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Abstract

At birth, the human immune system already contains substantial levels of polymeric IgM, with
autoantibodies to neo-epitopes on apoptotic cells (ACs) that are proposed to play homeostatic and
anti-inflammatory roles. Yet the biologic origins and developmental regulation of these naturally
arising antibodies remain poorly understood. Herein, we report that levels of IgM-antibodies to
malondialdehyde (MDA) protein adducts, a common type of in vivo generated oxidative stress-
related neoepitope, directly correlate with the relative binding of neonatal-IgM to ACs. While
levels of IgM to phosphorylcholine (PC), a natural antibody prevalent in adults, were relatively
scant in cord blood, there was significantly greater relative representation of IgM anti-MDA
antibodies in newborns compared to adults. To investigate the potential interrelationships between
neonatal IgM with pathogenic 1gG-autoantibodies, we studied 103 newborns born to autoimmune
mothers with 1gG anti-Ro (i.e., 70 with neonatal lupus and 33 without neonatal lupus). In these
subjects the mean levels of IgM anti-Ro60 were significantly higher than in the newborns from
non-autoimmune mothers. In contrast, levels of IgM anti-MDA in IgG anti-Ro exposed neonates
were significantly lower than in neonates from non-autoimmune mothers. The presence or absence
of neonatal lupus did not influence the total levels of IgM in the anti-Ro exposed newborns. Taken
together, our studies provide evidence that the immune development of the natural IgM-repertoire
may be affected, and become imprinted by, the transfer of maternal IgG into the fetus.
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1. INTRODUCTION

Secreted immunoglobulins play essential roles in host defenses from microbial pathogens,
and certain types of spontaneously arising (i.e., natural) antibodies are reported to reinforce
fundamental innate pathways for maintaining tissue homeostasis [1-5](reviewed in [6]).
Indeed, IgM, the first isotype expressed during immune development (reviewed in [7]), is
detectable by the 141 week of human gestation [8, 9]. In both mice and humans
autoantibodies are highly represented in the IgM-repertoires [10, 11], and these include
natural antibodies that recognize oxidation-associated neo-antigens on apoptotic cells (ACs)
[12, 13], such as IgM to phosphorylcholine (PC) in oxidized lipids and malondialdehyde
(MDA) protein modifications that have been linked to protective properties [2, 3, 14, 15].
Furthermore, higher levels of IgM to the apoptosis-associated determinant, PC, correlate
with protection from atherosclerotic plaque and cardiovascular events [14, 16, 17], as well as
with lower overall clinical disease activity in SLE patients in some cohorts [14].

The processes that mold the early development of the IgM-repertoire are poorly understood
[18]. During gestation clinical infection can dramatically increase overall IgM levels [19]
and induce pathogen-specific antibodies later detectable in umbilical cord blood [20],
demonstrating the capacity of the prenatal immune system for antigen-specific responses.
Even more relevant, ACs are continuously generated during development, including from
the involution of the placenta [21]. Hence the clonal representation within the neonatal 1IgM-
repertoire may in part be selected by oxidative stress-related neo-epitopes on ACs.

In the murine immune system, the earliest arising tier of mature B cells, termed B-1 cells is
also the dominant cellular source of natural antibodies. B-1 cells have a specialized
repertoire [22] and response profiles believed to result from positive clonal selection of B-1
precursors by some non-protein autoantigens [23, 24]. In humans, an equivalent B-1 cell
subset, bearing the CD43+ CD27+ CD70- phenotype, have been detected in the
bloodstream of adults and in umbilical cord blood of newborns [25]. Spontaneous
production of anti-PC antibodies by these B cells has also been reported [25].

During immune development, despite the indisputable benefits of maternal 1gG transfer that
augment fetal defenses, there are also uncommon clinical settings in which antibodies from
the maternal immune system pose substantial pathogenic threats. Neonatal lupus (NL)
represents a well-documented clinical syndrome caused by maternal 1gG-autoantibodies
reactive with the autoantigens, Ro52 (52 kDa SSA/R0), Ro60 (60 kDa SSA/R0), and La
(48kDa SSB) that can form immune complexes containing single-stranded (ss)RNA [26].
During gestation, active placental transport mediated by the neonatal Fc receptor (FCRn)
introduces maternal 1gG that can include 1gG anti-Ro antibodies into the fetal circulation.
The transplacental transfer of these IgG-autoantibodies can result in cutaneous
manifestations, and more seriously in congenital heart block that is associated with high
morbidity and 15-30% fetal/neonatal mortality [27, 28]. Cardiac injury in NL has been
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suggested to be driven by maternal IgG anti-Ro antibodies that bind to RNA-containing
complexes exposed on the surface of apoptotic cardiocytes, leading to conduction system
defects, and at times global cardiomyopathy. In part, this has been linked to impaired
apoptotic cardiocyte clearance, TLR-dependent macrophage activation, and the release of
pro-fibrotic active TGF-p [29-34].

