-
kyo, Japan) and Dr. T. Mak (University of Toronto, Toronto, Canada) (29,
32). Type I IFNR-deficient mice backcrossed more than nine generations to
C57BL/6 were provided by Dr. J. Sprent (Garvan Institute of Medical

Research, Sydney, Australia) (35). All mice were maintained at the Boston
University School of Medicine Laboratory Animal Sciences Center or at
Charles River Laboratories in accordance with the regulations of the Amer-
ican Association for the Accreditation of Laboratory Animal Care. All
experimental procedures were approved by the Institutional Animal Care
and Use Committee at Boston University School of Medicine.

Reagents

CpG-A ODN 2336 (GGg gac gac gtc gtc gtg GGGGGG) were purchased from
Coley Pharmaceutical Group. Capital letters show phosphorothioate backbone,
and lowercase letters show phosphodiester backbone. Poly(deoxyinosinic-
deoxycytidylic acid) (poly(I:C)), LPS, and R848 were purchased from
InvivoGen. Pam3Cys-Ser-Lys4 was a gift from Prof. G. Jung (University
of Tubingen, Tubingen, Germany).

Patient sera

Blood samples were obtained from the patient population at Boston Med-
ical Center, all of whom met the American College of Rheumatology 1982
revised criteria for SLE (36). The study was approved by the Institutional
Review Board, and written informed consent was obtained from all pa-
tients. Nonanticoagulated peripheral blood was obtained from the patients,
placed at room temperature for 1 h, and centrifuged at 350 � g for 5 min.
The serum was collected, aliquot, and stored at �80°C. Serum autoanti-
body levels were measured in samples collected on the same day as the sera
collected for the in vitro experiments. Anti-nuclear Ab titers were mea-
sured by indirect immunofluorescence on HEp2 cells in the Clinical Im-
munology Laboratory at Boston Medical Center. Other autoantibodies
were measured in the RDL Reference Laboratory using the Farr assay for
dsDNA and ELISA for Sm, RNP, Ro, and La.

IgG purification

Patient sera were diluted with 3� volume of PBS and run over a protein
G-Sepharose column (GE Healthcare Bio-Sciences). IgG was eluted from
the column with glycine HCl (pH 2.8) and dialyzed three times against PBS
at 4°C before aliquotting and freezing at �80°C. In some experiments, the
purified IgG was treated with or without RNase A (USB) at a final con-
centration of 100 �g/ml in PBS for 24 h at 37°C and then again purified
using a protein G-Sepharose column as above to remove the RNase.

Preparation of DCs

Bone marrow cells were seeded at 1.5 � 106 cells/ml in complete RPMI
1640 (10% FBS, 2 mM L-glutamine, 50 �M 2-ME, 100 U/ml penicillin,
and 100 �g/ml streptomycin) supplemented with 7.5–10% conditioned me-
dium from fms-like tyrosine kinase 3 ligand (Flt3-ligand or FL)-transfected
B16 melanoma cells. The FL B16 cells were originally made by Dr. H.
Chapman (University of California, San Francisco) (37) and provided by
Dr. U. Von Andrian (Harvard Medical School, Boston, MA). The cells
were used for experiments after 8 days, at which time �90% were CD11c
positive,ofwhich15–40%displayedapDCphenotype(CD11cposCD45RAhigh

B220highCD11blow) and the remainder displayed a conventional DC (cDC)
phenotype (CD11cposCD45RAlowB220lowCD11bhigh). Collectively, the
cells obtained at 8 days containing both pDC and cDC populations are
referred to as FL-DCs.

DC stimulation

Before setting up each assay, the FL-DCs were routinely checked by
flow cytometry for the relative percentages of pDCs and cDCs and the
respective DC activation status after staining with anti-CD11c-PE, bi-
otinylated anti-CD45RA, followed by streptavidin-PE-Cy5, anti-B220-
FITC, anti-CD11b-FITC, and anti-CD62L-FITC Abs (all from BD Bio-
sciences). FL-DCs (3 � 105) were seeded in 96-well round-bottom
plates and cultured in complete RPMI 1640 with the appropriate TLR
ligands, patient sera, or patient IgG in a total well volume of 200 �l. In
some experiments, RNase A (5 �g/ml; USB) was added to the cultures
1 h before addition of the ligands and patient IgG. After 24 h, the super-
natants were collected for cytokine measurement. After collection of the
supernatants, the FL-DCs were labeled with a combination of anti-B220-
PE-Cy5, anti-CD11b-FITC, and anti-CD86-PE Abs (all from BD Bio-
sciences), detected with a FACScan flow cytometer (BD Biosciences), and
analyzed with FlowJo software (Tree Star). To obtain purified pDC
(CD11cposB220highCD11blow) and cDC (CD11cposB220negCD11bhigh)
populations for certain experiments, FL-DCs from 8 day cultures were
stained with anti-B220-PE-Cy5, anti-CD11c-PE, and anti-CD11b Abs (all
from BD Biosciences), and the DC populations were separated using a
MoFlo cell sorter (DakoCytomation).

