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The Journal of Immunology

Ro60-Associated Single-Stranded RNA Links Inflammation
with Fetal Cardiac Fibrosis via Ligation of TLRs: A Novel
Pathway to Autoimmune-Associated Heart Block

Robert M. Clancy,* David Alvarez,* Elena Komissarova,* Franck J. Barrat,† Jordan Swartz,*

and Jill P. Buyon*

Activation of TLR by ssRNA after FcgR-mediated phagocytosis of immune complexes (IC) may be relevant in autoimmune-

associated congenital heart block (CHB) where the obligate factor is a maternal anti-SSA/Ro Ab and the fetal factors, protein/

RNA on an apoptotic cardiocyte and infiltrating macrophages. This study addressed the hypothesis that Ro60-associated ssRNAs

link macrophage activation to fibrosis via TLR engagement. Both macrophage transfection with noncoding ssRNA that bind Ro60

and an IC generated by incubation of Ro60-ssRNA with an IgG fraction from a CHB mother or affinity purified anti-Ro60

significantly increased TNF-a secretion, an effect not observed using control RNAs or normal IgG. Dependence on TLR was

supported by the significant inhibition of TNF-a release by IRS661 and chloroquine. The requirement for FcgRIIIa-mediated

delivery was provided by inhibition with an anti-CD16a Ab. Fibrosis markers were noticeably increased in fetal cardiac fibro-

blasts after incubation with supernatants generated from macrophages transfected with ssRNA or incubated with the IC. Super-

natants generated from macrophages with ssRNA in the presence of IRS661 or chloroquine did not cause fibrosis. In a CHB heart,

but not a healthy heart, TLR7 immunostaining was localized to a region near the atrioventricular groove at a site enriched in

mononuclear cells and fibrosis. These data support a novel injury model in CHB, whereby endogenous ligand, Ro60-associated

ssRNA, forges a nexus between TLR ligation and fibrosis instigated by binding of anti-Ro Abs to the target protein likely

accessible via apoptosis. The Journal of Immunology, 2010, 184: 2148–2155.

T
he association of isolated congenital heart block (CHB)
with maternal autoantibodies to SSA/Ro and SSB/La
ribonucleoproteins is approaching the predictable, even in

mothers who are completely asymptomatic. Only 2% of neonates
born to mothers with the candidate Abs have CHB (1), yet these
Abs are present in .85% of mothers whose fetuses are identified
with conduction abnormalities in a structurally normal heart (2).
This disparity implies that the Abs are necessary but insufficient to
cause CHB, and that the final pathway to fibrosis may be variable:
kept totally in check in most fetuses (normal sinus rhythm),
subclinical in others (first-degree block) and fully executed in very
few (advanced block). Indeed, the spectrum of conduction abnor-
malities observed on electrocardiogram includes first-, second-, and
third-degree block with the histologic hallmark of advanced block
being atrioventricular (AV) nodal replacement by fibrosis (3).
Moreover, fibrotic injury can extend to the myocardium and endo-
cardium, in rare cases absent detectable AV nodal dysfunction (4).
Immunohistologic evaluation of hearts from fetuses dying with

CHB has revealed exaggerated apoptosis, clusters of macrophages
in zones of fibrosis that colocalize with IgG and apoptotic cells,
TNF-a and TGF-b mRNA expression in these cells, and extensive
collagen deposition in the conducting system (5, 6). These in vivo
observations are supported by in vitro studies. Specifically, the
consideration of exaggerated apoptosis as the initial link between
maternal autoantibodies and tissue injury led to the observation that
cardiocytes are capable of phagocytosing autologous apoptotic
cardiocytes and anti–SSA-Ro/SSB-La Abs inhibit this function (7).
Recognizing that this perturbation of physiologic efferocytosis
might divert uptake to professional FcgR-bearing phagocytes raised
the hypothesis that macrophages engage TLR via binding to the
RNA moiety of the target autoantigen.
Pertinent to a focus on the macrophage is the observation that

members of theTLRgene familycan recognize self-Agscomposedof
proteins complexed to nucleic acids (reviewed in Ref. 8). It has been
posited that self-Ags released from stressed or dying cells complex
with preexisting autoantibodies, which are phagocytosed via Fcg
receptor-bearing cells and delivered to the TLR sequestered in an
endosomal/lysosomal compartment. Attention to this pathway orig-
inated with several independent observations linking the type I IFN
system to the etiopathogenesis of systemic lupus erythematosus
(SLE) (9). Specificity of the nucleic acid component dictates the TLR
engaged. For example, DNA and DNA-associated autoantigens are
ligands for TLR9 and ssRNA for TLR7/8. So-called interferogenic
immune complexes (ICs) trigger IFN-a synthesis in plasmacytoid
dendritic cells as well as cultured PBMCs (10–12). Parallel ob-
servations reveal that DNA or RNA-protein macromolecules com-
plexedwith cognate Abs are also capable of activating autoreactive B
cells (11, 12). This 2-receptor paradigm—binding of FcgR by the
respective IgG or BCR by Ag and subsequent intracellular engage-
ment of TLR7/8 by anRNA ligand—might be particularly relevant in
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a disease where the obligate factor is a maternal anti–SSA/Ro-SSB/
La Ab, and the candidate fetal factors are the target protein/RNA
particles accessible on an apoptotic cardiocyte and the professional
FcgR-bearing cells to which uptake has been diverted. Indeed, TLR
agonists induce macrophage effector secretion of proinflammatory
cytokines such as TNF-a (13). CHB, representing a pathologic
consequence of passively acquired autoimmunity, offers a unique
opportunity todefine thepathogenicityof anautoantibody (a response
of the adaptive immune system) in driving end-organ disease in part
by co-opting the innate immune system to tip the balance between
wound healing and fibrosis.
Accordingly, this study was initiated to evaluate the hypothesis