Only a small proportion (~2%) of these anti-Ro exposed pregnancies result in heart block in
the offspring [26], albeit the recurrence rate in subsequent pregnancies is nearly ten-fold
higher [35]. Strikingly, the autoimmune disease status of the mother alone does not predict
the development of NL; hence, there are likely other unknown environmental and/or genetic
factors that also contribute to pathogenesis [26].

The current study was therefore initiated to characterize the IgM-antibody responses to PC
and MDA oxidation-associated neo-determinants and AC binding in newborns. We also
sought to determine whether there are differences in the levels of IgM in cord blood samples
from healthy neonates of non-autoimmune mothers compared to newborns from mothers
with circulating 1gG anti-Ro/La antibodies. In addition, we sought to investigate whether NL
in the newborn, or the autoimmune process occurring in the mother, can affect the
distribution of autoantibodies within the newly emergent neonatal IgM-repertoire.

2. MATERIALS AND METHODS
2.1. Subjects

103 plasma samples were obtained from the umbilical cords of newborns of autoimmune
mothers enrolled in the NYU IRB approved Research Registry for Neonatal Lupus (NL), as
previously described [27, 36]. Enrollment of a pregnant subject required seropositivity for
anti-Ro (Ro52 and/or Ro60) and/or anti-La48 and/or anti-RNP IgG-antibodies by clinical
laboratory testing, with later confirmation in our research laboratory, as described [36]. All
mothers in the registry provided informed consent. Cord blood samples were from neonates
with a diagnosis of documented cardiac NL (n=56), cardiac and cutaneous NL (n=10) or
rash alone (n=4), and from unaffected healthy siblings of NL neonates (n=40). In addition,
31 de-identified control cord blood samples from non-autoimmune mothers (with an absence
of 1gG anti-Ro/La autoantibodies), and 43 healthy unrelated adult donors, were provided
through the Blood Bank of the Hospital of the University of Pennsylvania.

2.2. ELISA assays

Adapting previously described methods [14], high-binding ELISA plates were coated with
PC16-bovine serum albumin (BSA) (Biosearch Technologies), MDA-modified BSA (MDA-
BSA, Academy Biomedical), or Ro60 from calf thymus (Fitzgerald Industries) at 3 ug/ml in
PBS. Samples were analyzed for IgM anti-PC and anti-Ro60 at 1:200 and 1:1,000 dilutions,
and IgM anti-MDA at 1:500 and 1:2,500 dilutions, detected with biotinylated goat anti-
human IgM (Jackson Immunoresearch), followed by streptavidin-polyHRP80 (Fitzgerald).
In adults, IgM reactivities were assessed at 1:6,000 and 1:30,000 for MDA, or 1:10,000 and
1:50,000 for PC. 1gG anti-Ro60 reactivity was assessed at dilutions of 1:3,000 and 1:30,000,
and IgG anti-MDA at 1:200 and 1:1,000, and detected with goat anti-human 1gG-HRP
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(Jackson Immunoresearch), using modified from [14]. Assays for IgM-rheumatoid factor
(RF) used Quanta Lite® kits (INOVA Diagnostics), and sensitivity of detection was
enhanced with biotinylated goat Fab’2 anti human p-specific antibody (Jackson
Immunoresearch), using streptavidin poly HRP80 (Fitzgerald Industries). All assays
included standard curves of control samples, for quantitation of reactivities in relative
activity units (RU)/ml. For example, when measuring IgM anti-MDA in cord blood plasma
at 1:500 dilution, a reference SLE pool at 1:5,000 was set as 100 RU/ml, and a seven point
standard curve was prepared by subsequent 2-fold dilution of the reference sample for the
interpolation of the values for the neonatal serum samples. Similarly, a reference pool from
patients with Sjogren’s syndrome was used for quantification of anti-Ro60 antibody
reactivity. Levels of total IgM were also measured, which used a human monoclonal IgM
(Jackson Immunoresearch) for the ELISA standard. In this highly quantitative immunoassay,
100 RU/mlI corresponded to IgM at 38 mg/dl as determined by nephelometry (NYU Clinical
Laboratory).

2.3. Binding to apoptotic cells

Using a standard assay [5,6], apoptotic death of murine thymocytes was induced by
incubation with 1uM dexamethasone (Sigma Aldrich) at 37°C for 4 hrs in RPMI media
supplemented with 10% FBS, penicillin, streptomycin, and L-glutamine, at 2x108 cells/ml.
Apoptosis in the human T-cell line, Jurkat, was induced by incubation with anti-CD95/Fas
(EOS9.1, Biolegend) at 100 ng/ml for 2 hrs. Plasma samples were each separately incubated
with ACs in 3% BSA in PBS for 45 min on ice, at indicated dilutions. Binding was detected
with biotinylated goat anti-human IgM p-chain specific antibodies (Jackson
Immunoresearch), followed by streptavidin conjugated to phycoerythrin (PE) (BD
Biosciences). Human myeloma IgM (Jackson Immunoresearch) at 1 or 10 ug/ml was used as
isotype control. Before the flow cytometry studies, cells were co-stained with Annexin V
(BD Biosciences) and 7AAD (BD Biosciences), according to the manufacturer’s
instructions. For antigen inhibition studies, diluted cord blood samples were pre-incubated
with 100 ug/ml in-house prepared MDA-modified BSA or control mock-treated BSA 1 hr at
4C, before flow cytometry binding studies. MDA modification was performed according to
established methods. Briefly, MDA was generated by acid hydrolysis of
tetramethoxypropane (Sigma Aldrich) and molecular grade BSA (NEB) was modified by 50
mM MDA in PBS for 24 hrs at 37C, followed by extensive dialysis. Data were acquired
using a FACSCalibur instrument or BD Accuri (BD Biosciences) and analyzed with FlowJo
software (Tristar).

