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Abstract
Objective—CRP is a serum pattern recognition molecule that binds to apoptotic cells and
nucleoprotein autoantigens and FcγR. In SLE IC containing nucleoprotein autoantigens activate
plasmacytoid dendritic cells (pDC) to produce type I IFN, which contributes to disease
pathogenesis. Autoantibody IC are taken up by pDC through FcγRIIa into endosomes where the
nucleic acid components activate TLR7 or TLR9. The objective of this study was to investigate
the effect of CRP on pDC and monocyte responses to nucleoprotein autoantigens and IC.

Methods—Peripheral blood mononuclear cells (PBMC), purified monocytes and pDC were
isolated from healthy volunteers and stimulated with autoantibody IC containing apoptotic cells,
snRNPs, or DNA or direct TLR7 and TLR9 agonists. Supernatants were analyzed for IFN-α and
cytokines by ELISA and multiplex assays. snRNPs were fluorescently labeled and the effect of
CRP on binding, uptake and intracellular localization of autoantibody snRNP complexes was
measured by flow cytometry and confocal microscopy.

Results—CRP bound to autoantigen did not induce IFN-α in PBMC or pDC, whereas
complexes formed with autoantibody did. Significantly, CRP inhibited the IFN-α response to both
α-U1 RNP-snRNPs and α-DNA-DNA, but not to other TLR7 and TLR9 agonists. CRP directly
inhibited pDC IFN-α release, promoted pDC differentiation, and increased late endosome
localization of autoantigen in pDC and monocytes.

Conclusion—CRP is a regulator of the type I IFN response to SLE IC. CRP increased the
intracellular processing of IC in late endosomes, which is associated with decreased synthesis of
type I IFN after intracellular TLR activation.

Plasmacytoid dendritic cells (pDC) play an important role in host defense against viral
infection by producing large quantities of type I IFN (including IFN-α, IFN-β and other
subtypes that bind to the IFN-α receptor, IFNAR) (1, 2). Production of type I IFN by pDC is
triggered by recognition of viral nucleic acids through intracellular sensors located in the
cytoplasm and in endosomes. In the pDC endosomal pathway TLR7 recognizes RNA and
TLR9 recognizes DNA resulting in MyD88-dependent signaling that culminates in the
phosphorylation of interferon regulatory factor (IRF) 7, and transcription of type I IFN and
other genes (2, 3). The intracellular sequestration of TLR7 and TLR9 prevents activation of
this pathway by self RNA and DNA. However, activation can occur when IC containing
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nucleoprotein antigens derived from apoptotic cells are taken up by pDC through FcγRIIa
(4, 5).

The generation of autoantibodies against nucleoprotein autoantigens and subsequent
formation of IC is characteristic of SLE. The majority of patients with SLE show an IFN
signature of gene expression in their peripheral blood cells as the result of chronic
overproduction of type I IFN and activation of IFN-inducible genes (6, 7). The IFN
signature of gene expression is associated with recent onset of SLE and with a more severe
clinical picture including renal and hematological disease (8). Type I IFN stimulates other
immune cells including monocytes, dendritic cells, NK cells, T and B lymphocytes and it
has been postulated that the activation of pDC by SLE IC may set up a self-perpetuating
cycle of autoimmunity (7, 9). This makes the type I IFN pathway an attractive therapeutic
target for SLE and several other autoimmune diseases (10).

CRP is a soluble pattern recognition molecule and a major acute phase serum protein (11).
Serum levels of CRP increase from less than 5 μg/ml at baseline to several hundred μg/ml
following trauma, infection or inflammation. The majority of circulating CRP is produced in
the liver in response to IL-6. Structurally CRP is a cyclic pentamer, which binds to microbial
and host ligands through five identical calcium-dependent binding sites on one face. The
other face interacts with the immune system through FcγR and FcαRI on cells (12) or C1q
of the classical complement pathway. CRP ligands include apoptotic cells and protein
components of the major SLE autoantigens, snRNPs and chromatin (13-15), as well as
microbial polysaccharides and phospholipids. We and others have proposed that CRP
contributes to the non-inflammatory removal of dead and damaged cells and prevents
immunization with nucleoprotein autoantigens. Although there are no known CRP
deficiencies or variations in amino acid sequence, a number of polymorphisms affect levels
of CRP and single nucleotide polymorphisms (SNPs) in the CRP gene have been associated
with SLE risk (16-19). In addition, IFN-α suppresses CRP synthesis (20) and CRP levels are
inappropriately low in SLE flares in the absence of serositis or infection (21, 22).