6877The Journal of Immunology
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Cytokine measurement

Cytokine levels in the tissue culture supernatants were measured using
in-house ELISAs developed using commercially available Abs. For the
IL-6 ELISA, we used the rat anti-mouse IL-6 mAb (MP5-20F3; BD
Pharmingen), the biotinylated rat anti-mouse IL-6 Ab (MP5-32C11; BD
Pharmingen), and recombinant mouse IL-6 standard (554582; BD Pharm-
ingen). The detection limit of the IL-6 ELISA is 16 pg/ml. For the IFN-�
ELISA, we used the rat anti-mouse IFN-� mAb (22100-1; PBL Biomedical
Laboratories), rabbit anti-mouse IFN-� polyclonal Ab (32100-1; PBL Bio-
medical Laboratories), HRP-conjugated donkey anti-rabbit IgG (711-036-
152; Jackson ImmunoResearch Laboratories), and mouse rIFN-� standard
(12100-1; PBL Biomedical Laboratories). The detection limit of the IFN-�
ELISA is 80 pg/ml. For the IFN-� ELISA, we used the rat anti-mouse
IFN-� mAb (17662-10A; US Biological), rabbit anti-mouse IFN-� poly-
clonal Ab (32400-1; PBL Biomedical Laboratories), HRP-conjugated donkey
anti-rabbit IgG (711-036-152; Jackson ImmunoResearch Laboratories), and
mouse rIFN-� standard (12400-1; PBL Biomedical Laboratories). The detec-
tion limit of the IFN-� ELISA is 130 pg/ml.

Results
Sera and IgG from lupus patients activate murine DCs

Mouse bone marrow cells cultured in vitro with FL develop into a

mixed population of pDCs and cDCs, collectively referred to as

FL-DCs. These pDCs and cDCs show equivalent properties to

pDCs and cDCs isolated directly from mouse spleen (38). We

began by testing whether sera from lupus patients could activate

mouse FL-DCs. We found that certain sera induced the production

of IFN-� and small amounts of IL-6 whereas others did not (Fig.

1A). The sera stimulated maximally at a concentration of 0.1%,

much lower than the 10–20% concentration used in studies with

human PBMCs (12, 13, 23, 24). The stimulatory sera in this initial

screen contained autoantibodies reactive against dsDNA and the

uridine-rich U RNA-complexed proteins Sm and RNP, whereas

the nonstimulatory sera contained autoantibodies reactive against

dsDNA and the uridine-rich hY RNA-complexed proteins Ro and

La (Table I). To identify the stimulatory component of the sera, we

purified IgG using protein G affinity chromatography and found

that this IgG recapitulated the stimulatory ability of the sera (Fig.

1B). These experiments were performed without the addition of

any exogenous Ag or other costimuli to the cultures. Thus, certain

IgG, or immune complexes containing IgG, from lupus patients are

able to activate mouse FL-DCs.

FL-DC activation by lupus IgG correlates with Sm/RNP

reactivity and is TLR7 dependent

The initial stimulatory sera tested, SLE1 and SLE2, contained au-

toantibodies with reactivity against dsDNA, Sm, and RNP. As ac-

tivation of human pDCs by protein G-purified IgG with dsDNA

reactivity from lupus patients has been linked to TLR9 (13), we

first compared the ability of SLE1 and SLE2 sera to activate WT

and TLR9-deficient FL-DCs. However, these two sera activated

WT and TLR9-deficient FL-DCs equally well (data not shown),

suggesting either that TLR9 was not involved in activation by

Table I. Sera reactivities and types of nephritis of lupus patients in this study

Patients
Anti-nuclear

Ab Titer

Autoantibody Reactivity

NephritisSm RNP Ro La dsDNAa

SLE 1 1/2560 ��� ��� ��� ��� 378 Class IV
SLE 2 1/2560 ��� ��� neg neg 23 Unclassified
SLE 3 1/2560 ��� ��� neg neg �5 None
SLE 4 1/640 �� � neg neg �5 Class III
SLE 5 1/640 negb

��� �� neg 20 None
SLE 6 1/640 neg neg ��� ��� 190 Class III, V
SLE 7 1/2560 neg neg ��� �� 31 Class IV
SLE 8 1/1280 neg neg ��� neg �5 None
SLE 9 1/2560 neg neg �� neg 10701 Class III, V
SLE 10 1/2560 neg neg neg neg 586 None
SLE 11 1/160 neg neg neg neg 152 Class IV, V

a For Abs against dsDNA, values � 5 IU/ml are considered positive.
b Negative for indicated autoantibody reactivity.