2.4, Statistical analysis

For statistical analysis, Prism (Graphpad) was used to assess for differences between groups
and for correlations between measurements. For groups with unequal variances, we applied
two-tailed Student’s #tests with Welch correction. Pearson or Spearman correlations were
used to for evaluation of correlation between measurements as indicated. P-values <0.05
were considered statistically significant.
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3. RESULTS

3.1. IgM levels in neonates compared to healthy adults

In our studies of circulating natural IgM-antibodies, we first analyzed cord blood samples
from unaffected neonates of non-autoimmune mothers. As expected, all neonates had
detectable levels of total IgM, but these levels were a mean 17-fold lower than found in the
plasma of adults (mean + SD; 27.6 £18.4 vs. 479 £+ 230 RU/ml, p<0.0001) (Figure 1A)
corresponding to 180 mg/dl in adults and 11 mg/dl in neonates. We next measured levels of
IgM antibodies that bound the oxidative-stress related PC- and MDA- antigens, and found
that these levels in neonates were significantly lower than in healthy adults (for anti-PC
75.9+ 15 vs. 4642 £390 RU/ml, p<0.0001; for anti-MDA 161+14 vs. 45054 RU/ml,
p<0.0001)(Figure 1B and C). Strikingly, there was a much greater difference between
neonatal and adult levels for IgM anti-PC (~60-fold) than for IgM anti-MDA (~2.8 fold)
(Figure 1B and C). For comparison, we also investigated IgM reactivity with another PC-
containing reagent, pneumococcal cell wall polysaccharide (CWPS), in which the PC
epitopes are also immunodominant on these teichoic acid polysaccharide molecules. Here,
the binding patterns were similar to anti-PC conjugate, as IgM-antibodies to CWPS were
also at a relative (~85-fold) lower level in cord blood than in adult sera (122+181 vs
10,567+6526 RU/ml, p<0.0001)(Figure 1D). These findings support the notion that IgM
reactivity with apoptosis-associated antigens is common at birth and persists following
immune maturation into adulthood although the representation of fine specificities shifts.

To further investigate the patterns of expression of these natural antibody specificities, we
assessed the representation of each of the antigen-specific IgM within the total IgM pool.
These ratios showed that IgM anti-PC were relatively underrepresented in neonates than in
adults (2.7+1.7 vs 10.7£5.6, p<0.0001)(Figure 1E). Similarly, the ratio of IgM anti-CWPS/
total IgM was also significantly lower in the newborns than adults (4.3+3.9 vs. 23+12)
(Figure 1G). In contrast, the ratio of IgM anti-MDA/total IgM was significantly higher in
neonates compared to adults (7.2+3.6 vs 1.0£0.6, p<0.0001) (Figure 1F). However, we
unexpectedly demonstrated that the relative reactivity of anti-MDA IgM-antibodies is
disproportionately greater at birth than later in life (i.e., in adult plasma) (Figure 1). We
speculate that this may be a surrogate for preferential display of a subset of oxidative-stress
related antigens, arising in vivo in the hypoxic uterine environment. Furthermore, the
representation of IgM-antibodies to the two distinct oxidation-associated neo-antigens under
examination appeared to become differentially shifted with the immune maturation of the
subject, with much greater representation of IgM anti-MDA at birth (Figure 1).