that TLR signaling can result in fibrosis. The specific relevance of
this novel paradigm to CHB was addressed by evaluating the in-
dividual components required in this cascade, the Ro60-associated
ssRNAs (to trigger TLR signaling), Ro60 purified protein (the Ag
accessible on apoptotic cardiocytes), and an IgG fraction and af-
finity purified Abs from a mother whose child had CHB (to provide
the source of anti-Ro60 Ab to form the IC taken up by the mac-
rophages) in an in vitro model. Macrophage supernatants generated
under conditions to evaluate the dependence of FcgR uptake and
TLR7/8 ligation were evaluated for their effects on trans-
differentiation (smooth muscle actin staining [SMAc]) of and
collagen secretion by cultured human fetal cardiac fibroblasts.
Histological evaluation of cardiac tissue from a fetus dying with
CHB was assessed to support the in vitro model.

Materials and Methods
Human IgG preparations

Human IgG is routinely isolated using a Protein A-IgG isolation kit (Pierce,
Rockford, IL). Samples are processed by application to Detoxi-Gel En-
dotoxin Removing Gel (Pierce) to remove any contaminating LPS (,1 pg/
ml). Protein concentrations of each IgG fraction and affinity purified Ab
are assessed by a protein quantification kit (Pierce). The Ab preparations
included: IgG fractions (0.3 mg/ml) isolated from: 1) an anti–SSA/Ro-
SSB/La-positive mother of a child with CHB (no Abs to dsDNA) and 2)
healthy control absent any autoantibodies. In addition, affinity purified Abs
to the 60 kDa Ro component were generated from the sera of another SSA/
Ro-positive mother of a child with CHB by affinity column chromatog-
raphy using the Ro60 recombinant protein coupled to cyanogen bromide-
activated Sepharose 4B as previously described (7).

Preparation of ssRNAs

For obtaining Ro60-associated ssRNAs, misfolded pre-5S (m-pre5S), and
hY3 plasmids (14), kindly provided by Dr. Sandra Wolin (Yale University,
New Haven, CT) were digested with HindIII restriction enzyme for line-
arization. The 1 mg template was subjected to transcription with the
TranscriptAid transcription kit (Fermentas Life Sciences, Burlington,
Ontario, Canada) using 4 ml 53 reaction buffer, 8 ml equimolar mixture of
ATP, CTP, GTP, and UTP, and 2 ml enzyme mix. The reaction mixture was
incubated at 37˚C for 2 h. After the reaction, 2 ml of RNase-free DNase I
was added and the mixture further incubated at 37˚C for 15 min. The
DNase reaction was stopped by addition of 2 ml EDTA, pH 8.0, and in-
cubation at 65˚C for 10 min. The transcripts were purified by phenol/
chloroform extraction, resuspended in water at 2.5 mg/ml, and the quality
evaluated by RNAQQNANO technologies (Genomics Facility, New York
University Medical Center). The ssRNA41/LyoVec control (15) was pur-
chased from InvivoGene (San Diego, CA) and resuspended in water at
a concentration of 2.5 mg/ml. hY3 A/U RNA that involves a substitution of
the U nucleotides with A nucleotides throughout the entire sequence of
hY3, was synthesized by Thermo Scientific (Chicago, IL) and also re-
suspended at 2.5 mg/ml for experimentation.

For alkaline phosphatase treatment, 10 mg in vitro-transcribed RNAwas
treated with 30 U calf intestine alkaline phosphatase (Stratagene, La Jolla,
CA) for 3 h at 37˚C in a buffer containing 50 mM Tris-HCl, pH 9.5, 0.1
mM EDTA in the presence of 10 U RNase inhibitor (RNAguard, Amer-
sham-Biosciences, Scituate, MA). After calf intestine alkaline phosphatase
treatment, the RNAwas reisolated using the previously described method.

For RNase experiments, hY3 was treated with 8 mg/ml RNase A (Ab-
gene, AB-0548) for 3 h at 237˚C minus and plus RNase Inhibitor (N808-
0119 [700 U]).

Macrophage transfection with ssRNA

ssRNA preparations used for transfection of macrophages were carried out
following the specific manufacturer’s instructions using a commercial kit
(DOTAP Liposomal Transfection Reagent, Roche, Germany). Briefly, 2.5
mg ssRNA are mixed with 15 ml DOTAP reagent to a final volume of 75 ml
reaction buffer, and incubated at 22˚C for 15 min. The mixture is then
added to IFN-g–primed macrophages for an overnight transfection at 37˚C.

Preparation of SSA/Ro60, ssRNA, and IgG complexes

Native Ro60 was purchased from GenWay Biotech (San Diego, CA).
Endotoxin was removed as described previously. Equimolar amounts of
Ro60 (4.7 mg) and varied ssRNA (2.5 mg) were mixed and incubated for 1
h at 22˚C on rotation. Then, 150 mg of either CHB IgG or normal IgG
(nIgG), 30 mg of either AP60 or anti–60-ScFv (from Ref. 7) were added,
and the mixture further incubated for 1 h under the same conditions. The
reaction complexes were then added to cultured, INF-g–primed macro-
phages (see below).

