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C5a Receptor Signaling Prevents Folate Deficiency—Induced

Neural Tube Defects in Mice

Kerina J. Denny,*' Liam G. Coulthard,* Angela Jeanes,* Steven Lisgo,*
David G. Simmons,* Leonie K. Callaway,’L Bogdan Wlodarczyk,§ Richard H. Finnell,§

Trent M. Woodruff,*' and Stephen M. Taylor*"!

The complement system is involved in a range of diverse developmental processes, including cell survival, growth, differentiation,
and regeneration. However, little is known about the role of complement in embryogenesis. In this study, we demonstrate a novel role
for the canonical complement 5a receptor (C5aR) in the development of the mammalian neural tube under conditions of maternal
dietary folic acid deficiency. Specifically, we found C5aR and CS5 to be expressed throughout the period of neurulation in wild-type
mice and localized the expression to the cephalic regions of the developing neural tube. C5aR was also found to be expressed in the
neuroepithelium of early human embryos. Ablation of the C5ar1 gene or the administration of a specific C5aR peptide antagonist to
folic acid-deficient pregnant mice resulted in a high prevalence of severe anterior neural tube defect-associated congenital
malformations. These findings provide a new and compelling insight into the role of the complement system during mammalian
embryonic development. The Journal of Immunology, 2013, 190: 000-000.

he complement system is an evolutionarily ancient com-
ponent of the innate immune system, with its origin dat-
ing back 1300 million years (1). The traditional view of
complement is that of defense, in which activation of the com-
plement system triggers a protein cascade resulting in the re-
cruitment of immune cells and rapid opsonization and destruction
of foreign pathogens. In recent years, there has been increasing
evidence that complement is also involved in a diverse range of
nonimmune processes, including cell survival, growth, differen-
tiation, and regeneration (2-5). Furthermore, studies in Xenopus
have demonstrated a potential developmental role for comple-
ment, with numerous complement factors being expressed in the
neural plate during embryogenesis (6).
Formation of the neural plate is the first stage of neurulation,
a process in which the primitive neural tube is transformed into the
embryonic precursors of the CNS. Failure of neurulation leads to
neural tube defects (NTDs), which can occur at numerous points
along the line of neural tube closure. NTDs are a leading cause of
perinatal morbidity and mortality worldwide, affecting ~1 in 1000
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live births (7). It is well established that NTDs have a multifac-
torial origin, with numerous studies demonstrating contributions
from both genetic and environmental factors (8, 9). The most
significant finding in the NTD literature to date has been that di-
etary supplementation with folic acid during the periconceptional
period markedly reduces the risk of NTDs (10). However, despite
decades of subsequent research, the underlying mechanisms by
which folic acid exerts its protective effects have remained elu-
sive.

The aim of the current study was to determine the role of a key
component of the complement system, C5a, in neural tube devel-
opment. C5a is a potent effector of complement that acts predom-
inantly via the G protein—coupled receptor, complement Sa receptor
(C5aR; also known as CD88). Specifically, we aimed to determine
whether C5aR, and the precursor of C5a, CS, were expressed during
mammalian neural tube development and, by employing a mouse
model of folic acid deficiency, investigate a putative link between
C5aR, folate status, and neural tube development.

Materials and Methods

Mouse models

Folic acid—deficient mouse model. We used a modified version of a pre-
viously established folate-deficient mouse model (11). Briefly, female
CSarl™* or C5arl™'~ C57BL/6J mice were administered either a folate-
replete (1.2 mg folic acid/kg) or folate-deficient diet (<0.1 mg folic acid/
kg) for a period of 6 wk prior to mating. Mice were housed on wire-bottom
cages to prevent coprophagy, thus avoiding ingestion of folic acid from
the feces (12). The folic acid—deficient diet additionally contained succi-
nylsulfathiazole, an antibiotic that reduces gut flora responsible for the
synthesis of folic acid in the mouse gastrointestinal tract.