3.2. Apoptotic cell binding of neonatal IgM

Antibody recognition of the PC- and MDA- neo-determinants that arise on the membranes
of mammalian cells undergoing apoptotic death has been shown to enable the immune
discrimination of apoptotic from healthy cells and to enhance host homeostatic functions [1-
3, 37]. We therefore investigated the binding of IgM-antibodies in cord blood with ACs by a
standard flow cytometric assay. All tested cord blood samples showed IgM binding to
7AAD(+) Annexin V(+) ACs and low or undetectable binding to freshly isolated 7AAD(-)
Annexin V(=) “healthy” thymocytes in which apoptosis-associated neo-epitopes are not
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exposed (Figure 2). The cord blood IgM apoptotic thymocyte binding pattern was confirmed
by studies of anti-Fas induced apoptotic human Jurkat cells, where binding to both early and
late apoptotic cells was detected (Figure 3). We detect higher levels of IgM binding to late
apoptotic cells 7AAD(+) Annexin V(+) compared to early stage apoptotic cells 7AAD(-)
Annexin V(+), presumably due to an accumulation of apoptosis markers on these cells
during the apoptosis process. Notably, in the eight cord blood samples from neonates of non-
autoimmune mothers, the level of IgM-binding to ACs directly correlated with the level of
total IgM (p=0.02, Pearson R=0.80) and IgM anti-MDA reactivity (p=0.03, Pearson
R=0.75), as measured by ELISA (Figure 4A and C). When normalizing the IgM anti-MDA
signal for total IgM (IgM anti-MDA/total IgM) we found no significant correlation with AC-
binding (Figure 4D and E). We postulate that this significant correlation between total IgM
and IgM anti-MDA provides evidence that a major proportion of the total IgM in the neonate
has binding specificity for this oxidation-associated epitope. Indeed, in the antigen-inhibition
studies, following pre-incubation with MDA-BSA we detected a significant reduction in the
binding of neonatal IgM to both early and late apoptotic cells, compared to control-treated
BSA (Figure 3).

There was no correlation between the level of AC binding with the level of IgM anti-PC,
which were relatively low compared to anti-MDA in these neonates (Figure 4B). In studies
of samples from healthy adults, the levels of IgM AC-binding significantly correlated with
the levels of IgM anti-MDA antibodies (p=0.04, Pearson R=0.74) but not with total IgM
levels (Figure 4F=J). There was also a trend towards a direct correlation between AC-
binding and serum IgM anti-PC levels (p=0.06, Pearson R=0.68) (Figure 4G). However, the
correlation with binding to ACs was statistically significance when the levels of the IgM
anti-PC were normalized for total IgM levels (p=0.04, Pearson R=0.72)(Figure 41). These
findings therefore confirm earlier evidence that in adults the IgM anti-PC antibody is a
primary mediator for binding of AC membranes [38]. In addition, these studies provide
further support for the notion that during the maturation of the human immune system there
is a shift in IgM-fine binding specificities responsible for AC recognition.

3.3. IgM in neonates from autoimmune mothers

We next investigated whether the neonatal IgM-repertoire is affected by gestation in an
environment containing maternal 1gG-autoantibodies that can complex with autoantigens
and ssRNA molecules (Figure 5). Herein, we evaluated IgM levels in 103 cord blood
samples from the neonates exposed to maternal I1gG anti-Ro/La autoantibodies (i.e., from
autoimmune mothers) and 31 unrelated neonates from non-autoimmune mothers. The total
IgM in the autoimmune-exposed cord bloods were significantly higher than in the cord
blood samples from non-autoimmune mothers (41+£39 RU/ml vs. 27+ 18 RU/ml; p=0.008)
(Figure 5A & B). Yet, these IgM elevations in the offspring of autoimmune mothers were
much below the levels that are considered diagnostic for congenital infection [19]. IgM anti-
PC and IgM anti-MDA levels did not significantly account for the overall increase in total
IgM in autoimmune neonates as the mean levels of these IgM specificities were not
significantly different between the cord blood samples from those exposed or not exposed to
maternal 1gG anti-Ro antibodies (Figure 5C & D).
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We found that in non-autoimmune newborns IgM anti-MDA was relatively over-represented
in the total pool of IgM, as the mean values for IgM anti-MDA/total IgM were significantly
higher in the non-autoimmune neonates compared to the autoimmune cohort (7.2+3.6 vs.
4.8+4.7, p=0.004) (Figure 5G). Yet there were no significant differences between the groups
for anti-PC binding reactivity that was present in neonates at low or undetectable levels
(Figure 5F).

As Ro60 has been implicated in NL pathogenesis, we next investigated expression in the
neonate of antibody reactivity to Ro60, one of the autoantigens targeted by 1gG-
autoantibodies in autoimmune mothers. Most neonates had substantial levels of IgM reactive
with Ro60, however the mean levels of IgM anti-Ro60 were significantly higher in neonates
of autoimmune mothers compared to those from non-autoimmune mothers (218+203 RU/ml
vs. 1294115 RU/ml, p=0.003) (Figure 5E). In contrast to our findings for IgM anti-MDA,
we found that IgM anti-Ro60 was over-represented in the total IgM pool from neonates
exposed to maternal 1gG anti-Ro/La autoantibodies, compared to non-autoimmune newborns
(8.6+ 9.6 vs. 5.0+2.8, p=0.001) (Figure 5H). In addition, IgM anti-PC and IgM anti-MDA
each significantly correlated with total IgM levels in both cord blood cohorts, while IgM
anti-Ro60 only correlated with total IgM in the cord blood samples from the control
neonates with non-autoimmune mothers (Supplemental Table 1).

Based on the postulation that maternal IgM are not actively transported into the fetus and do
not contribute to the immunoglobulin in the fetal circulation, these findings suggest that
exposure to maternal 1gG anti-Ro autoantibodies can alter the specificity of circulating
neonatally expressed autoreactive IgM antibodies.