FIGURE 1. Sera and IgG from lupus patients acti-

vate murine FL-DCs. Bone marrow-derived FL-DCs

from WT C57BL/6 mice were cultured with sera (A) or

IgG (B) from lupus patients (SLE1, SLE2, SLE6, SLE8,

and SLE10), the CpG-A oligodeoxynucleotide (ODN)

2336 (100 nM in A and 50 nM in B), and LPS (25

ng/ml). IFN-� and IL-6 concentrations in supernatants

collected after 24 h were measured by ELISA. Data

shown are the mean � SD of one of two representative

experiments (A) and one of three representative exper-

iments (B).

6878 MOUSE DC ACTIVATION BY HUMAN IgG-RNA COMPLEXES
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anti-dsDNA Abs or, alternatively, that the stimulatory ability of

the sera was not due to the anti-dsDNA Abs.

To analyze this further, we prepared IgG from a more extensive

panel of lupus sera (Table I). The ability of the IgG to activate

FL-DCs correlated with specificity of the IgG for Sm or RNP but

did not correlate with specificity for dsDNA, Ro, or La (Fig. 2A).

Substantial amounts of IFN-� were induced by the stimulatory

IgG, but only modest amounts of IL-6. In addition to cytokine

production, the stimulatory IgG also induced up-regulation of the

costimulatory molecule CD86 on the surface of both pDCs and

cDCs to a similar degree as that induced by the conventional TLR9

ligand CpG-A and the TLR7 ligand R848 (Fig. 2B).

Because of the correlation of Sm/RNP reactivity with the stim-

ulatory IgG, we next tested the possibility that the FL-DC activa-

tion observed was due to the presence of RNA-containing immune

complexes in the cultures. If that was the case, it seemed likely that

TLR7 would be involved in the activation (19, 23, 24, 39). Indeed,

both cytokine production and CD86 up-regulation induced by the

stimulatory IgG was found to be completely TLR7 dependent (Fig.

2, A and B). This was not due to an inability of the TLR7-deficient

DCs to make cytokines because IFN-� and IL6 production induced

by the TLR9 ligand CpG-A was equal in both WT and TLR7-

deficient cells.

FL-DC activation requires both Fc�R engagement and the

presence of RNA

A current hypothesis for how RNA-containing immune complexes

activate DCs is that the immune complex is internalized via a

Fc�R on the cell surface, and the RNA within the complex is then

delivered to TLR7 or other intracellular RNA-reactive receptors to

induce cell activation (40). It was important to verify that this

paradigm applied to our experimental system.

The FcR� chain is required for the efficient assembly and cell

surface expression of all the mouse activating Fc�Rs, Fc�RI,

Fc�RIII, and Fc�RIV (41, 42). To test whether FcR engagement

was required for FL-DC activation by stimulatory IgG from lupus

patients, we compared FL-DCs from WT and FcR� chain-deficient

mice. The stimulatory IgG failed to elicit cytokine production or

CD86 up-regulation by FL-DCs from FcR� chain-deficient mice,

although cytokine production and CD86 up-regulation in response

to conventional TLR ligands was the same as in WT FL-DC (Fig.

3 and data not shown).

To determine whether RNA was required for the response, cul-

tures were set up in the presence or absence of RNase. In the

presence of RNase, almost no cytokine production was induced by

the stimulatory IgG (Fig. 4A). Thus, FL-DC activation required

both Fc�R engagement and the presence of RNA, strongly sug-

gesting that the stimulatory response was due to RNA-containing

immune complexes in the cultures.

As no exogenous Ag was added to the cultures, the source of

RNA must have been either RNA-containing immune complexes

originally present in the patient sera or, alternatively, apoptotic or

necrotic mouse cells in the FL-DC cultures. To distinguish be-

tween these possibilities, we pretreated the stimulatory IgG with a

high concentration of RNase for 24 h to remove endogenous pa-

tient RNA bound to the IgG, purified the IgG by protein G puri-

fication to remove the RNase, and then added the IgG to the

FL-DC cultures. We found that pretreatment of the stimulatory

FIGURE 2. Activation of murine DCs by IgG from lupus patients is TLR7 dependent. Bone marrow-derived FL-DCs from WT C57BL/6 and TLR7-deficient

(TLR7�/�) mice were cultured with the CpG-A ODN 2336 (50 nM), R848 (15 nM), LPS (25 ng/ml), and IgG from lupus patients (50 �g/ml; SLE1–11). A, IFN-�

and IL-6 concentrations in supernatants collected after 24 h were measured by ELISA. Data represent mean � SEM of 3–8 experiments (WT) and 3–10

experiments (TLR7 deficient). B, After removal of supernatants for cytokine analysis, the cells were stained with Abs against B220, CD11b, and CD86. pDCs

(B220high and CD11bneg) and cDCs (B220neg and CD11bhigh) were analyzed separately. CD86 expression is shown with stimulus-induced staining intensity (f)

compared with staining intensity of the nonstimulated cultures (u). A representative example of the experiments in A is shown.