Timed matings were initiated with 10- to 12-wk-old virgin females and
8- to 14-wk-old males. Females were inspected daily for the presence of
a vaginal plug, designated as 0.5 d postcoitum (dpc). A subgroup of CSarl*"*
mice was administered the potent C5aR antagonist PMX53 (1 mg/kg in
100 wl sterile dH,0 i.p.) at 4.5 dpc, whereas another subgroup of C5arl*"*
mice was administered an injection (5% glucose in 100 pl sterile dH,O
i.p.) at 4.5 dpc. Immediately prior to term (18.5 dpc), dams were sacrificed
in accordance with the University of Queensland Animal Ethics Com-
mittee guidelines, and fetuses were harvested, weighed, and grossly
assessed for overt external congenital malformations. Embryos at 7.5, 8.5,
9.5, and 10.5 dpc were collected in diethylpyrocarbonate-treated PBS and
processed for RNA extraction or fixed for histochemistry.
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Valproic acid mouse model. CSarl*’* and C5arl™'~ C5TBL/6J mice were
housed in conventional cages and administered a folic acid-replete diet
throughout both the preconceptional and gestational period. Timed matings
were initiated with 10- to 12-wk-old virgin C57BL/6J females and 8- to
14-wk-old males. Females were inspected daily for the presence of
a vaginal plug, designated as 0.5 dpc. Valproic acid (VPA; 600 mg/kg, 100
wl, i.p. route) or vehicle treatment (100 wl normal saline, i.p. route) was
administered at 8.5 dpc to mice in the VPA treatment group and control
group, respectively. Immediately prior to term (18.5 dpc), dams were
sacrificed in accordance with the University of Queensland Animal Ethics
Committee guidelines, and fetuses were harvested, weighed, and grossly
assessed for overt external congenital malformations.

RT-PCR

RNA was extracted from homogenized embryo tissue using a RNeasy kit
(Qiagen), followed by DNase treatment with Turbo DNAse (Ambion), and
quantified using spectrophotometry. A quantity amounting to 1 g total RNA
was reverse transcribed using Superscript III (Invitrogen). The following pri-
mers were used to amplify gene products with Taq polymerase (New England
Biolabs): C5 (forward, 5'- GCTGCTAAGTACAAACATAGTGTGCC-3';
reverse, 5'- GGACAGGTTTATGGGGGCTTTCT-3'); C5arl (forward, 5'-
GGGATGTTGCAGCCCTTATCA-3'; reverse, 5'- CGCCAGATTCAGAA-
ACCAGATG-3"); Actb (forward, 5'- GTGGGCCGCCCTAGGCACCAG-3';
reverse, 5'- CTCTTTGATGTCACGCACGATTTC-3").

In situ hybridization

In situ hybridization was performed as per Christiansen et al. (13). Briefly,
embryos at 8.5, 9.5, and 10.5 dpc were fixed overnight at 4°C in 4%
paraformaldehyde in 0.01 M PBS, and then taken through a dehydration
and rehydration series with methanol. Embryos were permeabilized using
10 pg/ml proteinase K and incubated at 65°C overnight with 0.5 g cRNA
probe. After removing excess probe, embryos were blocked with 10% goat
serum/2% BSA in TBS. Alkaline phosphatase—conjugated anti-digoxigenin
IgG (Roche), preadsorbed against embryo Ags, was added in the pre-
blocking solution and incubated overnight at 4°C.

For color development, embryos were incubated in 40 pwg/ml NBT and
20 pg/ml 5-bromo-4-chloro-3-indolylphosphate (Roche). Embryos were
taken through an ethanol dehydration series to remove excess color, refixed
in 4% paraformaldehyde overnight, and imaged using a stereomicroscope
(Olympus).

Immunofluorescence (mouse)

Embryos at 8.5, 9.5, and 10.5 dpc were fixed in 4% paraformaldehyde in
0.01 M PBS for 2 h at 4°C. Embryos were cryoprotected in 30% sucrose
prior to embedding in optimal cutting temperature compound. The 10-pm
sections were obtained for immunofluorescence.

Sections were washed in PBS and preblocked in 3% BSA/10% goat
serum in PBS. Primary Abs were incubated overnight at 4°C: mouse anti-
mouse C5 (clone: BB5.1, 0.5 pg/ml; Hycult Biotech), rat anti-mouse C5aR
(clone 10/92, 0.5 wg/ml; Serotec), and rabbit anti-mouse prominin-1 (0.5
ng/ml; Cell Signaling Technology). Primary Abs were detected using
Alexa Fluor 488 goat anti-rabbit (1 wg/ml; Invitrogen), Alexa Fluor 555
goat anti-rat (1 pwg/ml; Invitrogen), and 1 pg/ml Alexa Fluor 555 rat anti-
mouse. After PBS washes, slides were stained with 0.5 pwg/ml DAPI in
PBS and mounted with ProLong Gold (Invitrogen). Images were captured
on a BX61 confocal microscope system (Olympus).

