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Introduction

Summary

Congenital heart block (CHB) is a potentially lethal condition characterized
by a third-degree atrioventricular block (AVB). Despite anti-Ro52 antibodies
being detected in nearly 90% of mothers of affected children, CHB occurs in
only 1-2% of anti-Ro/Sjogren’s-syndrome-related (SSA)
autoantibody-positive pregnancies. Maternal antibodies have been suggested
to bind molecules crucial to fetal cardiac function; however, it remains
unknown whether a single antibody profile associates with CHB or whether
several specificities and cross-reactive targets exist. Here, we aimed to define
further the reactivity profile of CHB-associated antibodies towards Ro52p200
(amino acid 200-239). We first analysed reactivity of a monoclonal anti-Ro52
antibody shown to induce AVB in rats (7.8C7) and of sera from anti-
Ro052p200 antibody-positive mothers of children with CHB towards a panel
of modified Ro52p200 peptides, and subsequently evaluated their potential to
induce AVB in rats upon transfer during gestation. We observed that CHB
maternal sera displayed a homogeneous
preferentially the C-terminal part of Ro52p200, in contrast to 7.8C7 that
specifically bound the p200 N-terminal end. In particular, amino acid D233
appeared crucial to maternal antibody reactivity towards p200. Despite low to
absent reactivity towards rat p200 and different binding profiles towards
mutated rat peptides indicating recognition of different epitopes within
Ro052p200, immunoglobulin (Ig)G purified from two mothers of children
with CHB could induce AVB in rats. Our findings support the hypothesis
that several fine antibody specificities and cross-targets may exist and
contribute to CHB development in anti-Ro52 antibody-positive pregnancies.
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Although anti-SSA/Ro autoantibodies, and more particu-

Congenital heart block (CHB) is an often-lethal condition
that may affect the children of women with anti-Sjogren’s-
syndrome-related antigen A (SSA)/Ro and anti-SSB/La
autoantibodies [1-5]. It is characterized by a block of signal
conduction at the atrioventricular (AV) node (third-degree
AV block, AVB) in the otherwise anatomically normal fetal
heart and usually develops during weeks 18-24 of preg-
nancy [3,6,7]. CHB is often preceded or accompanied by
other cardiac pathologies, including lower-degree AV block,
prolonged isovolumetric contraction time, sinus bradycar-
dia or more severe manifestations such as dilated myocar-
diopathy or endocardial fibroelastosis [8—11].

larly anti-Ro52 antibodies, are found in approximately 90%
of mothers of children with CHB, the risk for CHB is only 1—
2% in single anti-SSA/Ro antibody-positive pregnancies
[12-14]. Defining a maternal antibody profile associated
more closely with CHB remains a challenge; however it is
important for both identification of high-risk pregnancies
and further understanding of the molecular mechanisms
underlying antibody-associated CHB. Maternal autoantibod-
ies have been suggested to exert a pathogenic effect on the
fetal heart by cross-reacting to a cardiac-specific molecule
and interfering with calcium regulation and excitation—
contraction coupling. In support of this hypothesis, anti-Ro52
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antibodies have been reported to induce bradycardia and
complete AVB rapidly in Langendorff-perfused hearts [15],
and antibodies to amino acids 200-239 (p200) of Ro52 have
been shown to disturb calcium homeostasis in cultured neo-
natal cardiomyocytes [16,17]. Several potential cross-reactive
targets have been suggested, the most likely candidates being
L-type calcium channel subunits [18-20]. However, the ques-
tion remains of whether there is indeed one single specific
antibody profile underlying most cases of autoimmune-
associated CHB, or whether there may be several antibody
specificities and cross-targets involved.

In this study, we aimed to define further the epitope-
binding specificity of CHB-associated anti-Ro52 antibodies
by analysing the reactivity of both a CHB-inducing mono-
clonal antibody and sera from mothers of children with
CHB towards a series of modified Ro52p200 peptides. We
then evaluated the potential of anti-Ro52 antibodies with
different reactivity profiles to induce cardiac conduction
disturbances in vivo in rat pups upon transfer during
gestation.

Materials and methods

Patient sera and monoclonal antibody

Sera were obtained from 18 anti-Ro52p200 antibody-posi-
tive mothers of children diagnosed with second- or third-
degree AVB (CHB mother sera). The samples were col-
lected prospectively from 2001 to 2012 at the Rheumatol-
ogy Unit of the University-Hospital of Padua, Italy and
stored at —80°C. The study was carried out in accordance
with the principles outlined in the Declaration of Helsinki
and all participants gave informed consent. The generation
and characterization of the monoclonal antibody 7.8C7 has
been described previously [21].