Due to the concern that these reactivity patterns could reflect the in vivo formation of
immune complexes of neonatal IgM-autoantibodies with maternal 1gG-autoantibodies, we
also assayed for rheumatoid factor (RF) activity (i.e., IgM anti-IgG Fc). RF were readily
detected, although cord blood samples from both non-autoimmune and autoimmune mothers
generally contained only low levels of RF, and in only 1/23 of the selected cord blood
samples the RF level was greatly elevated (Supplemental Figure 1). Notably, we found no
associations between the level of IgM-RF and other types of IgM-antibodies, including the
IgM anti-Ro60 (Supplemental Figure 1). Hence the finding in our assays of elevated IgM
anti-Ro60 in neonates from autoimmune mothers was unlikely due to the influence of RF-
autoantibodies.

3.4 Autoantibody levels are not affected by overt clinical NL

To determine whether the development of cardiac neonatal lupus in the fetus affects IgM
levels and specificity we next analyzed the data according to fetal diagnosis. We found no
significant differences for IgM antibodies between anti-Ro/La-exposed fetuses that
developed congenital heart block and their unaffected siblings (Figure 5B, I, J and K).
Interestingly, there appeared to be trends for concordance for IgM autoantibody reactivity
levels between related siblings from individual autoimmune mothers (Supplemental Figure
2), which may suggest these levels are influenced by shared familial genetic and/or
environmental factors.
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Having determined that neonatal lupus is not associated with 1gM levels or binding
specificity, we next studied whether maternal diagnosis has an impact on newborn IgM. In
the research registry for NL cohort, 30 of the mothers had previously been diagnosed with
SLE and/or Sjogren’s syndrome (SS) based on clinical criteria, while a separate set of 31 of
the mothers in this cohort did not have a clinical history of autoimmune disease or
symptoms when their child(ren) were born with heart block. While the IgM levels in the
neonates from autoimmune mothers were generally increased compared to those from non-
autoimmune mothers, there were no differences between the offspring from clinically
autoimmune yet unaffected mothers (i.e., without signs or symptoms of disease) with those
from the autoimmune mothers with overt SS/SLE disease (Figure 6).

Several babies in the NL cohort were born prematurely (i.e., at less than 36 weeks). We
therefore investigated whether Ig/antibody levels in the neonate correlated with the
gestational age at delivery (Supplemental Figure 3). Yet we found neither an association
between gestational age at birth with total IgM levels (Supplemental Figure 3A), nor with
IgG anti-Ro or 1gG anti-MDA (data not shown). However, there was a significant direct
correlation between gestational age and levels of IgM anti-PC (p=0.02, Spearman R=0.26),
IgM anti-MDA (p=0.005, Spearman R=0.32) and IgM anti-Ro60 (p=0.01, Spearman
R=0.28)( Supplemental Figure 3B, C & D). When IgM anti-MDA levels were normalized to
total IgM levels we found significant direct correlations with the gestational age at birth
(p=0.02, Spearman R=0.26), suggesting that the proportion of the representation of IgM may
be increasing during in utero development. These findings may therefore suggest that these
antibodies may first be produced during different points during in utero development and/or
there is accumulation over time as a function of the maturation of the fetus/neonate.

3.5. IgG-autoantibodies of maternal origin

We previously reported that levels of 1gG anti-MDA were strongly associated with lupus
clinical disease activity, as determined by SLEDAI, while in healthy adults the levels of IgG
anti-MDA antibodies were either much lower or undetectable [14]. Therefore, we evaluated
maternal 1gG anti-MDA in the NL cohort, with IgG anti-Ro60 as a comparison. Levels of
IgG anti-MDA were significantly higher in autoimmune than in non-autoimmune mothers
(9.1£5.3 RU/ml, p<0.0001)(Figure 7B). However, we were surprised to find that levels of
IgG anti-MDA in the neonates from autoimmune but clinically unaffected mothers (47+68
RU/mI) were comparable with those in the SLE/SS affected mothers (61+120)(Figure 7D).
While there was no correlation between levels of the maternally transferred 1gG anti-Ro60
and neonatal IgM anti-Ro60, we did detect a significant correlation between maternally
transferred 1gG anti-MDA and neonatal IgM anti-MDA (p<0.0001, Spearman R=0.67;
Supplemental Figure 4).

Importantly, there were no differences in the levels of 1gG anti-MDA or 1gG anti-Ro60 in
neonates with congenital heart block from autoimmune mothers compared to their clinically
healthy siblings (not shown). Furthermore, there were no significant differences in cord
blood levels of IgM-antibodies or IgG-autoantibodies from the neonates of mothers who had
received in utero dexamethasone treatment for the fetal development of congenital heart
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block compared to autoimmune mothers whom had not received dexamethasone (data not
shown).

