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Abstract

Periconceptional folic acid can reduce the occurrence of neural tube defects (NTDs) by up to 70%,
and autoantibodies for folate receptors (FRs) have been observed in serum from women with a
pregnancy complicated by an NTD. This population-based cohort study has examined serum from
pregnant mothers for autoantibodies to FRs, antibodies to bovine folate binding protein (FBP), and
inhibition of folic acid binding to FR and FBP in association with NTD risk. The mid-gestational
maternal serum specimens used for this study were collected during the 15th—18th week of
pregnancy. Samples were obtained from the California Birth Defects Monitoring Program; 29
mothers had a pregnancy complicated by spina bifida and 76 mothers had unaffected children. The
presence of 1gG and IgM antibodies to human FR, bovine FBP, and inhibition of folic acid
binding to FR and FBP was determined. Higher activity of IgM to FBP in cases verses controls
was observed (P=.04). Higher activity of IgM and 1gG autoantibodies to FR was observed
(P<0.001 and P=.04, respectively). Risk estimates at two standard deviations above average
control antibody concentrations were OR=2.07 (CI=1.02, 4.06) for anti-FBPIgM, OR=2.15
(CI1=1.02, 4.69) for anti-FRIgG and OR=3.19 (CI=1.47, 6.92) for anti-FR IgM. These data support
the hypothesis that high titers of antibodies and blocking of folic acid binding to FRs by maternal
serum should be regarded as risk factors for NTDs.
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1. Introduction

Over the last two decades, periconceptional folic acid supplementation has been shown to
significantly reduce the risk of neural tube defects (NTDs) by as much as 70 percent (Berry
et al., 1999; Czeizel and Dudas, 1992; Milunsky et al., 1989; MRC, 1991; Steegers-
Theunissen et al., 1994; Werler et al., 1993). However, most pregnant women carrying an
NTD-affected fetus do not have serum folate deficiency (Kirke et al., 1993; Yates et al.,
1987). No polymorphisms have been observed in folate receptor-a to account for effect of
folic acid on NTD risk (Barber et al., 1998). However, multiple polymorphisms for a variety
of folate pathway enzymes have been identified, some of which have been proposed as risk
factors for NTDs (Botto and Yang, 2000; Shaw et al., 1998; van der Put et al., 1995; Zhu et
al., 2003), but they account for only a fraction of the reduction in NTD risk following folate
supplementation. The other underlying mechanisms by which folic acid supplementation
decreases NTD risk are poorly understood (Cabrera et al., 2004). However, evidence has
emerged that maternal immunological responses can have a substantive impact on
embryonic development. When antibodies to rat placenta, kidney, heart and other tissues are
generated and administered to pregnant rats, they bind to the yolk sac and contribute to
congenital abnormalities and embryonic death (da Costa and Rothenberg, 1996; da Costa et
al., 2003). It was hypothesized that the presence of antibodies binding to the yolk sac
impaired the delivery of critical nutrients to the embryo (da Costa et al., 2003; Rothenberg et
al., 2004). Similarly, studies have also indicated that competitive inhibition of proteins such
as the FR can result in cellular growth inhibition by blocking the uptake of folate (Ebel et
al., 2007; Henderson and Strauss, 1990).

Rothenberg et al. (2004) reported autoantibodies to the FR in 75% of 12 mothers who had
given birth to NTD-affected infants, but in only 8.3% of mothers of 24 non-malformed
infants.. Unfortunately, this provocative but small study examined only three women during
pregnancy, all of whom had a pregnancy complicated by an NTD. Maternal autoantibodies
to FR that produce immune responses against, or inhibit folate uptake by, the developing
embryo may explain the beneficial effect of periconceptional folic acid supplementation on
NTD risk. That is, supplemental folic acid may reduce the level of serum autoantibodies or
compensate for blocking of the receptors caused by FR autoantibodies. Consequently
nullizygous mutations for, or immunologically targeting of, folate binding protein has been
demonstrated to increase risk for folate-responsive congenital anomalies in mouse and rat
models (da Costa et al., 2003; Piedrahita et al., 1999; Tang and Finnell, 2003).