Immunohistochemistry (human)

Human embryonic material was provided by the Joint Medical Research
Council/Wellcome Trust Human Developmental Biology Resource. The
Human Developmental Biology Resource is regulated by the United
Kingdom Human Tissue Authority and operates in accordance with the
relevant Human Tissue Authority Codes of Practice. Samples were obtained
with the appropriate maternal written consent and approval from the
Newcastle and North Tyneside National Health Service Health Authority
Joint Ethics Committee. Embryonic development was determined by ex-
amination of external morphological features using the staging protocol for
individual embryos based upon the Carnegie staging classifications.
Embryos were fixed overnight at 4°C in 0.1 M PBS containing 4%
paraformaldehyde and then wax embedded. Following microtomy, sec-
tions were dewaxed in xylene and rinsed in absolute ethanol. After pre-
blocking (10% normal sheep serum/TBS), sections were incubated at 4°C
overnight with mouse anti-human C5aR Ab (clone W17/1, 1:5 dilution
2% normal sheep serum/TBS; Hycult Biotech), followed by CY3 anti-
mouse IgG secondary Ab (1:100 dilution 2% normal sheep serum/TBS;
Sigma-Aldrich). The tissue was counterstained with DAPI (1:10,000 TBS;
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Invitrogen), mounted with Vectorshield (Vector Laboratories), and im-
aged using an AR1 confocal microscope (Nikon).

Statistics

The frequency of malformations was calculated as the percentage of
defected fetuses of the total number of viable fetuses. Fetal resorptions were
calculated as a percentage of the number of resorptions of the total number
of implantations. Both the frequency of congenital malformations and
resorptions were analyzed using x> analysis with posthoc Fisher’s exact
tests. Fetal weights, litter sizes, crown-rump lengths, and placental weights
were plotted as litter means, and compared using ANOVA with a posthoc
Tukey’s multiple comparison test between the wild-type groups. An un-
paired Student’s ¢ test was used to compare the C5arl '~ groups. Sig-
nificance was set at p < 0.05. Analysis was computed using GraphPad
Prism 6 software (GraphPad Software). Results are expressed as mean *
SEM, unless otherwise stated.

Results
C5 and C5aR mRNA is expressed during murine neurulation
and localized to the developing neuroepithelium

RT-PCR revealed C5arl and C5 mRNA to be expressed through-
out the period of neurulation (7.5-10.5 dpc) in wild-type C57BL/
6J mice (Fig. 1J). To determine tissue localization of both C5arl
and C5 mRNA during neurulation, whole mount in situ hybrid-
ization was employed. At 8.5 dpc (Fig. 1A, 1B), C5arl was lo-
calized predominantly to the neural folds, but not in the neural
groove (Fig. 1B). At 9.5 dpc, as the rostral extremity of the neural
tube closes and the forebrain vesicles undergo a dramatic increase
in volume, C5arl expression became restricted to the cephalic
region of the embryo. Specifically, C5ar/ expression was evident
throughout the prosencephalon, mesencephalon, and rhomben-
cephalon (Fig. 1D, 1E). Expression of C5arl was also evident in
the sites of the otic and optic vesicles, the embryonic precursors to
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FIGURE 1. Expression and localization of C5ar/ mRNA. Whole mount
in situ hybridization demonstrating the localization of C5ar/ in murine
embryos at 8.5 (A, B), 9.5 (D, E), and 10.5 (G, H) dpc. At 8.5 dpc (A, B),
C5arl is localized predominantly to the neural folds (arrows, B). At 9.5
and 10.5 dpc, expression is evident throughout the prosencephalon (p),
mesencephalon (m), and rhombencephalon (r), and within the otic vesicles
(0) (D, E, G, H). Sense control embryos are also shown (C, F, I). RT-PCR
confirms C5arl mRNA expression throughout the period of neurulation
(7.5, 8.5, 9.5, and 10.5 dpc; J). Liver was used as a positive control. ActB
was used as a housekeeping gene for internal calibration. Representative
examples are shown (n > 3 per experiment).
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FIGURE 2. Localization of C5 mRNA. Whole mount in situ hybrid-
ization demonstrating the localization of C5 in murine embryos at 8.5 (A,
B), 9.5 (D, E), and 10.5 (G, H) dpc. At 8.5 dpc (A, B), C5 is localized
predominantly to the neural folds (B). At 9.5 and 10.5 dpc, expression is
evident throughout the prosencephalon (p), mesencephalon (m), and
rhombencephalon (r), and within the otic vesicles (D, E, G, H). Sense
control embryos are also shown (C, F, I). RT-PCR confirms C5 mRNA
expression throughout the period of neurulation (7.5, 8.5, 9.5, and 10.5
dpc; J). Liver was used as a positive control. ActB was used as a house-
keeping gene for internal calibration. Representative examples are shown
(n > 3 per experiment).