6879The Journal of Immunology
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IgG with RNase did not substantially reduce the ability of the IgG

to activate FL-DCs. However, the addition of RNase to the actual

FL-DC cultures, even at low concentration, effectively prevented

activation (Fig. 4B). This suggests that RNA from apoptotic or

necrotic mouse cells in the FL-DC cultures is sufficient for immune

complex-mediated in vitro activation.

pDCs are the source of IFN-� in lupus IgG-stimulated FL-DC

cultures

Although pDCs are the major IFN-�-producing cells, several stud-

ies have shown that cDCs can produce appreciable levels of IFN-�

under certain conditions, including viral infection or after inter-

nalization of class A CpG oligodeoxynucleotides by transfection

(43, 44). In mice, both pDCs and cDCs express TLR7 and Fc�Rs

and so were potential sources of IFN-� in the FL-DC cultures. To

determine which cell type was responsible for IFN-� production,

FIGURE 3. Activation of murine DCs by IgG from lupus patients is

Fc�R-dependent. Bone marrow-derived FL-DC from WT C57BL/6 and

Fc� chain-deficient (FcR�-chain�/�) mice were cultured with the CpG-A

ODN 2336 (50 nM), R848 (15 nM), LPS (25 ng/ml), and IgG from lupus

patients (50 �g/ml; SLE1–11). IFN-� and IL-6 concentrations in superna-

tants collected after 24 h were measured by ELISA. Data represent mean �

SEM of three experiments.

FIGURE 4. RNA is required for murine FL-DC activation by IgG from

lupus patients. A, Bone marrow-derived FL-DCs from WT C57BL/6 mice

were preincubated for 60 min with or without RNase A (5 �g/ml) and then

cultured with the CpG-A ODN 2336 (50 nM), R848 (15 nM), and IgG from

lupus patients SLE1, SLE 2, and SLE3 (50 �g/ml). IFN-� and IL-6 con-

centrations in supernatants collected after 24 h were measured by ELISA.

Data represent mean � SEM of three experiments. B, IgG from lupus

patient SLE1 was pretreated (RNase-pretreated SLE1) or not pretreated

(SLE1) with RNase (100 �g/ml) for 24 h, protein G purified to remove the

RNase, and then added to the FL-DC cultures in the presence or absence

of RNase A (5 �g/ml). IFN-� and IL-6 concentrations in supernatants

collected after 24 h were measured by ELISA. Data represent mean �

SEM of three experiments.

FIGURE 5. IRF5 and IRF7 are both required for mouse FL-DC activa-

tion by IgG from lupus patients. Bone marrow-derived FL-DCs from WT

C57BL/6 and IRF7-deficient (IRF7�/�) mice (A) or WT C57BL/6 and

IRF5-deficient (IRF5�/�) mice (B) were cultured with the CpG-A ODN

2336 (50 nM), R848 (15 nM), LPS (25 ng/ml), and IgG from lupus patients

(50 �g/ml; SLE1, SLE2, SLE3, SLE5, SLE6, and SLE10). IFN-� and IL-6

concentrations in supernatants collected after 24 h were measured by

ELISA. Data represent mean � SEM of three experiments for A and five

experiments for B.

Table II. Cytokine production by sorted murine pDCs and cDCs

activated with conventional TLR ligands or with IgG from patients

with SLE

IFN-� (pg/ml) IL-6 (pg/ml)

pDCs cDCs pDCs cDCs

Media �80 �80 �16 �16
CpG-A 42,350 � 3,041 �80 295 � 49 3,410 � 1,485
R848 �80 �80 5,653 � 1,595 570 � 396
LPS �80 �80 �16 1,310 � 382
SLE 1 8,630 � 11 �80 �16 �16
SLE 2 13,643 � 2,106 �80 �16 �16
SLE 3 3,590 � 53 �80 �16 �16
SLE 5 4,576 � 3,928 �80 �16 �16
SLE 6 �80 �80 �16 �16
SLE 7 �80 �80 �16 �16
SLE 8 �80 �80 �16 �16
SLE 10 �80 �80 �16 �16
SLE 11 �80 �80 �16 �16
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we separated FL-DCs into pDC and cDC populations by cell sort-