Several etiologies have been suggested for the presence of FR autoantibodies in human
serum. For example, bovine folate binding protein (bFBP) (Gl: 110282963) may be
antigenic, and some antibodies cross-react with the endogenous receptor (GI: 544337) due to
>80% protein homology as determined by the Protein Basic Local Alignment Search Tool
(blastp) (Tatusova and Madden, 1999). It is possible also that degradation or cleavage of FR,
or the binding of an antigenic ligand, makes the receptor antigenic. The de novo production
of anti-idiotypes by the variable region of an antibody could also explain the presence of
maternal autoantibodies to the FR (Schwartz, 2005).
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We hypothesized that, during pregnancy, blocking of folic acid binding to FR and serum
autoantibodies to FR are risk factors for NTDs. Here, we report the results of anti-FR
antibodies and folic acid blocking in serum from expectant mothers. Specifically, two
preparations of human placental FR and exogenous bovine milk FBP proteins were assessed
for interactions with folic acid and antibodies in maternal serum, and their measure of NTD
risk was determined.

2. Materials and Methods

2. 1. Study design

Between January 2003 and December 2004, more than 140,000 serum specimens were
collected and banked from women during the 15118t week of pregnancy. These sera were
collected from women who live in selected regions in California (Orange and San Diego
counties, and Central Valley counties). The specimens were collected from women as part of
the Expanded Alpha-Fetoprotein (XAFP) Screening Program. Once diagnostic screening
was complete, a proportion of the residual serum sample was stored frozen at —80°C in the
specimen bank. Each woman’s serum specimen was record-linked with delivery outcome
information to determine whether her fetus had an NTD, any other structural malformation
ascertained by the California Birth Defects Monitoring Program (Croen et al., 1991), or was
born nonmalformed. The study included deliveries that were liveborn, stillborn (fetal deaths
at greater than 20 weeks post-conception), or electively terminated based on prenatal
diagnoses. We identified specimens for 29 women who had NTD-affected pregnancies. A
group of non-malformed controls (n=76) was randomly selected from specimens associated
with ‘normal’ birth outcomes. This study was approved by the Committee for the Protection
of Human Subjects, California Health and Human Services Agency.

2.2. Serum assays for autoantibodies against folate receptors

The assay procedure used to identify the presence, absence and relative abundance of FR
autoantibodies in serum samples was a modification of a microELISA assay (Mendoza et
al., (1999). These assays were conducted directly on glass 96-well slides (Precisions Lab
Products, Middleton, WI). The slides were rinsed and modified with a fresh 1% solution of
(3-glycidoxypropyl) trimethoxysilane in toluene. This method has been shown to produce
monolayers of epoxysilane films (Tsukruk et al., 1999). Immediately after drying, slides
were utilized for coupling proteins to the surface.

Bovine milk folate-binding proteins (FBPs) bind folates with high affinity (1:1 molar ratio)
(Jones and Nixon, 2002). The FBPs used in this study were either kindly provided by Jacob
Selhub (FBP), isolated using previously described procedures (Antony et al., 1982), or
obtained commercially (FBP.2; Sigma Aldrich, St. Louis, MO). The FRs used in this study,
kindly provided by Bart Kamen(FR) and Jacob Selhub (FR.2), were isolated from two
different human placentas as previously described (Antony et al., 1981). The proteins were
suspended in phosphate-buffered saline (PBS, pH 7.2) with 5mM sodium azide to produce a
1mg/mL stock solution. For printing, this solution was diluted in 50mM NaHCO3 (pH 8.2)
at 50pg/mL, mixed 1:1 with Protein Print Buffer (Arraylt, Sunnyvale, CA) and printed onto
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the surface in 1.0pL volumes under ambient conditions. The slides were dried under ambient
conditions.

Prior to the application of the serum solution, non-bound protein was removed from the
wells by two washes with IXTNT buffer (100mM Tris-HCI pH 7.6, 150mM NacCl, 0.05%
Tween-20). All solution volumes were 20uL per well. The amine-reactive surface was then
blocked by addition of 1XTNT-methionine (IXTNT, pH 9.0 with 15mM methionine) buffer
for five minutes. The wells were washed with 1IXTNT thrice, followed by addition of the
serum sample to the slide. The slides and serum solutions (1:10 dilution of serum in 1XTNT)
were incubated in a polycarbonate cabinet overnight (16—18hrs) under ambient conditions.
After incubation, wells were washed five times with IXTNT. A secondary conjugate labeled
with alkaline phosphatase and specific for the detection of human immunoglobulin G or
immunoglobulin M (IgG or IgM) was diluted in 1XTNT and then applied (20uL per well)
according to the manufacturer’s ELISA recommendations (Sigma Aldrich). The slides and
secondary antibody solution were incubated for one hour under ambient conditions.
Following incubation, wells were washed seven times with IXTNT. Negative controls were
prepared from antibody-depleted sera (Sigma Aldrich).