Isolation and preparation of macrophages

Human macrophages derived from PBMCs are isolated from WBC con-
centrate (Leukopak; New York Blood Center, New York, NY) by centri-
fugation on Ficoll-Hypaque gradients and purified by positive selection
using CD14 microbeads (Miltenyi Biotech Cat. 130-050-201, Miltenyi
Biotech, Auburn, CA) and LS columns (Miltenyi Biotech Cat. 130-042-
401). The resulting monocytes are then cultured in Teflon beakers (RPMI
1640/10% FCS plus 10 ng/ml GM-CSF; PHC2014, Invitrogen, San Diego,
CA) for 7 d. Monocyte-derived macrophages (5 3 105 per milliliter) were
plated on growth medium containing 10% serum and incubated at 37˚C.
After 48 h, attached macrophages were incubated with serum-free fresh
medium containing INF-g (0.05 ng/ml) for 6 h. After a double wash with
HBSS buffer, macrophages were DOTAP-transfected or incubated with the
Ro60-containing ICs.

For flow cytometry experiments evaluating the expression of TLR7 and
TLR8, macrophages (primed using IFN-g) were stained with PE-conjugated
anti-human CD14 Ab (12-0149, eBioscience, San Diego, CA). Cells were
double labeledwith anti-TLR7Ab (IMG-665A, Imgenex, SanDiego, CA) or
FITC-conjugated anti-TLR8 Ab (IMG-321C, Imgenex) and followed by
staining with FITC-labeled goat anti-rabbit IgG (F0382, Sigma-Aldrich,
St. Louis, MO).

For the evaluation of mRNA, total RNAwas isolated from macrophages
(primed with IFN-g) using standard conditions. cDNA synthesis and PCR
amplification were performed using specific primers for TLR7 and TLR8
(16).

In vitro coculturing experiments and assessments

Macrophages were stimulated with ssRNA (DOTAP transfection) and Ro60
ICs in the absence and presence of endotoxin free-ODN, IRS661 (gift from
DynavaxTechnologies,Berkeley,CA),chloroquine(Sigma-Aldrich),orwith
anti-human anti-FcgRIIIa (CD16a) (IM0813; 20 mg/ml, Beckman Coulter,
Fullerton, CA) as described in the figure legends. For each condition, mac-
rophages were plated as monolayers. Supernatants were retrieved for anal-
ysis as described (17). The release of TNF-a was determined using the
human TNF-a ELISA kit (Cell Sciences, Canton, MA).

Isolation and preparation of cardiac fibroblasts

Fibroblasts are isolated from the hearts of abortuses aged 16–24 wk, as
previously described (18). Fibroblasts at passages three to five are used.
The expression of SMAc (see below) has been used as our assessment of
myofibroblasts. In brief, fibroblasts are plated on glass coverslips (1.2 3
104/cm2) and macrophage supernatants added (as generated previously and
indicated in figure legends). Cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% triton 3100. For indirect immunofluores-
cence: mAb a-SMAc 1:200 dilution (Sigma-Aldrich) or isotype control
was used at a dilution of 1:200 (Sigma-Aldrich). After addition of anti-
mouse IgG Cy3 (1:200, Sigma-Aldrich) the samples were analyzed by
indirect immunofluorescence and images captured by digital acquisition.
Evaluation of SMAc staining was performed in the absence of knowledge
of the experimental condition for generation of the supernatants.

Collagen assay

The concentration of soluble collagen in supernatants collected from
cultures of fibroblasts treated with each of the supernatants generated from
the macrophages incubated with the various reagents as previously de-
scribed was measured by the Sircol soluble collagen assay (Biocolor,
Belfast, Ireland). Briefly, 100 ml supernatant from the fibroblasts were
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incubated with 1 ml Sircol Dye reagent for 30 min at 22˚C on rotation. The
mixture was centrifuged at .10,0003g for 10 min. After discharging the
supernatant, the pellet was washed with cold pure ethanol and centrifuged.
The pellet was then resuspended in 1 ml Alkali reagent and incubated for
10 min at 22˚C on rotation. The 200 ml were transferred to a multiwell
plate reader and absorbance determined at 540 nm. The standard curve was
obtained by running parallel 5-, 10-, 25-, and 50-mg collagen standards.

Tissue sections from fetal hearts

Formalin-fixed paraffin sections were obtained from the heart of a fetus with
fatal CHB [clinical description and gross anatomy previously published
(6)], and a normal human fetus electively terminated at 23 wk of gestation.
For immunostaining, sections of the fetal heart are prepared as described
(6). Briefly, anti-TLR7 (Biocarta, IMG 581A), rabbit IgG (0111-01, iso-
type control for anti-TLR7, Southern Biotechnology Associates, Bir-
mingham, AL), anti-CD45 (1076, Immunotech, Westbrook, ME), or mouse
IgG (isotype control for anti-CD45, Accurate Chemical and Scientific,
Westbury, NY) were used as primary Ab. Stains were visualized using anti-
rabbit IgG alkaline phosphatase (brown) or anti-mouse IgG peroxidase
(red). Sections were counterstained before photography.

Statistical analysis

The Wilcoxon matched pairs test and the paired t test were used as ap-
propriate to compare TNF-a released by macrophages and collagen release
by fibroblasts between the different groups. Values of p , 0.05 were
considered significant.