CRP administered by injection was first shown to have therapeutic benefit in chromatin-
accelerated disease in the (NZB × NZW) F1 female mouse (23). Subsequently CRP
expressed from a transgene or injected was found to prolong survival and decrease renal
disease in the spontaneous (NZB × NZW) F1 female and the MRL/MpJ-Faslpr mouse
models of SLE (24-26). The most pronounced effect of CRP in these models was the
prevention and suppression of proteinuria and glomerulonephritis. Experiments in other
autoimmune and IC disease models including nephrotoxic nephritis, immune
thrombocytopenia and experimental autoimmune encephalomyelitis implicate macrophages,
FcγR, and IL-10 as key elements in CRP suppression of autoimmune disease (24, 27, 28).
Effects of CRP on the type I IFN pathway have not been reported previously.

In this study we examined the effect of CRP on the IFN-α response of human peripheral
blood mononuclear cells (PBMC) to IC containing nucleoprotein autoantigens. The results
demonstrate a regulatory role for CRP in the type I IFN pathway and provide an additional
mechanism for the therapeutic effects of CRP in autoimmune disease models.

MATERIALS AND METHODS
Reagents

Purified snRNPs and serum containing autoantibodies were generously provided by Dr.
Rufus Burlingame (Inova Diagnostics). Type A CpG oligodeoxynucleotide (ODN 2216,
CpG-A) and endotoxin-free E. coli DNA were purchased from Invivogen. Inactivated
influenza A (strain Texas H3N2) was purchased from Microbix Biosystems. IgG was
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purified from sera containing autoantibodies to U1 RNP or dsDNA on protein G Sepharose
and used at a concentration of 200 μg/ml. Only trace amounts of C1q (0.01%) were present
in the IgG preparations. snRNPs were labeled with Alexa Fluor (AF) 488 or AF647 using
Microscale Protein Labeling Kits from Invitrogen according to the manufacturer’s protocols.
Labeled snRNPs combined with α-U1 RNP induced IFN-α in the assay described below.

The following antibodies were used: anti-FcγRIIa (CD32, clone IV.3, Stem Cell
Technologies); phycoerythrin (PE) and AF488 anti-LAMP-1, PerCP-Cy5.5 anti-CD123,
allophycocyanin (APC) and fluorescein isothiocyanate (FITC) anti-CD14 (BD Biosciences);
PE anti-CD303 (Miltenyi); PE anti-ILT-7, PE anti-CD80, AF488 anti-CD86 (eBioscience);
horseradish peroxidase (HRP) goat anti-human IgG (Jackson Immunoresearch); HRP goat
anti-human CRP (Bethyl Laboratories). AF488 transferrin was from Invitrogen.

CRP was purified from pleural fluid by affinity and ion exchange chromatography, as
previously described (29). Purified CRP ran as a single band on overloaded SDS-PAGE gels
and contained < 1 unit of endotoxin per mg of protein.

Cells
All human studies were in compliance with the Helsinki Declaration and were approved by
the Institutional Review Board at the University of New Mexico Health Science Center.
Blood was drawn from healthy volunteers into heparinized tubes and PBMC were isolated
on Ficoll-Paque PLUS (GE Healthcare). Monocytes were purified from PBMC using
positive selection on anti-CD14 magnetic beads (Miltenyi). Purity was >95% determined
using PE anti-CD14. pDC were purified from PBMC by negative selection followed by
positive selection on anti-BDCA4 magnetic beads (Miltenyi, Diamond pDC kit). Purity of
pDC was >90% determined by flow cytometry with PerCP-Cy5.5 anti-CD123 and either PE
anti-CD303 or PE anti-ILT7.

The U-937 cell line, derived from a histiocytic leukemia, was obtained from the ATCC and
grown in RPMI with 5% fetal bovine serum. Apoptosis was induced in U-937 cells by
exposure to UV for 10 min followed by 4 h culture (30). The cells were stained with FITC
annexin and propidium iodide, and found to be >60% annexin positive and <10% propidium
iodide positive, indicating that the majority were apoptotic.

Cytokine and IFN-α Assays
PBMC were cultured at 2 × 105 cells per 100 μl well in triplicate in RPMI with 5% fetal
bovine serum and 2 mM CaCl2. CRP, IC, and TLR agonists were added at the following
concentrations: CRP (100 – 200 μg/ml); α-U1 RNP sera (2 - 12.5%); IgG α-U1 RNP and
IgG α-DNA (200 μg/ml); apoptotic U-937 cells (5 × 104 per 100 μl well); snRNPs (5 μg/
ml); CpG (5 μg/ml); DNA (5 μg/ml); influenza virus (1 pg/ml RNA). Supernatants were
collected after 20 h for cytokine assays. IFN-α was measured by ELISA (R&D Systems).
TNF-α, and IL-10 were measured using OptEIA kits (BD Bioscience). Cytokines (IFN-γ,
IL-1β, IL-6, IL-10, IL-12, IL-1RA, MCP-1, and IL-12) were also measured using Multiplex
assays (Milliplex, Millipore). pDC were cultured at 1 – 2 × 105 per 100 μl well in round
bottom plates with 10 ng/ml IL-3 (PeproTech) added for overnight cultures.