ing. The pDCs produced high levels of IFN-� in response to stim-

ulatory lupus IgG, whereas no IFN-� production was seen from

cDCs (Table II). The TLR7/8 ligand R848 did not induce IFN-�

production by pDCs, although it did induce high levels of IL-6

from pDCs. The reasons for this lack of IFN-� induction by R848

are not clear, but similar in vitro findings have been reported pre-

viously by other investigators (21). Intriguingly, the low level of

IL-6 induced by the stimulatory lupus IgG in FL-DC cultures was

no longer seen in cultures of purified pDCs and cDCs.

IRF7 and IRF5 are both critical mediators of FL-DC activation

induced by stimulatory lupus IgG

IRF7 and IRF5 are transcription factors that contribute importantly

to the specific gene expression programs induced by TLR7 and

TLR9 (28). However, the roles of IRF7 and IRF5 in DC IFN-� and

proinflammatory cytokine production induced by nucleic acid im-

mune complexes are unknown. To examine this, we compared

lupus IgG activation of FL-DCs from WT, IRF7-deficient, and

IRF5-deficient mice. We first confirmed that the percentages of

pDCs and cDCs in the FL-DCs from the three different mouse

strains were similar, so that any differences in cytokine production

observed on activation could not simply be attributed to differences

in DC subset number (data not shown). The stimulatory lupus IgG

and the conventional TLR9 ligand CpG-A failed to induce IFN-�

production by IRF7-deficient FL-DCs (Fig. 5A), which is consis-

tent with the role of IRF7 as the master regulator of type I IFN

production (29). Unexpectedly, however, we found a marked re-

duction in IL-6 production by the IRF7-deficient FL-DC in re-

sponse to the stimulatory IgG, CpG-A, and R848. This was not due

FIGURE 6. IRF5 is involved in

FL-DCs IFN-� and IL-6 production

induced by TLR3, TLR7, and TLR9

ligands. Bone marrow-derived FL-

DCs from WT C57BL/6 and IRF5-de-

ficient (IRF5�/�) mice were cultured

with indicated concentrations of the

CpG-A ODN 2336, poly(I:C), R848,

LPS, and Pam3Cys. IFN-� and IL-6

concentrations in supernatants col-

lected after 24 h were measured by

ELISA. Data represent mean � SEM

of three experiments.

FIGURE 7. IFN-� production by FL-DCs stimulated

with IgG from lupus patients is TLR7, IRF5, and IRF7

dependent. Bone marrow-derived FL-DCs from WT

C57BL/6, TLR7-deficient (TLR7�/�), IRF5-deficient

(IRF5�/�), and IRF7-deficient (IRF7�/�) mice were

cultured with the CpG-A ODN 2336 (50 nM), R848 (15

nM), LPS (25 ng/ml), and IgG from lupus patients (50

�g/ml; SLE1–6, 10). IFN-� concentrations in superna-

tants collected after 24 h were measured by ELISA.

Data represent mean � SEM of 13 experiments (WT),

4 experiments (TLR7�/�), 4 experiments (IRF5�/�),

and 3 experiments (IRF7�/�). N.D., Not done.
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to an inability of IRF7-deficient FL-DCs to make IL-6 as LPS

induced similar levels of IL6 in WT and IRF7-deficient FL-DCs.

In IRF5-deficient DCs, we found that IFN-� production induced

by the stimulatory lupus IgG and CpG-A was substantially, but not

completely, reduced as compared with WT DCs (Fig. 5B). This

was a surprising result as other investigators have shown that pDC

IFN-� production induced by CpG-A at 1 �M is IRF5 independent

(32). Because we used a lower concentration of CpG-A (50 nM)

in our experiments, we performed more extensive dose-re-

sponse assays to determine whether IRF5 would still play a role

in IFN-� production at higher CpG-A concentrations (Fig. 6).

We found decreased IFN-� production in IRF5-deficient FL-

DCs at a range of CpG-A concentrations, although this was less

apparent at the highest concentrations. IFN-� production in re-

sponse to the TLR3 ligand poly(I:C) was also partially IRF5

dependent. IL-6 production by IRF5-deficient DCs was reduced

substantially in response to stimulatory lupus IgG and the con-

ventional TLR3, TLR7, and TLR9 ligands but not in response

to the TLR2 ligand Pam3Cys or the TLR4 ligand LPS.