Results
Transfectionof ssRNA (hY3andm-pre5S) inducesTLR-dependent
TNF-a release by macrophages

To initially evaluate the expression of TLR7/8, INF-g–primed
macrophages were permeabilized with digitonin, stained with Abs
reactive with CD14 (PE) and TLR7 (FITC) or TLR8 (FITC), and
assessed by FACS. CD14+ cells expressed both TLR7 and TLR8
(Fig. 1A, n = 3). RT-PCR confirmed the protein data (Fig. 1A, n =
3). Having established expression of TLR7/8 in the cultured
macrophages, the capacity of ssRNAs to serve as agonists was
evaluated. Treatment of macrophages with hY3 (DOTAP trans-

fection) significantly stimulated TNF-a release compared with
primed macrophages alone (11216 373 pg/ml versus 926 40 pg/
ml, respectively, p = 0.0001, n = 14). m-pre5S RNA also signifi-
cantly stimulated macrophages to secrete TNF-a (1072 6 338 pg/
ml, p = 0.0001 versus macrophages alone), an effect not observed
with transfected ssRNA41 (control RNA, 78 6 42, p = NS versus
macrophages alone, Fig. 1B). The dependence on TLR signaling
was then addressed. Both theTLR7 antagonist IRS661 (32 ng/ml)
and chloroquine (10 mM) significantly decreased TNF-a release
induced by either hY3 or m-pre5S RNA (IRS661: 1596 77 pg/ml,
p = 0.03, n = 9 for hY3, and 71 6 29 pg/ml, p = 0.03, n = 9 for
pre-5S; chloroquine: 202 6 89 pg/ml, p = 0.03, n = 9 for hY3, and
1806 70 pg/ml, p = 0.03, n = 9 for pre-5S, Fig. 1B). Coincubation
of hY3 with RNase displayed a strong trend to reduce TNF-a
release (53 6 31 pg/ml, p = 0.06, n = 5).
To evaluate the capacity of in vitro-derived RNA to stimulate

macrophages via a RIG1-dependent pathway, hY3 RNA was
treated with alkaline phosphatase [which cleaves a 59-triphosphate
(19)]. Treatment of hY3 with alkaline phosphatase did not reduce
the TNF-a release (7786 334 [macrophages and hY3] versus 849
6 386 [macrophages and hY3] with pretreatment using alkaline
phosphatase, n = 4, Fig. 1B).

The complex of human Ro60-hY3 and Ab to Ro60 generate
FcgR-dependent TNF-a secretion by macrophages

Having demonstrated TNF-a secretion by Ro60-associated ssRNA,
ICs containing Ro60-associated ssRNAwere generated as a proxy
for opsonized apoptotic cardiocytes. ICs composed of an IgG
fraction from a CHBmother (serum contains anti-Ro60) and native
Ro60-hY3 (Ro-hY3–CHB IgG) significantly increased TNF-a se-
cretion compared with nIgG (healthy donor absent anti-Ro) with
Ro60-hY3 (Ro-hY3–nIgG), (2416 59 pg/ml versus 406 10 pg/ml,
respectively, p , 0.0001, n = 15, Fig. 2A). The specificity of the
ssRNA was demonstrated by the absence of TNF-a release after
treatment with Ro-hY3 A/U-CHB IgG. Similar to the transfection
experiments, dependence on TLR signaling was then addressed.
Both IRS661 (32 ng/ml) and chloroquine (10 mM) significantly
decreased TNF-a release induced by Ro-hY3–CHB IgG (IRS661:
236 7 pg/ml, p = 0.03, n = 6; chloroquine: 726 18 pg/ml, p = 0.03,
n = 6, Fig. 2A).
The potential importance of FcgR-mediated delivery of ssRNA

was evaluated with a preparation of Ro60 hY3 ICs (Ro-hY3–
CHB IgG). The addition of anti-CD16a to Ro-hY3–CHB IgG-
stimulated macrophages significantly reduced TNF-a secretion
(66 6 20 pg/ml, p = 0.001 versus Ro-hY3–CHB IgG, n = 11,
Fig. 2A).
To assure specificity of the IC, affinity purified anti-Ro60 (anti-

Ro60 IgG) and anti-Ro60 ScFv (absent Fc domain) were evaluated
in parallel experiments. Equivalent to the results obtained with Ro-
hY3–CHB IgG, complexes of Ro-hY3–anti-Ro60 IgG stimulated
macrophages to release TNF-a (481 6 144 pg/ml versus 35 6 19
pg/ml [macrophages alone], p , 0.0001, n = 7, Fig. 2B). In
contrast, macrophages challenged with complexes of Ro-hY3–
anti-Ro60 ScFv released TNF-a at levels comparable to macro-
phages alone supporting the dependency on FcgR engagement.
Coincubation of Ro-hY3–anti-Ro60 IgG with chloroquine and
IRS661 significantly reduced TNF-a secretion (IRS661: 133 6 30
pg/ml p = 0.026, n = 7; chloroquine: 216 6 87 pg/ml p = 0.0178,
n = 7). Furthermore, treatment of the IC Ro-hY3–anti-Ro60 IgG
with RNase resulted in TNF-a secretion equivalent to that ob-
tained from the macrophages alone (49 6 19 pg/ml, n = 8). In
contrast, cotreatment of the ICs with RNase, and an inhibitor of
RNase, restored TNF-a secretion by stimulated macrophages to
that seen with the ICs alone (Fig. 2B).