4. DISCUSSION

In our studies of neonatal humoral immunity we investigated the expression of natural IgM
reactive with PC- or MDA neo-determinants that recognize cells undergoing apoptotic death
[2, 37]. IgM-autoantibodies to both PC and to MDA were detected in cord blood/neonatal
samples, albeit with a higher representation of IgM anti-MDA, and lower representation of
IgM anti-PC, within neonatal compared to adult responses. We also analyzed samples from
subjects with NL to investigate for effects of maternal autoimmunity at the fetal immune
interface. While maternal 1gG-antibodies that cross the placenta can initiate fetal cardiac and
cutaneous injury, there is no known active transport mechanism in the placenta for maternal
IgM. Therefore, IgM detected in cord blood, including anti-Ro60 IgM antibodies should
originate from the fetal immune system. Indeed, the representation of IgM anti-Ro60
antibodies was found to be increased in the offspring from anti-Ro60 positive mothers,
although these antibodies did not discriminate between neonates with NL vs. healthy
siblings, or were related to maternal clinical status. We also considered the potential
contribution of IgM-RF autoantibodies to evidence of elevated IgM anti-Ro60 reactivity in
the offspring of autoimmune mothers, and we performed specific assays that removed this
concern. Taken together, we interpret our findings as evidence that maternal transfer of 1gG
anti-Ro/La autoantibodies is likely to have secondary effects on the neonatal IgM-repertoire
regardless of whether there is clinically overt NL and/or clinically apparent autoimmune
disease in the mother.

The tissue injury associated with cardiac NL is known to first develop at 18—-24 weeks of
gestation [28], a time when circulating IgM antibodies are certainly present [8, 9]. The
process that results in congenital heart block may also be associated with an increase in local
cell death. We hypothesized that this could modulate circulating levels of neonatal IgM to
AC-associated determinants, akin to changes in IgM anti-PC in adults reported following
TNFa infusions [38]. Indeed we found evidence of decreased representation of IgM anti-
MDA within the overall IgM pool in the cord blood samples of neonates from autoimmune
mothers, compared to cord blood from non-autoimmune mothers (p=0.004)(Figure 5G).
Hence our studies may provide evidence of selective consumption of the potentially
protective IgM anti-MDA natural antibodies. In contrast, we have previously shown that
adult SLE patients have significantly elevated levels of IgM anti-MDA compared to controls
[14], this may be due to persistent stimulation of anti-MDA B cells by factors released due
to chronic inflammation, apoptotic death, and/or oxidative stress.

The healthy adult relatives of autoimmune patients have been reported to often have
detectable anti-Ro60 IgM-antibodies [39], and it was hypothesized that this could predispose
these individuals to later IgG class-switched anti-Ro60 responses and the development of
overt clinical disease [39]. In an earlier report, 4-5 week old neonates from autoimmune
mothers were found to have only low or non-detectable levels of IgM anti-Ro60 [40]. Yet it
is uncertain how to reconcile differences between these observations, and it could be that we
detected IgM anti-Ro60 in a greater number of subjects simply due to increased sensitivity
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of our methods. There could also be subsequent decreases in levels of IgM anti-Ro60 that
occur weeks to months after birth [41, 42].

The design of our current studies was influenced by our prior observation that experimental
infusions of large humbers of apoptotic cells into adult mice can nearly double overall IgM
levels [2], with preferential induction of IgM-antibodies reactive with PC- or MDA-
containing antigens [2]. We postulate that when these antibodies arise in the fetus there is the
potential for protective effects.

In the murine repertoire, anti-PC natural antibodies are also infrequent at birth while there is
a subsequent post-natal expansion [43]. We have also previously documented a similar age-
dependent switch from an early dominance of anti-MDA compared to a later emergence of
anti-PC antibodies that are responsible for natural antibody mediated anti-inflammatory
effects in weanlings compared adult mice, respectively [3]. Hence, we have now found
evidence to support the classic immunologic theory that mice and humans share a conserved
programmed development of antibodies [41, 42], which our findings suggest are directed
against different neo-determinants on the cell membranes of ACs. We wonder whether the
early repertoire is in part a reflection of oxidative stress and the hypoxic environment in
utero [44], and/or is also influenced by variations of (auto)antigenic exposures during in
utero development. After birth, the representation of these natural antibody-secreting B cells
may also be affected by postnatal microbiome colonization of the gut [45] or under the
influence of dietary antigens [46]. Intriguingly, neonatal IgM is believed to be primarily
from B-1 cells. Based our current findings, we hypothesize that human IgM anti-MDA
antibodies are commonly produced by B-1 cells that arise during the prenatal period, while
most IgM anti-PC may instead derive from B-cells that arise later, akin to what has been
described in mice [43].