Anti-DNA ELISA
Antibody and CRP binding to DNA and CpG was tested by ELISA. Microtiter wells were
coated with 2 μg/ml poly(Lys,Phe) (Sigma Aldrich), washed and incubated overnight with
10 μg/ml bacterial DNA or CpG-A. After blocking with 0.1% gelatin, wells were incubated
with serum, IgG or CRP, washed, and developed with HRP anti-IgG or HRP anti-CRP and
substrate (TMB substrate reagent, BD Bioscience).
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Flow Cytometry
To analyze binding of IC, PBMC were incubated for 1 h on ice with AF488 or AF647
snRNPs (5 μg/ml), CRP (200 μg/ml) and α-U1 RNP (IgG) (200 μg/ml) in PAB (PBS
containing 0.05% sodium azide, 0.1% BSA). Incubation mixtures included APC or FITC
anti-CD14 to identify monocytes and PerCP-Cy5.5 anti-CD123 together with either PE anti-
CD303 or PE anti-ILT7 to identify pDC. Cells were fixed in 1% paraformaldehyde and
binding of snRNPs to monocytes and pDC was analyzed using an LSR Fortessa flow
cytometer (BD Bioscience) and FlowJo Software (Tree Star). To assess differentiation,
purified pDC were incubated for 20 h in culture medium with snRNPs (5 μg/ml), and CRP
(200 μg/ml), α-U1 RNP (IgG) (200 μg/ml) or both, washed and stained with PE anti-CD80
and AF488 anti-CD86. Expression of CD80 and CD86 were measured by flow cytometry.

Confocal Microscopy
Purified monocytes or pDC were incubated for 30 min or 1 h at 37° with AF647 snRNPs (5
μg/ml), and CRP (200 μg/ml), α-U1 RNP (IgG) (200 μg/ml) or both. To determine early
endosome colocalization, AF488 transferrin (50 μg/ml) was added for the last 10 min of
incubation (31). After the incubation cells were adhered to poly-L-lysine coated coverslips
for 15 min, washed with PBS, stained with 4′, 6-diamidino-2-phenylindole (DAPI) and
mounted with Prolong Gold Anti-Fade Reagent (Invitrogen). For late endosome/lysosome
colocalization cells were allowed to adhere to poly-L-lysine coated coverslips for 15 min,
washed with PBS, fixed with 1% paraformaldehyde in PBS, permeabilized with 0.25%
saponin, 1% BSA in PBS. Samples were blocked using Image-iT FX signal enhancer
(Invitrogen) and stained with AF488 anti-LAMP-1 in 0.25% saponin, 1% BSA in PBS,
followed by DAPI and mounted with Prolong Gold Anti-Fade Reagent (32). Cells were
imaged using a Zeiss LSM510 META Confocal microscope and images were analyzed for
colocalization using SlideBook software. At least 50 monocytes and at least 30 pDC were
analyzed for each treatment in each experiment.

Statistical analysis
Graphing and data analysis were done using Prism v6.0 (GraphPad Software). Two-tailed t-
tests or one-way ANOVA with Bonferroni’s multiple comparison correction were used to
compare means. Differences with a p-value < 0.05 were considered significant.