Detection of the interaction between FR or FBP, autoantibodies and the alkaline phosphatase
IgG secondary conjugate was assayed by using the ELF phosphatase substrate (Molecular
Probes, Eugene, OR). Slides with applied substrate were incubated for 30 minutes under
ambient conditions. Following this incubation, slides were rinsed once with 1XTBE (10mM
Tris-borate ImM EDTA) followed by a Milli-Q Ultrapure water rinse. Slides were imaged
using an 8-bit UV photography workstation (Kodak, New York, NY). Fluorescent signal
intensities were determined using ImageJ (NIH, Bethesda, MD) and were reported as
foreground signal.

Competitive inhibition of folic acid binding between the serum and the immobilized protein
(FR or FBP) was detected via folic acid-labeled HRP (FA-HRP, Ortho-Clinical Diagnostics,
Raritan, NJ). Folic acid was removed, as described previously (Zettner and Duly, 1975), by
incubation with a solution (500mM citric acid, pH 3.0) of dextran-coated charcoal (Sigma
Aldrich) for five minutes. This solution was then passed through PVVDF-filtered 0.45um 96-
well multiscreen plates (Millipore, Billerica, MA ) in order to remove the dextran-coated
charcoal and endogenous folic acid. The solution was neutralized by addition of 1.2M Tris
buffer (pH 9.0) in the well. These conditions were determined to remove up to 100ng/mL
serum folic acid, which exceeded the expected normal range 2.9-18ng/mL (Waddell et al.,
1976). The peroxidase substrate used for detection was SuperSignal ELISA Pico
Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL). Images were collected
using a 96-well microplate reader (BMG Labtechnologies, Offenburg, Germany), and
intensities were determined from the 16-bit images. Unlabeled folic acid was spiked (0.01-
2000ng/mL) into stripped antibody-deplete sera to generate a regression curve. All
intensities were extracted, log-transformed and fitted relative to this sigmoid regression
curve.
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2.3. Statistical analysis

The concentrations of maternal autoantibodies to the FR were examined as risk factors for
NTDs. The concentration of folic acid blocked from binding FR by maternal serum was also
used to estimate risk for NTDs. These risks were estimated by odds ratios (along with 95%
confidence intervals) using logistic regression models. The correlation between antibody and
folic acid blocking were determined by Pearson Correlation. We performed data
management and statistical analyses using Microsoft Excel (Microsoft Corp., Redmond,
WA), GraphPad (GraphPad Software, San Diego, CA) and SAS software (SAS Institute,
Cary, NC).

3. Results

3.1. Antibodies, autoantibodies, folic acid blocking, and NTD risk

Functional testing of the antibody assay and folate binding assay indicated that both are
functional and detect their respective interactions (Figure 1). Data analysis indicated a low
coefficient of variance (average CVV<10%) for antibody detection, and a minimum
detectable fold change of two could accurately be determined for both assays (T-test,
P<0.01). The specificity of the assay was confirmed also by using other antigens, in place of
folate receptors, with high expected rates of exposure (e.g. Candida albicans and tetanus
toxoid) and with no expected exposures (e.g. keyhole limpet hemocyanin, KLH) in this
population. Folic acid binding was not detected using these antigens, no serum samples were
positive for KLH antibodies, and all samples had positive responses to C. albicans or tetanus
toxoid, often both (data not shown).

The age and ethnic background of the 29 case and the 76 control women providing serum
samples during the 1518 week of conception are shown in Table 1. No significant
differences were observed between case and control samples. Two variables approached
significance, age and ethnicity, but both reflect actual differences in the case and control
populations and, in order to avoid overmatching, no corrections were taken. The
immunological characterization of antibodies, folic acid blocking, and NTD risk are shown
in Table 2. It was determined by serial dilution of a positive sample that a 10-unit change in
mean signal equaled a halving of the antibody concentration. Significantly higher mean
concentrations of IgM antibodies against FBP (P=0.04), IgG (P=0.02) and IgM (P<0.001)
autoantibodies to the human placental FR, and IgM autoantibodies to FR.2 (P=.05) were
detected in serum of case mothers. In addition to mean differences, the potential continuous
effect on NTD risk of these measures was estimated. We estimated risks associated with a
two standard deviation increase in antibody concentrations and observed the following:
OR=2.07 (C1=1.02, 4.06) for anti-FBP IgM, OR=2.15 (C1=1.02, 4.69) for anti-FR 1gG, and
OR=3.19 (CI=1.47, 6.92) for anti-FR IgM.