Lupus IgG induces IFN-� secretion by FL-DCs

IFN-� and IFN-� share the same receptor and activate similar

IFN-��-inducible gene programs (4). It is thus possible that IFN-�

could potentially contribute to the type I IFN effects in lupus gen-

erally attributed to the effects of IFN-�. However, it is not known

whether RNA-containing immune complexes are able to induce

IFN-� production or, more generally, whether IRF5 plays a role in

TLR7-induced IFN-� production in DCs. We found that stimula-

tory lupus IgG, as well as conventional TLR7 and TLR9 ligands,

induced appreciable IFN-� production by FL-DCs and that this

was dependent on both IRF5 and IRF7 (Fig. 7). As for other read-

outs of activation induced by stimulatory lupus IgG, this was also

TLR7 dependent.

FL-DC IL-6 production induced by TLR7 and TLR9 ligands is

dependent on signaling through the type I IFNR

After TLR7 or TLR9 engagement, signaling pathways downstream

of MyD88 bifurcate into NF-�B- and IRF7-activating pathways,

with NF-�B being required for inflammatory cytokine gene ex-

pression and IRF7 being essential for type I IFN gene induction

(45). Therefore, we were surprised by our observations that lupus

IgG failed to induce IL-6 in purified pDC and cDC cultures (Table

II) and also that IL-6 production was markedly reduced in IRF7-

deficient FL-DC (Fig. 5A). This led us to hypothesize that IL-6

production induced in FL-DCs by the stimulatory lupus IgG might

require a synergistic signal from IFN-� produced by the pDCs and,

FIGURE 8. FL-DC IL-6 production

induced by TLR3, TLR4, TLR7, and

TLR9 ligands is dependent on signaling

through the type I IFNR. Bone marrow-

derived FL-DCs from WT C57BL/6

and type I IFNR-deficient (IFNAR�/�)

mice were cultured with the CpG-A

ODN 2336 (50 n�), �848 (15 n�),

LPS (25 ng/ml), and IgG from lupus pa-

tiens (50 �g/ml; SLE1, 2, 3, 5, 6, 10)

(A) or with the indicated concentrations

of the CpG-A ODN 2336, poly(I:C),

R848, LPS, and Pam3Cys (B). IFN-�

and IL-6 concentrations in supernatants

collected after 24 h were measured by

ELISA. Data represent mean � SEM of

three experiments for both A and B.
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thus, that these pathways might be interdependent. To test this, we

compared FL-DCs from WT and type I IFN receptor (IFNAR)-

deficient mice. Consistent with our hypothesis, IL-6 production

was not seen in IFNAR-deficient FL-DCs activated with stimula-

tory lupus IgG. Remarkably, we also found the same requirement

for type I IFN signaling in the production of IL-6 induced by low

concentrations of the conventional TLR9 and TLR7 ligands but

not in the production of IL-6 induced by a low concentration of the

TLR4 ligand LPS (Fig. 8A). We further observed that IFN-� pro-

duction in response to lupus IgG or CpG-A was abrogated in FL-

DCs from IFNAR-deficient mice (Fig. 8A), possibly due in part to

the absence of the type I IFN-dependent amplification loop previ-

ously reported to be required for the robust sustained production of

IFN-� by pDCs following TLR9 engagement (46).

To determine whether IFNAR signaling was also required for

IL-6 production at higher concentrations of TLR ligands, we per-

formed more extensive dose-titration assays and also tested addi-

tional TLR ligands. These studies confirmed our initial findings,

except that at higher CpG-A concentrations some IL-6 production

by IFNAR-deficient FL-DC was observed, although substantially

less than that produced by WT FL-DCs (Fig. 8B). IL-6 production

was independent of the IFNAR at a low concentration of LPS (Fig.

8A). However, at higher LPS concentrations, an IFNAR-dependent

effect was observed (Fig. 8B), presumably reflecting IFN-� pro-

duction induced by LPS at the higher concentrations. IL-6 produc-

tion induced by the TLR3 ligand poly(I:C) and the TLR7/8 ligand

R848 was almost entirely dependent on IFNAR signaling at all

ligand concentrations tested. In contrast, IL-6 production induced

by the TLR2 ligand Pam3Cys was independent of the IFNAR. This

result can be explained by the fact that, unlike TLR3, TLR4,

TLR7, and TLR9 ligands, TLR2 ligands do not induce type I IFN

(47–50). Thus, IL-6 production induced by TLR9 and TLR7 li-

gands, as well as by TLR3 and TLR4 ligands, is not simply a result

of NF-�B activation downstream of these TLRs but also requires

a signal through the IFNAR.

Discussion
Dysregulated activation of DCs by nucleic acid-containing im-

mune complexes is implicated in the pathogenesis of SLE (6, 9).