RESULTS
CRP inhibits the IFN-α response to α-U1 RNP IC

CRP binds to the 70K and SmD proteins of snRNPs and, when used to stain HEp-2 cells,
CRP produces a nuclear staining pattern similar to that of α-U1 RNP antibody (13). CRP
also binds to membrane phospholipids on late apoptotic and necrotic cells (15, 33). We used
apoptotic U-937 cells, as other investigators have used these as a source of interferogenic
autoantigen (30). By flow cytometry, CRP bound to apoptotic U-937 cells with saturation at
50 μg/ml (data available upon request from the author). We compared the IFN-α response
of PBMC stimulated with apoptotic U-937 cells together with CRP, α-U1 RNP serum or
both (Figure 1A). IFN-α was produced in response to α-U1 RNP and apoptotic cells as
previously reported (30). In an additional experiment only 9 pg/ml IFN-α and 62 pg/ml
IL-10 were produced in response to α-U1 RNP serum in the absence of apoptotic cells. CRP
either in the presence or absence of apoptotic cells did not induce IFN-α. Notably, CRP
significantly inhibited IFN-α release by cells stimulated with α-U1 RNP and apoptotic cells.
In dose response studies CRP inhibition was similar at 50, 100 and 200 μg/ml consistent
with the observed saturation of CRP binding to apoptotic cells at 50 μg/ml. CRP, in the
presence of apoptotic cells, also increased IL-10 (Figure 1B).
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We next examined the effect of CRP on the response to IC prepared with purified snRNPs.
We tested IFN-α release from PBMC stimulated with snRNPs and two different α-U1 RNP
sera and found a substantial response using 2 - 12.5% serum or 200 μg/ml purified IgG. The
IFN-α response to α-U1 RNP-snRNPs was eliminated by RNase treatment consistent with a
TLR7-dependent pathway. No IFN-α was produced by PBMC incubated with snRNPs and
serum from healthy control subjects (data available upon request from the author). We
showed by surface plasmon resonance that both CRP and α-U1 RNP IgG bound to snRNPs
and that there was no competition for binding (data available upon request from the author).
Similar to the results using apoptotic cells, adding CRP to α-U1 RNP-snRNPs inhibited the
IFN-α response. Figure 1C shows the percent inhibition seen in 10 experiments with 5
different donors, which were 36.2 ± 9.9 for 100 μg/ml CRP and 55.5 ± 8.1 for 200 μg/ml
CRP with α-U1 RNP serum. In dose response studies, 50 μg/ml was the minimum
inhibitory concentration of CRP. These concentrations of CRP are within the range found
during the acute phase response.

Initial experiments were done using IC made with serum as an autoantibody source. Since
C1q in serum has been shown by others to inhibit IFN-α responses to SLE IC (34, 35), we
tested the requirement for C1q or other serum components by purifying IgG from α-U1
RNP serum. We found that CRP was equally inhibitory for IC made with purified IgG
(percent inhibition 48.8 ± 7.0 for 200 μg/ml CRP and α-U1 RNP IgG) (Figure 1C). The lack
of involvement of C1q was confirmed by showing inhibition of IFN-α induction with a
recombinant mutant CRP (Y175L) that does not bind C1q (Figure 1D) (36).

The culture supernatants from 3 experiments using 200 μg/ml CRP and α-U1 RNP IgG
were analyzed for 8 additional cytokines using a multiplex assay (data available upon
request from the author). Cytokine responses to α-U1 RNP (IgG)-snRNPs complexes were
higher than to CRP-snRNP complexes, and included both pro-inflammatory and anti-
inflammatory cytokines. When CRP was added with α-U1 RNP (IgG)-snRNPs, there was
increased release of proinflammatory cytokines TNF-α (2.1 ± 1.7 fold), IL-1β (2.2 ± 1.3
fold), IL-6 (1.4 ± 0.6 fold) as well as the anti-inflammatory cytokine IL-10 (1.7 ± 0.7 fold).
MCP-1 and IL-1RA were produced, but adding CRP did not change levels. IFN-γ and IL-12
levels were very low. Fold increases represent the mean ± SEM from 3 donors tested in
triplicate wells.

CRP inhibits the IFN-α response to α-DNA IC, but not to CpG
We next analyzed whether CRP inhibition of the IFN-α response was restricted to α-U1
RNP IC. IgG was purified from serum containing α-DNA and used to form complexes with
bacterial DNA. At this concentration of DNA, minimal IFN-α was produced in the absence
of antibody (Figure 2A). PBMC stimulated with α-DNA-DNA induced IFN-α, and CRP
inhibited the response (Figure 2A). CRP did not bind to bacterial DNA, α-DNA (IgG)-DNA
IC or the TLR9 agonist, CpG-A. In contrast to the results using IC, CRP did not inhibit IFN-
α production in response to CpG-A, even in the presence of snRNPs as a ligand for CRP
(Figure 2C). CRP inhibited the IFN-α response to influenza virus, a TLR7 agonist an
average of 28 ± 5% in three experiments. These results indicate that the inhibitory effect of
CRP is selective for IC, including both α-U1 RNP and α-DNA complexes characteristically
found in SLE.