Purification of human IgG antibodies

Immunoglobulin fractions containing immunoglobulin
(Ig)G were purified from the serum of two mothers whose
fetuses were diagnosed with third-degree AVB (CHB moth-
ers 1 and 2) and from the serum of a healthy donor (con-
trol) by protein A-Sepharose gel separation (HiTrap
Protein A HP columns; GE Healthcare, Uppsala, Sweden;
chromatography system; AKTA, GE Healthcare).

Peptides

N-term, mid, C-term and rat-to-human (r2h) mutated
peptides were synthesized at the Department of Medical
Biophysics, Linkoping University, LinkOping, Sweden.
All  other peptides were purchased from Thermo
BioSciences, Ulm, Germany. Peptide purity was confirmed
by high-performance liquid chromatography and mass
spectrometry.

Novel Ro52p200 epitopes in CHB

Enzyme-linked immunosorbent assay (ELISA)

Peptide ELISA was performed as described previously
[22,23]. Sera were tested at a dilution of 1 : 500 and the
monoclonal antibody 7.8C7 at a concentration of 1 pg/ml.
The specificity and affinity of purified IgG to different
P200 peptides were assessed in competition experiments
performed by preincubating serum (dilution 1 : 2000) with
peptides in different concentrations ranging from 0-1 to
1 mg/ml for 1 h at 20°C prior to analysis in ELISA.

Circular dichroism spectroscopy

Circular dichroism spectra of peptides were recorded with
a ChiraScan CD spectrometer (Applied Photophysics,
Leatherhead, UK). All spectra were analysed at 25°C over
the wavelength range 195 to 280 nm with a step size of
0-5 nm, a bandwidth of 1-5 nm, an average collection time
of 2 s per point and an equilibration time of 1 min in a
0-1-cm cuvette. The CD spectra were averaged from four
wavelengths scans and blanked against the vehicle solution
[0-1% trifluoroacetic acid (TFA) buffer]. In the absence
of W, F or Y residues in the peptides, the concentration
was estimated based on dry peptide weight, thus limit-
ing the evaluation of secondary structure to a qualitative
assessment.

Experimental animals and antibody transfer

Dark Agouti rats (Charles Rivers, Sulzfeld, Germany) were
kept and bred in the animal facility at the Center for
Molecular Medicine at the Karolinska Institute, Stockholm,
Sweden. All experimental protocols were approved by the
Stockholm North Ethics Committee. Fifteen-week-old
female rats were injected intraperitoneally with 4 mg of
purified IgG on day 7 after mating.

Electrocardiogram (ECG) recording

Three-lead ECGs were recorded within 24 h of birth on
conscious pups, as described previously [16]. PR intervals
were corrected for heart rate variation by expressing them
as PR/JRR.

Statistical analysis

Statistical analysis was performed using the Mann—Whitney
U-test. A P-value < 0-05 was considered significant.

Results

An AVB-inducing monoclonal antibody and sera
from mothers of children with CHB exhibit
differential reactivity profiles to Ro52p200

Antibody reactivity to the 40 amino acid long Ro52p200
peptide has been associated with CHB both in humans
[21,24] and in animal models [16,17]. To define further the

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 186: 284-291 285



A. Hoxha et al.

(a)

p200 LEKDEREQLRILGEKEAKLAQQSQALQELISELDRRCHSS

p197 LQELEKDEREQLRILGEKEAKLAQQSQALQELISEL

(d)
p200 LEKDEREQLRILGEKEAKLAQQSQALQELISELDRRCHSS
N-term  LEKDEREQLRILGEKEAKLAQQSQALQELISELDRRCHSS
mid LEKDEREQLRILGEKEAKLAQQSQALQELISELDRRCHSS
C-term  LEKDEREQLRILGEKEAKLAQQSQALQELISELDRRCHSS

N-term N-term
mid mid
C-term

(b) (©)

CHB mother
sera

p200 — l—i
pl97 ~.-1
T T 1

I T T
00 02 04 06 08 10
Reactivity (OD)

T
00 05 10 15 20
Reactivity (OD)

(e) ()
7-8C7 CHB mother

sera

p200 9200 - |_.