Whereas IgG-antibodies to MDA are not commonly present in healthy adults, levels of these
antibodies are often increased in individuals following the development of autoimmunity. In
fact, in cross-sectional studies elevated levels of 1gG anti-MDA levels directly correlated
with higher lupus disease activity [14, 47]. It was therefore predictable that maternal 1gG
anti-MDA would be detected in a major proportion of the cord blood samples from
autoimmune mothers but not in neonatal samples from non-autoimmune mothers. However,
the immunobiologic implications remain unclear. An increase in expression of IgG anti-
MDA may arise in a setting of an altered redox state, in which increased oxidative stress and
lipid peroxidation may lead to the release of free, chemically-reactive MDA that leads to
adduct protein modifications, and induces an anti-MDA IgG response [48, 49]. While this
could represent a bystander effect of inflammation, murine experimental models have
suggested that serum levels of free MDA can reflect the overall level of oxidative injury, and
induced IgG anti-MDA antibodies may further contribute to autoimmune pathogenesis [50—
52]. We therefore wonder whether the increased levels of 1gG anti-MDA antibodies found in
a subset of asymptomatic autoimmune mothers reflects a subclinical systemic pathologic
process. Furthermore, the IgG anti-MDA arising in SLE patients are overwhelmingly of the
IgG1 and IgG3 subclasses [14], which are more efficient at triggering the complement
cascade and engaging activating FcyR [53]. We therefore speculate that 19G anti-MDA
levels in these autoimmune mothers could provide a predictive biomarker for later
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development of clinically active disease. Longitudinal follow-up studies of these at-risk
individuals are therefore warranted.

We have recently shown that anti-PC antibodies are present in adult bone marrow, the
primary antibody production site of plasma cells derived from follicular B cells [54]. An
independent report with BCR cloning from single human B cells suggested that adult human
anti-PC responses may not be restricted to the B-1 cell compartment [55]. Yet there are also
data supporting the notion that in diverse adult populations there are dominant and recurrent
anti-PC clonotypic sets that are generated by convergent somatic mechanisms to display part
of the B-cell common public repertoire [46, 55].

In conclusion, natural IgM-antibodies to AC determinants are present in health at birth and
the relative representation of specific antibody reactivities appears to be differentially
expressed during development. While natural IgM have housekeeping functions to increase
apoptotic cell clearance in adults, our studies cannot address whether natural IgM-antibodies
are also commonly involved in AC phagocytosis during fetal development, a period
associated with high levels of apoptosis that are integral to organogenesis. Furthermore, it is
currently unknown whether natural IgM antibodies play homeostatic roles in the newborn
and if a distortion in the neonatal IgM repertoire may influence the health of the child or
affect subsequent immune development. We speculate that the increased overall IgM levels
in newborns from autoimmune mothers may reflect a response to exaggerated inflammation-
associated antigenic stimulation [2]. This could also be a part of a feedback system involved
in the resolution of the inflammatory process linked to the maternal transfer of the 1gG anti-
Ro/La antibodies that appears to occur whether or not overt NL is clinically detected. In
mice, maternal antigenic exposure can change the immune response of the newborn [56].
Our studies appear to characterize a different type of prenatal immune challenge. Indeed, we
found possible evidence of the selective IgM anti-MDA depletion in the offspring of
autoimmune mothers, which may reflect a locally consumptive process. Our data do strongly
support the notion that in utero exposure to maternally transferred IgG-autoantibodies (along
with associated immune complexes and possibly other inflammation-associated factors), can
influence the immune development of the human fetus (i.e., immunologic imprinting) even
in the absence of pathologic neonatal cardiac or cutaneous manifestations [15, 57].
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HIGHLIGHTS

. Natural IgM binding of apoptosis-associated epitopes and Ro60 is
common in neonates

. Binding of cord IgM to apoptotic cells correlates with reactivity with
malondiadehyde

. Newborns from 1gG anti-Ro/La(+) mothers have higher IgM anti-Ro60
than other neonates

. Newborns from 1gG anti-Ro/La(+) mothers have lower IgM anti-MDA
than other neonates

. Maternal autoimmunity may influence the congenital IgM-repertoire of
the newborn
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Figure 1. Levels of IgM in newborn and adult blood samples
Analysis of IgM levels in 31 cord blood samples compared to 43 healthy adults. Panels

depict results from ELISA immunoassays for; Total IgM (A) or IgM that recognize:
phosphorylcholine (PC) (B); malondialdehyde (MDA) protein adducts (C); pneumococcal
cell wall polysaccharide, CWPS (D). Panels (E)—(G) illustrate the ratios of IgM anti-PC/
total IgM, IgM anti-MDA/total IgM and IgM anti-CWPS/total IgM. Binding assays were

performed by ELISA. P-values were derived from two-sided un-paired t test with Welch’s
correction.
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Figure 2. Binding of cord blood IgM to apoptotic cells