The mean concentration of folic acid blocked from binding to FBP in serum from case
women samples (3.8ng/mL + 10.4) was significantly higher (P=0.04) than control women
(1.0ng/mL + 3.6). The mean concentration of folic acid blocked from binding to FR
(8.2ng/mL + 12.4) was also significantly higher (P=0.002) in case women than in controls
(2.6ng/mL + 5.5) and was associated with an increase in NTD risk (OR= 1.08, CI=1.02,
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1.15). For folic acid binding, the OR is based on a 1-unit change, where the unit is ng/mL.
We estimated also the risk associated with a two standard deviation decrease in folic acid
binding to FR and observed an OR=2.44 (CI=1.25, 4.93).

Higher background 1gG signals were observed in the antibody detection assay using
antibody depleted serum against FR. Autoantibodies, IgG, were detected also by Western
and ELISA of the FR preparation (data not shown); however, no additional placenta
remained to confirm that antibodies were bound to it prior to FR purification.

3.2. Correlations

The Pearson correlation coefficients among controls (Table 3) indicated that 13 of the 28
correlations were not significant. The highest correlations found in controls (0.78,
P<0.0001), also found in cases (0.94, P<0.0001), were between anti-FBP IgM and anti-FBP.
2 IgM measurements. The Pearson correlation coefficients among cases (Table 4) indicated
that 25 of 28 antibody measurements were correlated; the three exceptions were with 1gG to
FBP (anti-FBP IgG). Specifically, anti-FBP 1gG was not significantly correlated with IgM to
FR (anti- FR IgM), nor was it correlated with IgM or 1gG autoantibodies against FR.2 (anti-
FR.2 IgM, anti-FR.2 IgG). Other highly significant correlations in both groups included case
(0.80, P<0.001) and control (0.68, P<0.001) anti-FBP.2 IgM and anti-FR.2 IgM, case (0.85,
P<0.001) and control (0.49, P<0.001) anti-FBP IgM and anti-FR IgM, case (0.68, P<0.001)
and control (0.67, P<0.001) anti-FBP IgM and anti-FR.2 IgM, and case (0.88, P<0.001) and
control (0.51, P<0.001) anti-FBP.2 IgM and anti-FR IgM. In regard to folic acid, the only
significant correlation in both cases (0.51, P=0.006) and controls (0.27, P=0.02) was
between the blocking of folic acid from binding of FBP (FBP FA) and antibodies against
FBP (anti-FBP IgM).

4. Discussion

This study of mid-gestational serum samples from NTD-affected pregnancies compared to
pregnancies involving non-malformed fetuses indicates that high concentrations of IgG or
IgM antibodies to FRs or FBPs are risk factors for NTDs. During the fourth week of
gestation, the neural tube closes and the human embryo is interstitially implanted into the
uterine wall, and migration of syncitiotrophoblasts and cytotrophoblasts has formed
chorionic villi that cover the entire surface of the blastocyst (Cross et al., 1994). The
cytotrophoblasts of these villi have been observed to function as a barrier to the transport of
1gG during this stage of development (Bright and Ockleford, 1995). These observations
suggest that, during neural tube closure, IgM and 1gG antibodies are prohibited from
reaching the embryo. However, autoantibodies may indirectly influence neural tube closure
and NTD risk. These indirect influences would include IgG or IgM immune responses at the
maternal-embryonic trophoblast interface and inhibition of nutrient transport to the
blastocyst. In support of inhibition of nutrient transport, we observed also that the serum
from mothers who delivered an NTD-affected child significantly blocked higher
concentrations of folic acid from binding to FBP and FR versus serum from mothers of an
unaffected child. However, several samples with high titers of antibodies allowed FR and
FBP still to bind folic acid. This may indicate that the antibodies can bind FR and FBP at
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different locations, but they must interact with specific epitopes in order to inhibit folic acid
binding. In support of direct and indirect influences, binding to or blocking of folic acid to
FR increased NTD risk estimates to the greatest extent. Specifically, IgM autoantibodies,
folic acid blocking and 1gG autoantibodies against FR had the highest estimates of NTD risk
at two standard deviations (Table 2).