the ears and eyes, respectively (Fig. 1D, 1E). At 10.5 dpc, sub-
sequent to the completion of neural tube closure, C5ar/ continued
to be expressed in the telencephalon, diencephalon, mesenceph-

Prominin-1

8.5dpc

9.5dpc

10.5 dpc

alon, metencephalon, and optic vesicles (Fig. 1G, 1H). The mRNA
for the precursor ligand for C5aR, C5, was also found to be
specifically localized to the developing neural tube throughout the
period of neurulation (Fig. 2).

C5 and C5aR protein is localized to the neuroepithelium of the
developing murine neural tube

To determine whether C5aR protein is also expressed during
neurulation, immunofluorescent labeling of C5aR was performed
on sectioned wild-type C57BL/6J embryos. Sections were cola-
beled with prominin-1, a neuroepithelial stem cell marker, and
DAPI. C5aR protein was expressed throughout the period of
neurulation (Fig. 3A, 3F, 3K). C5aR was expressed in prominin-1—
positive cells, confirming its cellular localization to the developing
epithelium (Fig. 3). By 10.5 dpc, there was some apparent con-
centration of C5aR to the apical surface of the neuroepithelium
(Fig. 3K). As with the mRNA in situ hybridization studies, C5
protein was expressed during the period of neurulation (Fig. 4A,
4F, 4K). In general, localization of C5 appeared more prominent at
the apical surface of the neuroepithelium than throughout the
deeper layers. Notably, expression of C5 and C5aR is virtually
absent from other embryonic regions at these stages. Taken to-
gether, the results demonstrate that C5 and C5aR protein are
specifically localized to the neuroepithelium of the developing
neural tube during the period of neurulation in the murine embryo.

Expression and localization of C5aR in human embryos

These results in the mouse embryo prompted us to examine the
expression of C5aR in very early stage human embryos, to gauge
the generalizability of these findings to human development. To
determine whether C5aR was expressed during human embryo-
genesis, immunofluorescence was performed on Carnegie stage 13
human embryos. C5aR protein was found to be consistently
expressed (n = 3) throughout the human embryonic neuro-
epithelium (see representative images; Fig. 5). There was a re-
markable degree of similarity in the cellular expression of C5aR

Negative

FIGURE 3. C5aR is expressed on neuroepithelial cells during neurulation. Confocal immunofluorescent analysis of sections from the rhombencephalon
of 8.5 dpc (A-E), 9.5 dpc (F-J), and 10.5 dpc (K-O) embryos demonstrates C5aR expression (A, F, K) in the neuroepithelium (NE), as marked by prominin-1
(B, G, L). Nuclear localization is defined by a DAPI stain (C, H, M), and the RGB channels are merged (D, I, N) to demonstrate C5aR localization to the
prominin-1-positive neuroepithelium. At 10.5 dpc, both prominin-1 and C5aR are predominately restricted to the apical surface of the neuroepithelium. (E,
J, and O) Secondary Ab-only controls from subsequent tissue sections. Representative examples are shown (n > 3 per experiment). Scale bar, 100 pwM.
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FIGURE 4. CS5 is expressed on neuroepithelial cells during neurulation. Confocal immunofluorescent analysis of sections from the rhombencephalon of
8.5 dpc (A-E), 9.5 dpc (F-J), and 10.5 dpc (K-O) embryos demonstrates C5 expression (A, F, K) in the neuroepithelium (NE) membrane, as marked by
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Merge Negative

prominin-1 (B, G, L). Nuclear localization is defined by a DAPI stain (C, H, M), and the RGB channels are merged (D, I, N) to demonstrate C5 expression in
neuroepithelial cells. At 10.5 dpc, both prominin-1 and C5 are concentrated to the apical surface of the neuroepithelium. (E, J, and O) Secondary Ab-only
controls from subsequent tissue sections. Representative examples are shown (n > 3 per experiment). Scale bar, 100 wM.

between the mouse and human in the developing neuroepithelium
(compare Fig. 3A and Fig. 5A).