CRP acts directly on pDC
PBMC cultures stimulated with α-U1 RNP-snRNPs produced pro-inflammatory and anti-
inflammatory cytokines. Several of these cytokines, particularly TNF-α and IL-10, which
were increased by CRP, can inhibit pDC production of IFN-α (30). To determine if CRP
inhibition was mediated by monocyte cytokines, we depleted PBMC of monocytes using α-
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CD14 magnetic beads prior to IC stimulation and analyzed IFN-α (Figure 3A), IL-10
(Figure 3B), and TNF-α (data available upon request from the author) in supernatants.
Monocyte-depleted cultures did not release IL-10 or TNF-α, but IFN-α was still present and
the amount of IFN-α was decreased in the presence of CRP.

To determine if CRP acted directly on pDC, we purified pDC from PBMC using a two-step
magnetic bead procedure. The purified cells were 94% pDC by two color staining with α-
CD123 and α-CD303 (Figure 3C). CRP inhibited the IFN-α response of purified pDC to α-
U1 RNP (IgG)-snRNPs (Figure 3D). In four experiments using purified pDC from different
donors, CRP inhibited the IFN-α response to α-U1 RNP (IgG)-snRNP IC by 61.3 ± 14.8 %.

CRP does not block IC binding to pDC or monocytes
FcγRIIa is required for IC uptake by pDC and is also a CRP receptor (4, 29, 37). To
determine if CRP was blocking the binding of α-U1 RNP (IgG)-snRNP IC to cells, we
fluorescently-labeled snRNPs and analyzed binding to monocytes and pDC by flow
cytometry. These experiments were done with PBMC to evaluate whether CRP would alter
the distribution of IC, as diversion of IC from pDC to monocytes has been shown to play a
role in C1q inhibition of the IFN-α response (34). The results indicate relatively weak
binding of CRP-snRNP complexes to both pDC and monocytes. Significantly, CRP did not
inhibit the binding of α-U1 RNP (IgG)-snRNP complexes to either monocytes or pDC
(Figure 4A and B), and did not change the % of monocytes among the cells that had bound
AF488 snRNPs (Figure 4C). We then determined if the presence of CRP changed the
receptor used for binding IC. PBMC were incubated with labeled complexes in the presence
of the anti-FcγRIIa blocking mAb IV.3. α-U1 RNP (IgG)-snRNP IC binding was blocked
by anti-FcγRIIa nearly to the level of snRNPs alone regardless of the presence of CRP,
indicating that CRP does not divert IC to a different receptor (Figure 4D).

CRP increases trafficking of IC to late endosomes in monocytes
Activation of TLR7 occurs in endosomes so we next examined the effect of CRP on
processing of IC. We used confocal microscopy to study the intracellular localization of
AF647 snRNPs in complex with α-U1 RNP (IgG) in the presence and absence of CRP.
Purified monocytes were incubated for 30 or 60 min with AF647 snRNPs and CRP, α-U1
RNP (IgG) or both. Cells were either fixed, permeabilized and stained for LAMP-1, a late
endosome/lysosome marker or AF488 transferrin was added during the last 10 min of
incubation to label early recycling endosomes. The results show that after 30 min of
incubation with α-U1 RNP (IgG)-snRNPs, CRP increased colocalization of snRNPs with
LAMP-1 (Figure 5A and B) and decreased colocalization of snRNPs with transferrin (Figure
5C and D). By 60 min the distribution of snRNPs was not significantly affected by CRP.

CRP increases trafficking of IC to late endosomes in pDC and increases pDC
differentiation

Stimulation of TLR7 or TLR9 can activate two different signaling pathways in pDC, and
intracellular localization of the agonist is a primary determinant of which response
dominates (32, 38). Early endosome localization stimulates a strong IFN-α response through
IRF7 activation, whereas localization to late endosomes activates a nuclear factor κB (NF-
κB)-dependent pathway and induces differentiation of pDC. Similar to the results seen with
monocytes, pDC incubated with CRP and α-U1 RNP (IgG)-snRNPs showed increased
colocalization of snRNPs with LAMP-1 compared to IC alone (Figure 6A and B). We also
analyzed expression of pDC maturation markers, CD80 and CD86 after incubation of
purified pDC with CRP-snRNPs, α-U1 RNP (IgG)-snRNP complexes or both. The
expression of CD80 (Figure 6C) and CD86 (data available upon request from the author)
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was increased in cells incubated with CRP-snRNPs or CRP with α-U1 RNP (IgG)-snRNPs
compared to cells incubated with IC alone.