FIGURE 1. Stimulation of macrophages by hY3 and mpre-5S RNAs is

TLR-dependent. A, IFN-g–primed macrophages express TLR7 and TLR8

(FACS, RT-PCR). B, TNF-a was measured in the supernatants generated

from human primed macrophages transfected with hY3, mpre-5S RNA or

SSRNA41 under varied conditions. Treatments include coincubations in

the presence or absence of IRS661, chloroquine, RNase as well as alkaline

phosphatase. Bars represent means 6 SEM.
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TLR stimulation is linked to fibrosis in the human fetal cardiac
fibroblast

The next set of experiments was designed to address whether TLR
activation generated by macrophage stimulation with ssRNA via
transfection or ICs might link inflammation to fibrosis. The ap-
proach exploited two readouts including human fetal cardiac fi-
broblast protein expression of SMAc and the release of collagen by
stimulated fibroblasts. Transdifferentiation of fibroblasts (SMAc
staining) was markedly increased by incubation with supernatants
generated from macrophages transfected with hY3 or m-pre5s
RNA, but not ssRNA41 (Fig. 3, representative of six experiments).
The increased expression of SMAc was not observed when fi-
broblasts were exposed to supernatants of macrophages trans-
fected with hY3 in the presence of IRS661 or chloroquine (Fig. 3,
representative of six experiments). In addition, exposure of fi-
broblasts to supernatants from macrophages incubated with the
IC, Ro-hY3–CHB IgG, resulted in increased expression of SMAc
(Fig. 4, representative of three experiments) that was not observed
with supernatants generated from macrophages treated with the IC
and Abs to CD16a. Supernatants of macrophages coincubated
with Ro-hY3–CHB IgG in the presence of chloroquine or IRS661
strongly reduced SMAc expression (Fig. 4, representative of three

experiments). In contrast, fibroblasts treated with supernatants
from macrophages incubated with Ro-hY3–nIgG or supernatants
from macrophages incubated with Ro-hY3 A/U-CHB IgG, did not
express SMAc (not shown).
Collagen secretion by the cultured fetal cardiac fibroblasts

paralleled transdifferentiation. Collagen secretion was increased
after the addition of supernatants from macrophages transfected
with hY3 compared with supernatants from macrophages alone
(766 6 82 ng/ml versus 224 6 23.4 ng/ml, respectively, n = 7, p =
0.0006, Fig. 5A). Co-treatment with IRS661 or chloroquine sig-
nificantly reduced the hY3-induced collagen synthesis (for
IRS661, 331 6 78 ng/ml, p = 0.03, n = 9; for chloroquine, 254 6
33 ng/ml, p = 0.03, n = 9, Fig. 5A). Exposure of fibroblasts to
supernatants of macrophages transfected with ssRNA41 did not
stimulate collagen release (150 6 30 ng/ml, p = NS versus
macrophages alone). In addition, exposure of fibroblasts to su-
pernatants generated from macrophages incubated with Ro-hY3–
CHB IgG significantly increased the levels of collagen compared
with Ro-hY3–nIgG (743 6 103 ng/ml versus 242 6 101 ng/ml,
respectively, p = 0.013, n = 4, Fig. 6A). In fibroblasts treated with
macrophage supernatants generated after incubation with Ro-
hY3–CHB IgG and anti-CD16a, the levels of collagen were sig-
nificantly reduced (360 6 123 ng/ml, p = 0.05 versus supernatants
of macrophages and Ro-hY3–CHB IgG, n = 4, Fig. 6A). Super-
natants from macrophages incubated with Ro-hY3 A/U-CHB IgG
did not induce collagen secretion.
To examine the potential role of TNF-a and TGF-b1 in the

transdifferentiation of cardiac fibroblasts by supernatants from
macrophages transfected with hY3 or macrophages incubated with
Ro-hY3–CHB IgG, the effects of their respective neutralizing Abs
were evaluated. TNF-a–neutralizing Ab partially attenuated the
collagen release by conditions using hY3 (7466 152 versus 4106
46, absence and presence of anti–TNF-aAb, respectively, p=0.049,
n = 5 Fig. 5B) and Ro-hY3–CHB IgG (439 6 56 versus 2806 26,
absence and presence of anti–TNF-aAb, respectively, p=0.016, n=
5, Fig. 6B). However, incubation of the same macrophage super-
natants with a neutralizing anti–TGF-b1 Ab resulted in nearly
complete attenuation of the elicited collagen synthesis by conditions
with hY3 and Ro-hY3–CHB IgG (for hY3, 7466 152 versus 1686
34, absence and presence of anti–TGF-bAb, respectively, p=0.016,
n = 5, Fig. 5B and for ICs, 4396 56 versus 1486 25, absence and
presence of anti–TGF-bAb, respectively, p = 0.005, n = 5, Fig. 6B).

The expression of TLR7 in the conduction system of a fetus
dying with CHB

In vitro evidence supporting the potential participation of TLR in
the pathogenesis of tissue injury in CHB was sought by evaluation
of autopsy tissue from a fetus diagnosed with CHB at 19 wk and
dying at 22 wk [previously described (6)]. Immunostain of slides
from the affected heart revealed small clusters of CD45 and TLR7
double positive cells in areas of scar tissue (Fig. 7). Isotype
controls stained appropriately, and CD45 positive cells were ex-
tremely rare in healthy fetal hearts.