IgM binding to 7AAD(+) Annexin V(+) apoptotic murine thymocytes (A), or freshly
isolated 7AAD(-) Annexin V(-) healthy thymocytes (B), in four representative cord blood
samples at 1:100 dilution compared to human monoclonal IgM isotype control (Iso IgM).
Dose-dependent binding of cord blood IgM (C) or adult serum IgM (D) to 7AAD (+)
Annexin V (+) apoptotic thymocytes. Studies were performed by multiparameter flow
cytometry with values for geometric mean fluorescence intensity (MFI) depicted. Results are
representative of surveys of 8 cord blood and 8 unrelated healthy adult samples, performed
in duplicate.
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Figure 3. Antigen-inhibition of cord blood IgM binding to apoptotic cells
A. Distribution in percentage of Annexin V and 7AAD positive apoptotic Jurkat cells after

induction of apoptosis with anti-Fas (100 ng/ml 2 hrs 379C).
B. Binding of cord blood (CB) plasma IgM to late apoptotic cells 7AAD (+) Annexin V (+)
(top panel) early apoptotic cells 7AAD (=) Annexin V (+) (middle panel) or healthy cells
(bottom panel). Pre-incubation with MDA-BSA at 100 ug/ml gave blocking of neonatal IgM
binding to late 7AAD (+) Annexin V (+) (C, D) and early apoptotic cells 7AAD (-)
Annexin V (+) (E, F) and is shown by % binding (C, E) or geometric mean fluorescence
intensity (GMFI; D, F). MDA-BSA was in-house produced and the control BSA was mock-
treated using the same method but without addition of MDA. Cord blood plasma was diluted
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1:100 and all samples were analyzed in triplicates. P-values were derived by two-sided
unpaired t-test with Welch’s correction.
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Figure 4. Correlation between serum IgM and IgM apoptotic cell binding in cord blood and

healthy adults

Correlation between serum IgM levels and IgM binding to 7AAD(+) Annexin V(+)
apoptotic thymocytes, using eight cord blood samples (% binding at 1:100 dilution) in top
panel, and eight adult samples (% binding at 1:800 dilution). Correlation with total IgM
levels (A, F), IgM anti-PC (B, G), IgM anti-MDA (C, H), the ratio of IgM anti-PC/total IgM
(D, 1), and the ratio of IgM anti-MDAV/total IgM (E, J) are shown. Serum IgM levels were
determined by ELISA, and IgM binding to apoptotic cells by flow cytometry. R and p-values
were derived from Pearson correlation analysis.
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Figure 5. IgM levels in cord blood from control newborns compared to newborns with
autoimmune mothers

IgM levels were measured in 31 control cord bloods (from non-autoimmune mothers) and
103 cord blood samples from the NL registry from newborns with autoimmune anti-
R060/52/La positive mothers (autoimmune). Within the autoimmune cohort 56 samples
came from neonates with congenital heart block (CHB) and 40 from clinically healthy
siblings. A. Total IgM levels. B. Total IgM levels for autoimmune neonates with or without
heart block. C. IgM anti-PC levels. D. IgM anti-MDA levels. E. IgM anti-Ro60 levels. F.
The ratio of IgM anti-PC/total IgM. G. The ratio of IgM anti-MDA/total IgM. H. The ratio
of IgM anti-Ro60/total IgM. 1. The ratio of IgM anti-PC/total IgM for neonates, from
autoimmune mothers, with or without heart block. J. The ratio of IgM anti-MDA/total IgM
for neonates, from autoimmune mothers, with or without heart block. K. The ratio of IgM
anti-Ro60/total IgM for neonates from autoimmune mothers, with or without heart block.
Binding assays were performed by ELISA. P-values were derived from 2-sided unpaired t-
test with Welch’s correction.
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Figure 6. IgM levels in cord blood correlate with maternal autoimmunity but not a diagnosis of

SLE or Sjogrens syndrome

IgM levels were compared between 31 control cord blood (non-autoimmune) and 67 cord
blood samples from the NL registry from newborns with 1gG anti-Ro60/52 positive
(autoimmune) mothers. Within the autoimmune cohort 37 of the neonates with mothers that
did not have signs or symptoms of autoimmune disease at the time of sample collection
(unaffected) and 30 had mothers with a diagnosis of SLE or SS or SLE with secondary SS
(SS/SLE). A. The ratio of IgM anti-PC/total IgM. B. The ratio of IgM anti-MDA/total IgM.
C. The ratio of IgM anti-Ro60/total IgM. Binding assays were performed by ELISA. P-
values were derived from two-sided unpaired t test with Welch’s correction.
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Figure 7. Detection of maternal 1gG autoantibodies in cord blood
A-B. Levels of maternally transferred 1gG-autoantibodies to Ro60 or the oxidation-

associated malondialdehyde (MDA\) in 31 control cord bloods (non-autoimmune) or 103
cord blood samples from the neonatal registry cohort of mothers with 1gG anti-Ro/La
autoantibodies (autoimmune). C-D. Levels of 1gG-autoantibodies to Ro60 and MDA in 31
control cord blood samples (non-autoimmune), compared to 33 cord blood samples of
newborns with mothers enrolled in the NL cohort but without documented signs and/or
symptoms or prior diagnosis of autoimmune disease at the time of birth (unaffected), or 30
newborns from mothers with a preceding history of systemic lupus erythematosus (SLE),
primary Sjogren’s syndrome (SS), or both (SS/SLE). P-values were derived two-sided
unpaired t-test with Welch’s correction.
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