DISCUSSION
In this study we examined the effect of CRP on the IFN-α response of human PBMC to IC
containing nucleoprotein autoantigens. We demonstrated that CRP acts directly on pDC to
inhibit the induction of IFN-α by autoantibody IC containing RNA or DNA. CRP inhibited
production of IFN-α in response to these IC but had no significant effect on the response to
other IFN inducers. The intracellular compartment in which ligand binding to TLR7 and
TLR9 occurs leads to differential activation of IRF7-dependent type I IFN synthesis or NF-
κB dependent cytokine synthesis and pDC differentiation (32, 38). Prolonged localization of
TLR ligands in early endosomes is required for activation of the IRF7 pathway. Late
endosomal localization of TLR ligands results in activation of NF-κB. CRP altered the
processing of interferogenic IC in both monocytes and pDC leading to more rapid
localization of autoantigen in late endosomal compartments. Consistent with this, CRP
increased pDC expression of maturation markers and monocyte cytokines. Type I IFN
produced by pDC has a positive feedback effect on autoantibody generation and the
activation of this pathway by IC contributes to pathogenesis in SLE (9, 10, 39). CRP-
mediated inhibition of this pathway could be of therapeutic benefit in SLE.

CRP is a pentameric soluble pattern recognition molecule with five calcium-dependent
binding sites (11). CRP binds to snRNPs and chromatin, two major nucleoprotein
autoantigens in SLE (13, 40). We expected to find an effect of CRP on responses to snRNPs,
because CRP binds to the 70K and SmD proteins of snRNPs. However, CRP not only
inhibited IFN-α induced by α-U1 RNP-snRNP complexes, but also inhibited IFN-α release
induced by α-DNA(IgG)-DNA complexes. CRP did not bind to the bacterial DNA used in
these experiments or to α-DNA(IgG)-DNA complexes. A recent report found that
phosphocholine-specific T15 IgM antibody inhibited cytokine responses of mouse bone
marrow-derived DC to IC containing RNA or chromatin IC and also to CpG (41). Although
CRP has the same specificity as T15 anti-phosphocholine antibodies, it differs from IgM in
that CRP binds to FcγR (42). CRP was not generally suppressive as it did not significantly
inhibit IFN-α responses to CpG, a TLR9 agonist or influenza virus, a TLR7 agonist. These
results indicate that CRP inhibition does not act at the level of TLR mobilization,
processing, activation or the signaling pathways downstream of TLR that result in IFN-α
synthesis and release.

CRP and IgG both bind to FcγRIIa, and blocking antibody to FcγRIIA or nonspecific IgG
can inhibit IFN-α synthesis by blocking uptake of autoantibody IC (4). We showed that
CRP did not block binding of α-U1 RNP (IgG)-snRNP complexes to either pDC or
monocytes, and did not alter the distribution of the IC between pDC and monocytes. The
complement protein C1q, which has a strong genetic linkage with SLE, was shown in one
study to be a non-specific inhibitor of pDC responses to TLR7 and TLR9 agonists (35). In
another study, C1q was shown to inhibit pDC responses by increasing monocyte uptake of
IgG-RNP complexes (34). CRP, like IgG, binds to C1q and activates the classical
complement pathway (43). However, our results showed that C1q was not required for CRP-
mediated suppression. The same amount of inhibition of IFN-α was found using purified
IgG or autoantibody-containing serum, and a CRP mutant that does not bind C1q was
equally effective at suppressing the response (36). Thus, although CRP has the potential to
recruit C1q, it also has a direct inhibitory effect on pDC and monocyte responses to
autoantibody IC independent of C1q.
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pDC are the main source of IFN-α, which was the focus of this study. However, we also
observed effects of CRP on cytokine production by monocytes responding to autoantibody
IC. We compared a panel of 8 cytokines in supernatants from PBMC stimulated by α-U1
RNP-snRNP complexes in the presence and absence of CRP. CRP increased pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6) that are generally produced in response to
TLR activation of NF-κB. CRP also increased release of the anti-inflammatory cytokine
IL-10. The results are characteristic of the effect of FcγR ligation on macrophage responses
to extracellular TLR ligands (44). We have previously shown that CRP, like IgG, increases
IL-10 and suppresses IL-12 in mouse macrophages stimulated by LPS (45). The finding of a
similar effect of CRP on the human monocyte cytokine response to intracellular TLR
activation is new and further characterization of these monocytes is warranted.