Discussion
Pathogenic mechanisms linking anti–SSA/Ro-SSB/La Abs to
cardiac injury in the developing fetus have been approached in
several laboratories with most focusing attention on the protein
target of the maternal immune response (20–22). Given recent
clues from the evolving study of gene expression in SLE, the
potential importance of the ssRNA associated with the Ag was
addressed. The hypothesis driving the current study is that opso-
nization of apoptotic cardiocytes by maternal anti–SSA/Ro-SSB/
La Abs induces macrophage activation via a TLR signaling

FIGURE 2. Stimulation of macrophages by ICs composed of Ro60-

associated ssRNA is TLR- and FcgRIIIa-dependent. In A, TNF-a was

measured in the supernatants generated from human macrophages in-

cubated with native Ro60 in complex with hY3 or hY3 A/U, and CHB IgG

or nIgG. Treatments included coincubations in the presence or absence of

chloroquine or IRS661 or anti-CD16a or an isotype Ab (control). B, TNF-a

was measured in supernatants generated from human macrophages in-

cubated with native Ro60 in complex with hY3 and affinity purified anti-

Ro60 (anti-Ro60 IgG) or monoclonal anti-Ro (anti-Ro60 ScFv). Treatments

included coincubations with chloroquine, IRS661, RNase, or RNase plus

RNase inhibitor. Bars represent means 6 SEM.
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pathway after uptake by an FcgR-dependent pathway with release
of inflammatory mediators and profibrotic factors that set in mo-
tion the final step of irreversible scar (replacement of AV node and
myocardium/endocardium by fibrosis). ICs composed of Ro60,
Ro60-associated ssRNA, and IgG fractions containing anti-Ro60
reactivity were used in this study as a proxy for the opsonized
apoptotic cardiocytes. Several in vitro lines of experimental evi-
dence herein support the participation of TLR ligation and the
dependence of ssRNA in this process. These data are consistent
with the notion that unchecked TLR signaling is causally related
to a substantial inflammatory response (23, 24), and advance the
novel premise that TLR7 ligation may contribute to subsequent
fibrosis. Precedent for this premise is the observation that TLR7
activation in the course of hepatitis-C viral infection is likened to
a double-edged sword. Although activation to clear virus in the
setting of acute infection is warranted, it may be ultimately re-

sponsible for liver scarring in the setting of chronic disease (25).
In the case of CHB, autoantibody is inadvertently delivering the
endogenous ssRNA (not viral) from an apoptotic cardiocyte dur-
ing a period of vulnerability in fetal development.
The evaluationofTLR7 ligationwas approachedbyexploiting the

recently described oligonucleotide inhibitory immunoregulatory
DNA sequence IRS661 identified by Barrat and coworkers (26).
IRS661 specifically blocks TLR7 in a model of R848 stimulated
dendritic cells (26). Pawar et al. have demonstrated that IRS661dose
dependently blocked the R848 induced production of TNF-a by
splenic monocytes isolated fromMRLlpr/lpr mice (27). In the current
study, IRS661 reproducibly and significantly inhibited macrophage
secretion of TNF-a induced by transfection with ssRNAs. More-
over, supernatants from TLR-dependent stimulation of the macro-
phages promoted a profibrosing phenotype of cocultured human
fetal cardiac fibroblasts. The expression of TLR7 in the conduction
system of a fetus dying with CHB is consistent with the speculation
that TLR7 pathways contribute to fibrosis in this disease.
Given the precedent for the induction of TLR7-dependent se-

cretion of inflammatory cytokines by ssRNA molecules of nonviral
origin (28), the contribution of the RNA moiety in the anti-Ro60
complex to the pathogenesis of injury was considered highly
relevant. Ro60 contains an a-helical HEAT repeat that forms
a ring with a central hole that provides an extensive RNA binding
surface to a large collection of possible RNAs, including Y RNAs,
variant 5S rRNAs, and misfolded U2 small nuclear RNA (29).
Although the current study focused solely on Ro60 as the proxy
Ag, it is fully acknowledged that Abs to both Ro52 and La48 are
associated with the development of CHB in an offspring (30).
Although Ro52 is not reported to interact with RNA, its potential
association with Ro60 may provide a means of introducing RNA
in association with a molecular complex (31). La48 Ag binds to
numerous RNA molecules such as newly synthesized RNA
polymerase III products, and it has been shown to play a pivotal
role in RNA polymerase III transcription and maturation of the
transcripts during the cell cycle (32). Small hY-RNAs binding
Ro60 are also associated with La48 at a distinct site (33). Albeit in
a different experimental system, it is highly relevant that Vollmer
et al. have reported that two synthetic oligoribonucleotides derived
from the hY5 and hY3RNA, both containing G/U-rich sequences,
stimulated IFN-a production from human PBMCs (34). In the
current study, the dependence on U-rich sequences was supported
by the absence of macrophage activation using an ssRNA whose

FIGURE 3. Transdifferentiation of human fetal

cardiac fibroblasts exposed to supernatants from

macrophages transfected with hY3 ssRNA is TLR-

dependent. Human fetal cardiac fibroblasts were pre-

pared as monolayers. Cells were incubated with su-

pernatants of macrophages diluted 1:1 with fibroblast

medium. The supernatants were generated from hu-

man macrophages transfected with hY3, m-pre5S

RNA or ssRNA41, or hY3 in the presence of IRS661

or chloroquine (shown in Fig. 1). Fibroblasts were

then stained with Hoechst and anti–SMAc-Cy3, and

analyzed by fluorescence microscopy (original mag-

nifications 310 and 340). Results are representative

of three experiments.