However, it has been difficult to definitively examine the receptors

and signaling pathways involved in DC activation by human lupus

immune complexes using human DCs. In this study, we show that

immune complexes comprised of RNA and human IgG can effec-

tively activate mouse DCs and that this system can be used to

identify the receptors and signaling pathways involved in this

activation.

Mouse FL-DC activation by the stimulatory lupus sera and pu-

rified IgG was Fc�R dependent and TLR7 dependent and was

inhibited by RNase, strongly suggesting that RNA-containing im-

mune complexes were responsible for the activation. No exoge-

nous Ag was added to the cultures, so the source of RNA must

have been either RNA-containing immune complexes originally

present in the patient sera or, alternatively, apoptotic or necrotic

mouse cells in the FL-DC cultures. If the latter is the case, as is

suggested by the IgG RNase pretreatment experiments (Fig. 4B), it

may be that RNA-containing immune complexes in lupus are not

present in the circulation but instead are formed locally at sites of

increased apoptosis or impaired apoptotic cell clearance (9, 51). In

either case, based on the autoantibody reactivity of the stimulatory

sera, it is likely that RNA associated with Sm protein and/or RNP

is an important component of the immune complex, although we

cannot exclude the possibility that unidentified anti-RNA Abs in

lupus sera are also playing a role. The uridine-rich hYRNAs that

are associated with Ro or La proteins are also potential candidates

to activate pDCs (23), but we found no correlation between anti-

Ro or anti-La reactivity and the stimulatory ability of the sera or

purified IgG. This may reflect a lack of Ro/hYRNA and La/

hYRNA in the cultures rather than an intrinsic lack of stimulatory

ability of hYRNA per se, and it is possible that in certain in vivo

or different in vitro situations sufficient Ro/hYRNA and La/

hYRNA might be available to allow the formation of stimulatory

immune complexes (52, 53).

Our finding that FL-DC activation by human IgG RNA-contain-

ing immune complexes was TLR7 dependent is consistent with a

number of previous reports. In studies in which immune com-

plexes were formed by combining IgG from lupus patients with an

exogenous source of RNA, human pDC activation was blocked

substantially by inhibitors of the TLR7 signaling pathway (23, 24).

Furthermore, TLR7 was necessary for mouse pDC or B cell acti-

vation induced by immune complexes consisting of a mouse

monoclonal anti-Sm Ab bound to RNA-protein Ag (19, 39). TLR7

was also required for the development of autoantibodies against

RNA-related Ags in mouse models in vivo (54–57). Although we

cannot exclude the possibility that other intracellular nucleic acid

sensors such as the RNA helicases melanoma differentiation-

associated gene 5 and retinoic acid-inducible gene I (58, 59) may

also play a role in detecting RNA containing immune complexes,

recent studies demonstrating specificity of retinoic acid-inducible

gene I for viral RNA make this less likely (60, 61).

Immune complexes containing mammalian DNA can activate

DCs and B cells, at least in part through TLR9 (12–14, 16). How-

ever, we did not observe DC activation in response to sera or IgG

from patients with reactivity to dsDNA, even though the samples

were obtained from patients with active disease and most were of

high titer. It may be that not all patients with dsDNA reactivity

have circulating DNA-containing immune complexes or that the

human DNA, if present, is not able to effectively engage mouse

TLR9. Alternatively, it is possible that the stimulatory DNA-con-

taining immune complexes are not stable after acid-elution from

protein G as was found in one study (12), although these com-

plexes were reported to be stable after acid-elution in another study

(13). However, if instability was the reason, we might still have

expected to find DC activation with the dsDNA-reactive sera be-

fore IgG purification, which we did not. The specificity of human

autoantibodies for mouse autoantigens also needs to be considered.

It is possible that human autoantibodies may not bind to mouse and

human autoantigens equally because of limited autoantigen cross-

reactivity. Thus, even if potentially immunostimulatory DNA is

released by the mouse DCs in vitro, it may not form effective

immune complexes with the human anti-DNA autoantibodies. As

the focus of our study was on RNA-containing immune com-

plexes, these issues were not addressed in detail, but it will be

important to re-examine them in future work.