Studies using different types of CpG oligodeoxynucleotides to activate TLR9 demonstrated
two different pDC responses that were determined primarily by the intracellular localization
of the stimulus. CpG-A oligodeoxynucleotides, which form large higher order structures,
localize in transferrin-positive endosomal compartments and stimulate IRF7 activation and
IFN-α synthesis. CpG-B oligodeoxynucleotides, which are smaller, rapidly colocalize with
LAMP-1 in late endosomes/lysosomes, and promote pDC differentiation (32). The principle
of differential intracellular localization leading to different responses was extended to viral
activators of TLR7 in pDC and to CpG in monocytes by recent studies (38). We investigated
the effect of CRP on intracellular localization of α-U1 RNP (IgG)-snRNPs in purified
monocytes and pDC. CRP accelerated the localization of autoantigen to late endosomes/
lysosomes in both monocytes and pDC. CRP caused a reciprocal decrease in localization of
autoantigen into early endosomes. These results are consistent with the hypothesis that CRP
prevents the early endosomal localization of autoantibody IC, which favors IRF-7 activation
and type I IFN synthesis. CRP complexes and CRP with IC increased the expression of pDC
maturation markers, CD80 and CD86, consistent with late endosome/lysosome localization.
The increase in TNF-α, IL-1β and IL-6 seen in monocytes stimulated with CRP and IC is
also consistent with increased late endosome/lysosome localization of snRNPs in the
presence of CRP (38). In other studies CRP has been reported to inhibit the differentiation of
monocytes into DC (46), which can occur in response to IFN-α (47). This would also block
the type I IFN positive feedback pathway. On the other hand CRP activation of monocytes
through FcγRI was found to increase BLyS/BAFF release, which promotes B cell
differentiation and antibody formation (48).

The overall effect of CRP in our study was to decrease the proinflammatory IFN-α
response, increase pDC differentiation and increase synthesis of cytokines characteristic of
regulatory monocytes, including IL-10. This represents a novel mechanism of regulation of
the cytokine response to autoantibody IC found in patients with autoantibody to two major
SLE autoantigens, U1 RNP and DNA that activate pDC through intracellular TLR7 and
TLR9.

Our finding, as well as a previous report that IFN-α inhibits CRP synthesis (20), suggests
that a regulatory relationship exists between CRP and type I IFN. This suggests an
explanation for the low serum CRP levels in patients with SLE as well as the genetic linkage
of SNPs that regulate CRP baseline levels with SLE (16, 17). Breaking the IFN positive
feedback cycle could lead to increased CRP synthesis and restored homeostasis. CRP has
the unique characteristic of specifically targeting IC-induced IFN-α without significantly
affecting pDC responses to CpG or influenza virus. This would be an advantage over other
therapeutic approaches targeting the type I IFN response, including mAb to IFN-α,
immunization against IFN, and synthetic immunoregulatory oligodeoxynucleotides in that
host defense functions would be spared (49).
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Figure 1.
CRP inhibits the IFN-α response to IC formed with α-U1 RNP. For all panels PBMC were
incubated 20 h, and cytokines were measured in supernatants by ELISA. A and B. PBMC
were incubated with apoptotic U-937 cells, CRP (100 μg/ml) and α-U1 RNP (12.5%
serum). IFN-α and IL-10 were measured. Means ± SEM of triplicate wells are shown for 1
representative of 4 experiments. ** p < 0.01, *** p < 0.001, **** p < 0.0001. Less than 1
pg/ml IFN-α and IL-10 were detected in supernatants from cells incubated with CRP alone.
C. PBMC were incubated with snRNPs (5 μg/ml), CRP (100 or 200 μg/ml) and α-U1 RNP
(2% serum or 200 μg/ml IgG). IFN-α was measured. Results shown are the % inhibition of
IFN-α in cultures with CRP and α-U1 RNP-snRNPs compared to α-U1 RNP-snRNPs alone
for 5-10 experiments with different donors. p-values were determined by paired t tests on
log-transformed data. D. PBMC were incubated with snRNPs, CRP (200 μg/ml),
recombinant mutant CRP (200 μg/ml Y175L CRP) and α-U1 RNP (200 μg/ml IgG). IFN-α
was measured by ELISA. Means ± SEM of triplicate wells are shown for 1 representative of
3 experiments. ** p < 0.01.
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Figure 2.
CRP inhibition of the IFN-α response is selective for IC. For panels A and C, PBMC were
incubated 20 h, and IFN-α was measured in supernatants by ELISA. A. PBMC were
incubated with bacterial DNA (5 μg/ml), α-DNA (200 μg/ml IgG), α-U1 RNP (200 μg/ml
IgG), snRNPs (5 μg/ml), and CRP (200 μg/ml). Means ± SEM of triplicate wells are shown
for 1 representative of 3 experiments. ** p < 0.01, *** p < 0.001. B. Dilutions of IgG α-
DNA (solid lines) and CRP (dashed lines) were added to wells coated with bacterial DNA
(open symbols) or CpG-A (closed symbols) and binding measured by ELISA. Means of
duplicate wells are shown for 1 representative of 3 experiments. C. PBMC were incubated
with CpG-A (5 μg/ml), snRNPs (5 μg/ml), α-U1 RNP (200 μg/ml IgG), and CRP (200 μg/
ml). IFN-α was measured. Means ± SEM of triplicate wells are shown for 1 representative
of 4 experiments. * p < 0.05.
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Figure 3.
CRP acts directly on pDC to inhibit the IFN-α response to IC. For panels A, B, and D cells
were incubated 20 h, and cytokines in supernatants were measured by ELISA. A. and B.
PBMC or PBMC depleted of monocytes using α-CD14 magnetic beads were incubated with
snRNPs (5 μg/ml), CRP (100 μg/ml) and α-U1 RNP (12.5% serum). IFN-α and IL-10 were
measured. Means ± SEM of triplicate wells are shown for 1 representative of 4 experiments.
** p < 0.01, **** p < 0.0001. C. pDC were purified by negative and positive selection with
magnetic beads. The resulting cells were >94% pDC shown by double staining for CD123
and CD303. D. Purified pDC were incubated with snRNPs (5 μg/ml), CRP (200 μg/ml) and
α-U1 RNP (200 μg/ml IgG) for 20 h. IFN-α was measured in supernatants by ELISA.
Means ± SEM of triplicate wells are shown for 1 representative of 4 experiments. ** p <
0.01.
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Figure 4.
CRP does not block IC binding to FcγRIIA on monocytes or pDC. PBMC were incubated
for 1 h on ice with AF488 or AF647 snRNPs (5 μg/ml), CRP (200 μg/ml) and α-U1 RNP
(200 μg/ml IgG). Cells were stained for monocyte (CD14) and pDC (CD123, CD303)
markers, and analyzed by flow cytometry. A and B. Cells from each treatment group were
gated on pDC (A) or monocytes (B) and analyzed for AF488 snRNPs binding. Histograms
represent the following treatments: untreated cells (shaded); snRNPs only (light dotted line);
CRP + snRNPs (light solid line); α-U1 RNP (IgG) + snRNPs (heavy dotted line); CRP + α-
U1 RNP (IgG) + snRNPs (heavy solid line). C. AF488 snRNPs positive cells were gated and
the percent CD14+ monocytes was determined for the different treatments. D. Inhibition of
AF647 snRNPs binding to cells by anti-FcγRIIa blocking mAb IV.3. Cells were incubated
with AF647 snRNPs (5 μg/ml), CRP (200 μg/ml) and α-U1 RNP (200 μg/ml IgG) for 60
min on ice in the presence and absence of 5 μg/ml anti-FcγRIIa blocking antibody. snRNPs
binding is shown as the geometric mean fluorescence intensity (GMFI).