C-term -—1

I T T T 1 I T T T T 1
00 05 10 15 20 00 02 04 06 08 10

Reactivity (OD) Reactivity (OD)

Fig. 1. Different reactivity profiles of congenital heart block (CHB)-associated anti-Ro52 antibodies to p200. (a) Amino acid sequence of the
human Ro52 p200 and p197 peptides. (b,c) Reactivity to p200 and p197 of the anti-Ro52 monoclonal antibody 7.8C7 (b) and of CHB mother
sera [n =18, mean = standard error of the mean (s.e.m.)] (c). (d) Truncated p200 peptides; the amino acids retained in the truncated peptides
compared to full-length p200 are indicated in black letters. (e,f) Reactivity to truncated p200 peptides of 7.8C7 (e) and CHB mother sera

(n =18, mean * s.e.m.) (f).

Ro52p200 epitope(s) recognized preferentially by CHB-
associated antibodies, we first assessed the reactivity of a
monoclonal anti-human Ro52p200 antibody shown previ-
ously to induce AVB in a rat model (7.8C7) [16] and of
sera from anti-Ro52p200 antibody-positive mothers of
children with CHB (CHB mothers) towards two largely
overlapping Ro52 peptides encompassing the p200 region,
p197 and p200 (Fig. 1la). Strikingly, while the anti-
R052p200 monoclonal antibody bound to p200 and p197
to a similar extent (Fig. 1b), most sera from CHB mothers
showed little to no reactivity to p197, despite binding to
p200 (Fig. 1c). p197 differs from p200 by only a few amino
acids; however, it has been shown to exhibit a lesser degree
of a-helical structure and overall stability than p200 [25].
Lack of binding of maternal CHB sera to p197 could there-
fore be due to either the loss of a dominant epitope in the
C-terminal end of p200, or the loss of a structure-
dependent epitope, or both.

Subsequent analysis of reactivity towards overlapping
truncated p200 peptides (Fig. 1d) revealed that the anti-
p200 monoclonal antibody 7.8C7 targets an epitope located
within the N-terminal part of the p200 peptide (Fig. le).
By contrast, sera from CHB mothers exhibited a surpris-
ingly homogeneous profile that differed radically from that
of 7.8C7, as they bound only to the truncated C-term p200
peptide (Fig. 1f). Reactivity to this peptide was nevertheless
lower than that observed towards the full-length p200,
indicating that CHB mothers’ sera not only target the C-
terminal part of the p200 peptide, but also probably recog-
nize additional epitopes within p200, the presence of which

is dependent upon an intact structure lost in the truncated
peptides.

Sera from CHB mothers bind preferentially to a
dominant epitope in the C-terminal end involving
amino acid D233

To define further the epitope specificity of CHB-associated
human sera, we took advantage of the fact that, despite a
high homology between human and rat Ro52p200 peptides
(Fig. 2a), most sera from CHB mothers show little to no
reactivity towards rat p200 compared to human p200
(Fig. 2b). We therefore generated three different peptides
identical in sequence to rat p200 except for a few selected
amino acids that were substituted for their respective human
counterparts (rat-to-human, r2h, peptides) (Fig. 2a). The
selection of amino acids to mutate was based on their chem-
ical properties (charge, polarity or side chain) and their pre-
dicted position based on a helical wheel sketching assuming
an a-helical fold of the peptide [22]. As the lack of reactivity
of CHB maternal sera observed towards the p197 and trun-
cated p200 peptides could be due to a loss of peptide struc-
ture, we first verified by circular dichroism that both the r2h
peptides and the rat p200 peptide had a secondary structure
and o-helical contribution similar to that observed previ-
ously for p200 (Fig. 2¢c—f) [22].

Analysis of maternal sera binding to the mutated rat
P200 peptides revealed that part of the reactivity observed
towards human p200 was recapitulated by introducing rat-
to-human amino acid mutations in the C-terminal part of
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Fig. 2. Fine specificity of anti-Ro52p200 antibodies from congenital heart block (CHB) mothers. (a) Amino acid sequence of human p200
(h-p200), rat p200 (r-p200), and rat-to-human mutated p200 peptides (r2h-pQ207, r2h-pK217 and r2h-pD233). Mutated amino acids are
highlighted for each r2h peptide; unchanged amino acids from the initial rat p200 peptide are indicated in grey. (b) Reactivity of CHB mother
sera [n =18, mean = standard error of the mean (s.e.m.)] to p200 and r2h peptides. (c—f) Circular dichroism spectroscopy analysis of r2h and
r-p200 peptide secondary structure showing a-helical contribution. (g) Competition assay showing the binding specificity of a CHB mother
serum (CHB mother 1). [Colour figure can be viewed at wileyonlinelibrary.com]