The IgM and 1gG concentrations are highly correlated in all case samples and in FBP.2 in
controls (Table 3). This may indicate an ongoing primary immune response, which begins
with IgM production and is followed by 1gG (Perelson et al., 1980). With regard to the
positive association of antibodies for FRs and FBPs, the >80% homology between these
proteins (determined by blastp (Tatusova and Madden, 1999); FBP, GI: 110282963; FR, GlI:
544337) may allow cross-reaction with most serum IgM and some 1gG antibodies, resulting
in significant correlations between the different proteins tested. However, the similarities of
these proteins does not explain the difference in the number of significant correlations
observed in controls (N=18) versus cases (N=32). This difference in significant correlations
may be caused by a decrease in antibody specificity, more cross-reactivity or a more
concerted immune response in cases relative to controls.

The forbidden clone hypothesis indicates that autoimmunity is mitigated by clonal selection
(Burnet, 1972) but, if proteins expressed by developmental tissues undergo modification
during periods of inflammation or metabolic stress, an immune response may be activated
against the modified forms (McCully, 1993,1994; Undas et al., 2004). Folic acid
supplementation has been reported to lower homocysteine, homocysteine thiolactone and
autoantibodies against homocysteinylated serum proteins in a majority of patients with
coronary artery disease (Undas et al., 2006). Based on these observations, we suspect that
the etiology of FR autoantibodies may be due in part to post-translation modification of
proteins by homocysteine thiolactone in vivo and that autoantibodies produced against
homocysteinylated FRs may cross-react with native FR and increase the risk for folate
responsive birth defects, such as NTDs. As proposed and observed previously, these post-
translation modification may also be part of other autoimmune phenomenon (Cabrera et al.,
2004; Perla-Kajan et al., 2007). Specifically, the production of antigenic proteins by
homocysteine thiolactone may influence the etiology of autoantibodies to synovial cells in
arthritis, antiphospholipids in lupus erythematosus, thyroid stimulating hormone receptor in
Grave’s disease and intrinsic factor in pernicious amemia (Lazzerini et al., 2007; McCully,
1994).

A previous study identified an association (relative risk of 27.0) between FR autoantibodies
and NTDs, with a reported frequency of 10% for the presence of autoantibodies among
controls (Rothenberg et al., 2004). We observed continuous distributions of antibodies
amongst cases and controls, all mean antibody concentrations for cases were higher than
controls, and several concentrations differed significantly (Table 2). The major difference
between these experiments were serum collection times (i.e. only three mid-gestational
serum samples from women with a pregnancy complicated by a neural tube defect and no
mid-gestational serum controls were used in the other study). We utilized also smaller
testing volumes (2-10uL), 96-well processing and enzymatic detection for the presence or
absence of the autoantibodies (anti-lgG-AP or anti-IgM-AP) and folic acid (FA-HRP).
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Additionally, we observed that the source of the FRs or FBPs can modify the detected
interactions with serum antibodies (Table 2 and 3).

This study was conducted during a time period when the food supply was fortified with folic
acid, so this may explain the low ~1/4700 incidence of NTDs and also makes it unlikely that
all of the observed NTDs are folate-responsive. However, if folic acid supplementation
reduces the homocysteinylation of other proteins critical for embryonic development,
antibodies against these proteins may also modify birth defect risk. Untangling these
complex interactions and investigating methods that reduce the level of pathogenic
autoantibodies will serve as the subject for future studies.
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Figure 1. Antibody detection and folic acid binding inhibition
Images show the functional testing results of the assay. The vertical axes of the graphs represent detected signal intensities (8-

bit). (A) A serial dilution (1:10 to 1:640) of a positive serum sample is shown for IgG antibodies against bovine folate binding

protein (FBP). Fluorescent intensities were extracted and plotted against a regression line with standard errors to generate the

graph. (B) Results are displayed for folic acid binding to FBP. A dilution series of folic acid was used to quantify interactions.

Fluorescent intensities were extracted, log-transformed and fitted against a sigmoid regression curve for the graph (GraphPad
Software, San Diego, CA).
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Table 1

Demographics of serum samples from case and control mothers

Controls (n=76)

NTD cases (n=29)

Race/ethnicity
Hispanic
White non-Hispanic
Asian
Black
Other

Age (years)
Less than 25
25-29
30-34
Older than 34

No. (%)

34 (44.7)

29 (38.2)
9(11.8)
2(2.6)
2(2.6)

22 (29.0)

21 (27.6)

27 (35.5)
6(7.9)

No. (%)

20 (69.0)
5(17.2)
2(6.9)
1(3.5)
1(3.5)

13 (44.8)
9 (31.0)
3(10.3)
4(13.8)
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