Mold and Du Clos Page 15

Arthritis Rheum. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
CRP alters intracellular localization of IC in monocytes. Purified monocytes were incubated
with AF647 snRNPs (5 μg/ml), CRP (200 μg/ml) and α-U1 RNP (200 μg/ml IgG) for 30
min at 37°, attached to coverslips, stained and analyzed by confocal microscopy. Images
show LAMP-1 or transferrin (red), snRNPs (green) and the merged image (yellow). A.
Monocytes were fixed, permeabilized and stained with AF488 α-LAMP-1. C. AF488
transferrin was added for the last 10 min of incubation. B and D. Analysis of colocalization
of snRNPs with LAMP-1 (B) or transferrin (D) after 30 or 60 min incubation. Mean ± SEM
for multiple images. At least 50 cells were analyzed for each. Results are representative of 3
experiments. * p < 0.05.
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Figure 6.
CRP alters intracellular localization of IC and increases expression of maturation markers in
pDC. A and B. Purified pDC were incubated with AF647 snRNPs (5 μg/ml), CRP (200 μg/
ml) and α-U1 RNP (IgG) (200 μg/ml) for 30 min at 37°, attached to coverslips, stained and
analyzed by confocal microscopy. A. Images show LAMP-1 (red), snRNPs (green) and the
merged image (yellow). B. Analysis of colocalization of snRNPs with LAMP-1 after 30 min
incubation. Mean ± SEM for multiple images. At least 30 cells were analyzed for each.
Results are representative of 3 experiments. **** p < 0.0001. C. Purified pDC were cultured
with snRNPs (5 μg/ml), CRP (200 μg/ml) and α-U1 RNP (IgG) (200 μg/ml) overnight.
pDC were stained for CD80 expression and analyzed by flow cytometry. Histograms of
pDC expression of CD80 after 20 h culture with CRP + snRNPs (red), α-U1 RNP (IgG) +
snRNPs (blue) or CRP + α-U1 RNP (IgG) + snRNPs (green).
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