FIGURE 4. Transdifferentiation of human fetal cardiac fibroblasts ex-

posed to supernatants from macrophages incubated with ICs composed of

Ro60-associated ssRNA is TLR- and FcgRIIIa-dependent. Human fetal

cardiac fibroblasts were prepared as monolayers. Cells were incubated with

supernatants of macrophages diluted 1:1 with fibroblast media. The su-

pernatants were generated from human macrophages incubated with

a complex of native Ro60 plus hY3 or hY3 A/U and CHB IgG, and Ro

hY3 CHB IgG with or without IRS661, chloroquine and anti-CD16a (as

shown in Fig. 2). Fibroblasts were then stained with Hoechst and anti–

SMAc-Cy3, and analyzed by fluorescence microscopy (original magnifi-

cation 310 and 340). Results are representative of three experiments.
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sequences were identical to oligonucelotides hY3 but in which all
the U nucleotides were replaced by A nucleotides.
In consideration of TLR activation as a pivotal lynch pin fromAb

to fibrosis, the clinical association of CHB with Abs to SSA/Ro and
SSB/La, but never to date with anti-Sm/RNP reactivities was the
justification for focusing the current study solely on ssRNA asso-
ciated with Ro60. However, it is fully acknowledged that there is
strong in vitro data on the endogenous adjuvant activity of the RNA
components of the Sm/RNP autoantigens (10, 34, 35). Thus, mo-
lecularly accounting for this clinical discrepancy is challenging.
Although further work is needed to reconcile this consideration,
several points may be applicable. Previous studies have demon-
strated that IgG fractions isolated from patients with anti-RNPAbs
absent anti–SSA/Ro-SSB/La do not bind the surface of either live or
apoptotic cells (7, 36). In many of the published studies using
noncardiocyte cell preparations, apoptotic cell debris or cells ren-
dered necrotic with freeze/thawing were used as the source of RNP
or Sm ribonucleoparticles (34, 37). Therefore, if the RNP protein
moiety is not accessible on the apoptotic surface, the critical Ab link
between the ssRNA and uptake into the macrophage would not be
present eliminating Sm/RNP ssRNAs from consideration in this
model of CHB. Therefore, the transplacental passage of maternal
anti-RNP would not be predicted to chaperone the U series of small
RNAs to the TLR. Finally, the focus in this CHB model on the
macrophage and not the dendritic cells per se andTNF-a, not IFN-a,
may be further contributory.
Based on our identification of TNF-a in previous coculturing

experiments (17) and identification of mRNA for TNF-a (5) in

autopsy tissue, this cytokine was chosen as the readout for mac-
rophage activation. Justification as a potential proxy for fibrosis is
provided by the observations that TNF-a stimulates type I colla-
gen, induces tissue inhibitor of metalloproteinase-1 expression and
reduces matrix metalloproteinase-2 activity and collagen degra-
dation in intestinal myofibroblasts (38) but does not increase
SMAc (18). A role for TGF-b as a potential mediator of collagen
secretion by the stimulated macrophage supernatants was sug-
gested by the Ab neutralizing experiments. However, it remains
unclear whether this cytokine is generated as a direct consequence
of TLR ligation (because TGF-b was not detectable by commercial
ELISA) or indirectly secreted by the fibroblasts. Therefore, it is fully
acknowledged that the specific macrophage cytokine (or combination

FIGURE 5. Collagen secretion by human fetal cardiac fibroblasts ex-

posed to supernatants from macrophages transfected with hY3 ssRNA is

TLR-dependent. Human fetal cardiac fibroblasts were prepared as mono-

layers and treated using conditions described in Fig. 3. Cells were plated

into four-chamber slides (24 h) and serum starved (24 h). A, Conditions

match those in Fig. 3. B, To examine the effect of neutralizing Abs on

transdifferentiation of cardiac fibroblasts, cells were incubated with su-

pernatants in the absence or presence of a TNF-a–neutralizing Ab (1 mg/

ml) or a TGF-b–neutralizing Ab (1 mg/ml) for 24 h. After the 24-h in-

cubation, supernatants of fibroblast cultures were retrieved and total col-

lagen was detected by the Sircol assay. Results are representative of three

experiments. Bars represent means 6 SEM.

FIGURE 6. Collagen secretion by human fetal cardiac fibroblasts ex-

posed to supernatants from macrophages incubated with ICs composed of

Ro60-associated ssRNA is FcgRIIIa-dependent. A, Human fetal cardiac

fibroblasts were prepared as monolayers and treated using conditions de-

scribed in Fig. 4. Cells were plated into four-chamber slides (24 h) and

serum starved (24 h). B, Cells were incubated with supernatants in the

absence or presence of a TNF-a–neutralizing Ab (1 mg/ml) or a TGF-b–

neutralizing Ab (1 mg/ml) for 24 h. After the 24-h incubation, supernatants

of fibroblast cultures were retrieved and total collagen was detected by the

Sircol assay. Results are representative of three experiments. Bars repre-

sent means 6 SEM.