A previous study has linked IRF5 with TLR-induced proinflam-

matory cytokine production but not with the production of type I

IFN (32). Therefore, we were surprised by our finding that IFN-�

and IFN-� production induced by RNA-containing immune com-

plexes, as well as by CpG-A and poly(I:C), was mostly IRF5 de-

pendent. There are a number of possible explanations for this dif-

ference. The other investigators used 1 �M of the TLR9 ligand

CpG-A to induce IFN-� by splenic pDCs and found no difference

in the production of IFN-� by WT and IRF5-deficient cells. Pro-

duction of type I IFN induced by TLR7 activation was not eval-

uated in these studies. In contrast, we used a lower dose of CpG-A

(50 nM) in our initial studies, and, in subsequent dosage studies,

we found that differences in CpG-A-induced IFN-� production

between WT and IRF5-deficient FL-DCs were more pronounced at

lower CpG-A concentrations than at higher CpG-A concentrations,
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although differences were present at a range of concentrations. The

issue of dosage may be especially relevant in terms of lupus patho-

genesis where the strength of activation of TLR7 or TLR9 by

nucleic acid-containing immune complexes is very likely less than

that elicited by maximal doses of microbial and synthetic TLR7

and TLR9 ligands. It is also possible that pDCs derived from

spleen differ from pDCs in FL-DCs in terms of the requirement for

IRF5 in CpG-A induced IFN-� production. There is additional in

vitro evidence in human cell lines supporting a role for IRF5 in

type I IFN production. For example, IRF5 was originally identified

in cell lines as a regulator of type I IFN gene expression induced

by infection with certain viruses (30, 31), and IRF5 was shown to

be a central mediator of type I IFN production induced following

TLR7 activation by R848 in HEK293 cells (62). The role of IRF5

in DC type I IFN production induced by nucleic acid immune

complexes may be especially relevant in SLE, given the potential

contribution of IFN-� to disease pathogenesis (5, 6) and recent

studies showing an association between IRF5 polymorphisms and

an increased risk of SLE in humans (26, 27).

We did not see a difference in FL-DC IL-6 production between

WT and IRF5-deficient FL-DCs activated with the TLR4 ligand

LPS or the TLR2 ligand Pam3Cys. Our findings are consistent

with those in WT and IRF5-deficient bone marrow-derived mac-

rophages pretreated with IFN-� in which equivalent production of

IL-6 was seen in response to LPS (63). However, they differ from

the decreased production of IL-6 observed with LPS activation of

IRF5-deficient mouse splenic macrophages reported by others

(32). This could be due to differences in the activation state of the

different macrophage populations in the published studies or, in

our studies, to cell-specific differences between macrophages and

DCs in the requirement for IRF5 in IL-6 production. Certainly,

cell-specific differences are found in humans, where there are mul-

tiple IRF5 isoforms with distinct cell type-specific expression, cel-

lular localization, differential regulation, and dissimilar functions

in virus-mediated type I IFN gene induction (64).

TLR7 and TLR9 induce both inflammatory cytokine and type I

IFN production, with the intracytoplasmic adaptor molecule

MyD88 being essential in this process (65). The signaling path-

ways downstream of MyD88 leading to production of these cyto-

kines are generally regarded as distinct and separate, with the

NF-�B pathway being required for inflammatory cytokine gene

expression and the IRF7 pathway being required for type I IFN

gene induction (45). However, we found that production of the

inflammatory cytokine IL-6 induced by RNA-containing immune

complexes or by conventional TLR7 and TLR9 ligands, as well as

by TLR3 and TLR4 ligands, was dependent on signaling through

the IFNAR. This was not due simply to the direct induction of IL-6

by type I IFN because only very low levels of IL-6 were induced

in FL-DC cultures by rIFN-� or IFN-� alone, even at high con-

centrations (data not shown). In contrast, IL-6 production induced

by the TLR2 ligand Pam3Cys was independent of the IFNAR. This

result can be explained by the fact that, unlike TLR3, TLR4,

TLR7, and TLR9 ligands, TLR2 ligands do not induce type I IFN

(47–50). Thus, signaling through the IFNAR presumably aug-

ments IL-6 production induced via the NF�B pathway following

activation of those TLRs able to induce type I IFN. A similar

requirement for type I IFN signaling in the production by mouse

bone marrow-derived myeloid DCs of IL-12p70 induced either by

TLR7/TLR4 or TLR7/TLR3 coengagement has been reported pre-

viously (48). The marked decrease in IL-6 production we observed

in IRF7-deficient DCs in response to TLR7 and TLR9 ligands

likely reflects a requirement for IFN signaling in IL-6 production

as discussed above rather than a direct role for IRF7 in the NF-�B

pathway. It will be important to determine the extent to which

IFNAR signaling contributes to the production of other proinflam-

matory cytokines induced by TLR7 and TLR9 engagement.

It is necessary to interpret the data presented here recognizing

that there may be inherent differences between mouse and human

DCs both in signaling pathways and receptor expression and that

findings will ultimately need to be confirmed in human cells. Nev-

ertheless, this system using human IgG and mouse DCs may pro-

vide important information that would be difficult to obtain in other

ways and may also prove generally applicable to the study of other

human immune complex-mediated diseases and other cell types.
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