the rat p200 peptide (r2h-pD233, Fig. 2b). By contrast, P200 C-terminal part, while also supporting the existence
there was no gain in mean reactivity when amino acid sub- of additional epitopes located in the middle stretch of
stitutions were introduced in the N-terminal or central P200. Of note, competition experiments with serum from a
part (r2h-pQ207 and r2h-pK217, Fig. 2b). Together, these CHB mother (CHB mother 1) revealed that reactivity to
data confirm the presence of a dominant epitope in the Ro052-p200 was decreased by preincubation with soluble
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Fig. 3. Amino acid D233 is crucial to a dominant epitope recognized by sera from mothers of children with congenital heart block (CHB).

(a) Schematic view of p200 peptides containing point mutations (alanine scan). The amino acid substituted by an alanine is indicated in black.

(b) Reactivity of CHB mother sera [n = 18, mean * standard error of the mean (s.e.m.)] to mutated p200 peptides described in (a).

r2h-pD233 in a concentration-dependent manner to a
degree similar to preincubation with h-p200 (Fig. 2g), sug-
gesting that most of the reactivity to Ro52p200 in given
CHB mother sera might be due to reactivity towards a
dominant epitope in the C-terminal part of p200 (involv-
ing amino acids 233 and 236-238).

To pinpoint the crucial amino acid(s) underlying the
reactivity of maternal CHB sera to the C-terminal part of
the p200 peptide, we performed an alanine scan of that
region (Fig. 3a). Peptides used in the alanine scan have
already been described and were shown to have a similar
secondary structure and a-helical contribution as p200
[22]. Strikingly, the reactivity profile among the CHB
maternal sera showed a consistently characteristic decrease
in reactivity towards p200 when the aspartic acid at posi-
tion 233 was substituted for an alanine (Fig. 3b). Single
amino acid substitutions at other positions (234-239) did
not affect antibody binding, suggesting that aspartic acid
233 is crucial to a dominant epitope recognized by sera
from mothers of children with CHB.

Sera from CHB mothers with different binding
specificities within p200 induce AVB in rat pups

The monoclonal antibody 7.8C7 binds equally well to the
human and rat Ro52p200 peptides (data no shown), and
has been shown to induce AVB in rats when transferred dur-
ing gestation [16]. By contrast, most sera from CHB moth-
ers do not bind to the rat p200 peptide (Fig. 2b). We
therefore asked whether 1gG purified from such sera would
also induce AVB in rats. In addition, we asked if different
binding profiles towards the mutated rat-to-human pep-
tides, which indicate recognition of different epitopes,
would affect the potential pathogenic effect of the maternal
sera on the rat fetal heart. We therefore selected sera from
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two CHB mothers that had different binding specificities to
the mutated rat-to-human peptides for transfer experi-
ments: serum from CHB mother 1 showed a somewhat
restricted binding specificity, with evidence of reactivity
towards the rat p200 peptide only when rat-to-human
mutations were introduced in the C-terminal part (r2h-
pD233) of p200, and not at other positions (Fig. 4a); serum
from CHB mother 2 had a broader binding profile, with evi-
dence of reactivity towards all rat-to-human mutated pep-
tides and even towards the rat p200 peptide (Fig. 4b).

ECG recordings on neonatal rats revealed that pups
exposed in utero to IgG purified from CHB mother 1
showed significantly longer PR intervals than pups born to
mothers injected with control IgG (Fig. 4c), although no
significant difference in heart rates was observed (Fig. 4d).
Similar to IgG from CHB mother 1, IgG purified from CHB
mother 2 also led to a significant prolongation of the PR
interval in pups who had been exposed in utero compared
to pups born to mothers who had received control IgG (Fig.
4e). However, while no effect on heart rate had been
observed upon exposure to CHB mother 1 IgG, pups born
to mothers who had received CHB mother 2 IgG showed
significantly lower heart rates at birth than control pups
(Fig. 4f). These data therefore suggest that anti-Ro52 anti-
bodies that recognize different epitopes within the p200
peptide may nevertheless similarly affect signal conduction
at the AV node in rat pups upon transfer during gestation.