FIGURE 7. TLR7 infiltrating mononuclear cells in heart tissue obtained

froma fetus dyingwithCHB.Sections from the septal region of a 22-wk fetus

with CHB and an age-matched control electively terminated were stained

with anti-TLR7, rabbit IgG (isotype control for anti-TLR7), anti-CD45, or

mouse IgG (isotype control for anti-CD45) as primary Ab. Stains are visu-

alized using anti-rabbit IgG alkaline phosphatase (brown) or anti-mouse IgG

peroxidase (red; original magnification340).
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of cytokines) responsible for promoting the fibrotic replacement in
the fetal heart has not as yet been identified.
All four TLRs that bind nucleic acid substrates are intracellular

and contained in the endoplasmic reticulum or endosomal/lyso-
somal compartments (39), which raises the speculation that this
location might be an attempt to thwart reactivity against self.
Experimental data in our proposed model suggests that the ssRNA
in the anti-Ro60 ICs co-ops an FcgR-dependent pathway to gain
access to the TLR. Although it is appreciated that blockade of
FcgR does not necessarily imply TLR involvement, the experi-
mental design demonstrated causality. The association between
readouts obtained with blockade of TLR and FcgR provides
a reasonable assumption that they work cooperatively. Precedent
for these findings are the reports demonstrating that FcgRII pro-
motes the interaction between DNA and TLR9 in patients with
anti-dsDNA Abs (40) and anti–RNP-Ab complexes and TLR7/8 in
plasmacytoid dendritic cells (34). The current focus on FcgRIIIa
was based on the observation that Abs to Ro60 are skewed toward
IgG1 and IgG3 subclasses rather than IgG2 (41), the former
subclasses being strongly linked to macrophage signaling by
FcgRIIIa.
Because endosomal TLR binds ligand at low pH, pharmacologic

approaches to attenuate TLR-dependent readouts have included
chloroquine and baflomyocin, which interfere with acidification
(35, 37). From a clinical perspective, it is notable that hydroxy-
chloroquine is often recommended for continued use in pregnan-
cies of mothers with SLE and Sjogren’s Syndrome (42, 43), which
might have encouraging implications with regard to CHB-pre-
vention. Consideration of this class of medications in the setting of
anti-SSA/Ro Ab exposed pregnancies is timely given reports that
hydroxychloroquine use may forestall the development of SLE or
favorably affect survival in patients with established disease (44,
45). A retrospective review of several large databases suggests that
hydroxychloroquine use during pregnancy may decrease the risk
of CHB (46).
In summary, the data support an injury model whereby anti-SSA/

Ro/SSB/La Abs may promote a “binary” insult in generating organ
disease in one step because they bind to a complex containing an
endogenous ligand (ssRNA) capable of ligating TLR. The con-
sideration that TLR engagement may promote fibrosis extends the
TLR “paradigm” from the afferent loop of autoimmune induction
to an efferent loop in which downstream effectors eventuate in
tissue damage. Specificity of the SSA/Ro-SSB/La associated
ssRNA may relate to surface accessibility of the protein target.
These observations provide further justification for consideration
of preventative therapies aimed at antagonism of TLR signaling
not only in SLE, but to forestall the rapid scarring observed in the
passively acquired model of cardiac injury in neonatal lupus.
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duction of interferon-alpha production in plasmacytoid dendritic cells by im-
mune complexes containing nucleic acid released by necrotic or late apoptotic
cells and lupus IgG. Arthritis Rheum. 50: 1861–1872.

38. Theiss, A. L., J. G. Simmons, C. Jobin, and P. K. Lund. 2005. Tumor necrosis
factor (TNF) alpha increases collagen accumulation and proliferation in in-
testinal myofibroblasts via TNF receptor 2. J. Biol. Chem. 280: 36099–36109.

39. Akira, S., and K. Takeda. 2004. Toll-like receptor signalling. Nat. Rev. Immunol.
4: 499–511.

40. Means, T. K., E. Latz, F. Hayashi, M. R. Murali, D. T. Golenbock, and
A. D. Luster. 2005. Human lupus autoantibody-DNA complexes activate DCs
through cooperation of CD32 and TLR9. J. Clin. Invest. 115: 407–417.

41. Tseng, C. E., K. Caldwell, S. Feit, E. K. Chan, and J. P. Buyon. 1996. Subclass
distribution of maternal and neonatal anti-Ro(SSA) and La(SSB) antibodies in
congenital heart block. J. Rheumatol. 23: 925–932.

42. Clowse, M. E., L. Magder, F. Witter, and M. Petri. 2006. Hydroxychloroquine in
lupus pregnancy. Arthritis Rheum. 54: 3640–3647.

43. Costedoat-Chalumeau, N., Z. Amoura, D. L. Huong, P. Lechat, and J. C. Piette.
2005. Safety of hydroxychloroquine in pregnant patients with connective tissue
diseases. Review of the literature. Autoimmun. Rev. 4: 111–115.

44. James, J. A., X. R. Kim-Howard, B. F. Bruner, M. K. Jonsson, M. T. McClain,
M. R. Arbuckle, C. Walker, G. J. Dennis, J. T. Merrill, and J. B. Harley. 2007.
Hydroxychloroquine sulfate treatment is associated with later onset of systemic
lupus erythematosus. Lupus 16: 401–409.

45. Alarcón, G. S., G. McGwin, A. M. Bertoli, B. J. Fessler, J. Calvo-Alén,
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