Discussion

Considering the relatively low penetrance of CHB in fetuses
of anti-Ro/SSA antibody-positive women, efforts have been
made to find an antibody profile that could predict CHB
occurrence more accurately. Specificity towards amino
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acids 200-239 (p200) of Ro52 was suggested to associate
with CHB in two studies [21,24]; however, no statistically
significant differences in the prevalence of anti-p200 anti-
bodies were found between mothers of children with or
without CHB in two other studies [26,27]. The Ro52p200
peptide is 40 amino acid long, and it is possible that speci-
ficity towards a particular epitope within p200, rather than
reactivity to p200 in general, is associated with CHB. In the
present study, we therefore evaluated the binding of CHB
maternal sera to a series of truncated or mutated p200 pep-
tides. Strikingly, we found that sera from 18 CHB mothers
all bound preferentially to the C-terminal part of p200, and
that amino acid D233 in particular was crucial to maternal
CHB sera binding to p200. By contrast, a monoclonal anti-
body (7.8C7) shown previously to induce AVB in rodents
[16] targeted specifically an epitope within the N-terminal
end of p200. In addition, whereas 7.8C7 binds to the rat

p200 peptide, maternal CHB sera showed little to no reac-
tivity to rat p200. Introducing rat-to-human amino acid
mutations within the C-terminal part of the rat p200 pep-
tide increased maternal CHB sera binding to some extent,
further supporting the presence of a dominant epitope
within the C-terminal region and contrasting with the
binding specificity of 7.8C7. Nevertheless, subsequent
transfer of IgG purified from two CHB mothers with differ-
ent reactivity profiles to the mutated rat p200 peptides into
rats during gestation showed that, despite a reactivity pro-
file different from that of 7.8C7 and different from each
other, these CHB mother IgGs could also induce AVB in
rat pups. These findings indicate that different fine specific-
ities of anti-Ro52 antibodies can similarly disrupt fetal car-
diac conduction.

Maternal antibodies have been suggested to affect the
fetal heart by cross-reacting to a cardiac-specific molecule
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and disturbing calcium homeostasis. Although we cannot
exclude that there is an as-yet-unidentified common epi-
tope targeted by both the maternal sera and monoclonal
antibody tested here, our data suggest that these AVB-
inducing antibodies recognize different p200 epitopes and
yet affect the fetal heart in a similar manner. This therefore
supports the hypothesis of the existence of several cross-
reactive targets for CHB maternal sera in the fetal heart.
Several well-substantiated candidates have indeed been
proposed, in particular different subunits of cardiac cal-
cium channels [18-20]. Altogether, it is possible that there
is not one single CHB-inducing antibody specificity, but
rather several different specificities that may act in an addi-
tive fashion to induce substantial damage in the fetal heart
and lead to complete third-degree AVB.

In this study, we show that signs of AVB can be induced
in rats upon transfer of human anti-Ro52 antibody-posi-
tive purified IgG. Importantly, although these findings
indicate that cardiac manifestations similar to human CHB
may be recapitulated in animal models, the phenotype
observed in rodents remains mild, with the notable absence
of complete third-degree AVB [2,28]. One explanation may
be that levels of IgG crossing the placenta in rodents are
insufficient to lead to a full-blown inflammation and fibro-
sis of the fetal AV node. Alternatively, it is likely that critical
fetal susceptibility factors are absent in the mouse and rat
strains studied so far. Indeed, we have shown previously
that fetal MHC modulates the penetrance of first-degree
AVB in a rat model of CHB [29], and genetic variants mod-
ulating fetal cardiac function and/or inflammatory
responses in the presence of maternal antibodies may con-
tribute further to disease susceptibility and phenotype
severity. This, in fact, mirrors the situation in humans,
where the recurrence rate reaches only 12-20% despite the
persistence of maternal antibodies [30-32], and where up
to one-third of fetuses of anti-Ro52 antibody-positive
mothers have been described to develop a first-degree AVB
that, in the majority of cases, reverts spontaneously to nor-
mal heart rhythm before or at birth [11].

In all, we show here that anti-Ro52 antibodies with dif-
ferent fine specificities can induce AV block in vivo upon
transfer during gestation, supporting the idea that there
may be not one, but several antibody profiles associated
with CHB, as well as several cross-targets recognized by
maternal antibodies in the fetal heart. We also identify the
C-terminal part of the Ro52p200 peptide as a dominant
epitope recognized by serum from mothers of children
with CHB, with amino acid D233 being especially impor-
tant for reactivity towards this epitope.
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