Blockade of C5aR signaling increases the incidence of
congenital malformations in a folate-deficient mouse model

Given the highly restricted expression pattern of both C5 and C5aR
to the developing neural tube, we next investigated the potential
functional role of C5aR in neural tube development. C5arl "~ mice
were found to be fertile and viable with no reported congenital
defect phenotypes, consistent with previous reports (14). We addi-
tionally found that administration of a specific C5aR peptide an-
tagonist, PMX53 (15, 16), to pregnant wild-type mice resulted in no
congenital defects (data not shown), suggesting that inhibition, or
genetic absence of C5aR per se, does not affect overt neural tube
development.

Given that folate is known to reduce the incidence of NTDs
(10), we next investigated whether modulating maternal dietary
folate could influence neural tube development. We therefore ad-
ministered PMX53 to pregnant folate-replete and folate-deficient
mice. Remarkably, fetuses from folate-deficient mothers adminis-
tered PMX53 had a significantly greater incidence of malformations
(54.3%) than fetuses from mothers administered a folate-deficient
diet alone (8.9%) (p < 0.0001; Fisher’s exact test; Fig. 6). Mice
administered a folate-replete diet, either with or without PMX53,
had none of these congenital malformations.

PMX53-treated folate-deficient embryos displayed a diverse
range of NTD-associated malformations, including exencephaly
(5 of 35), curly tail (4 of 35), anencephaly (3 of 35), as well as

C5aR
FIGURE 5. CS5aR is expressed in the neuro- -

epithelium during neurulation in a human embryo.
Confocal immunofluorescent image of a sagittal
section from the hindbrain of Carnegie stage 13 hu-
man embryo (A-D). Expression of C5aR is concen-
trated to the neuroepithelium (C). Representative
experiment (n = 3). Original magnification X100.

microcephaly (3 of 35), cleft palate (1 of 35), scoliosis (4 of 35),
and anophthalmia (7 of 35; Fig. 7).

To exclude the possibility that PMX53 was exerting an effect
independent of its ability to block C5aR, we additionally administered

a folate-deficient diet to C5arl ™~ mice. Folate-deficient C5arl "~
mice had a significantly greater incidence of congenital malforma-
tions (34.8%) compared with both folate-replete C5arl ™'~ mice
(0%) and folate-deficient C5ar*™* mice (8.9%) (p < 0.0001; x* test;

Fig. 6). There were no significant differences in the incidence of

NTD-associated malformations between folate-deficient C5arl ™~
mice and CSarl*"* folate-deficient mice treated with PMX53 (p >
0.05; Fisher’s exact test). Folate-deficient C5arl ~~ mice also dis-
played a similar range of defects to PMXS53-treated folate-deficient
mice, including exencephaly (n = 9 of 46), scoliosis (5 of 46),

anophthalmia (1 of 46), curly tail (6 of 46), and gastroschisis (6 of

46). No cardiac defects were observed on dissection of the fetuses.
There were no significant differences in the frequency of fetal
resorptions between any of the experimental groups (p = 0.23,
ANOVA) (Fig. 6). Similarly, there were no significant differences in
litter size, crown-rump lengths between any of the groups (Fig. 8; p =
0.68; ANOVA). Folate deficiency resulted in significantly lower fetal
weights in both C5arI** and CSarl ™~ mice; these lower weights
were not affected by PMX53 treatment in CS5arl*™* mice (Fig. 8).

Blockade of C5aR signaling does not reduce the incidence of
congenital malformations in the VPA model

To determine whether the protective benefit of C5aR extended to
other folate-independent models of NTDs, we administered the

DAPI Merge Control
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FIGURE 6. Blockade of C5aR signaling increases the incidence of congenital malformations in a folate-deficient mouse model. (A) Folate-deficient

C5arl** mice administered PMX53 had a significantly greater incidence of malformed fetuses (53.3%) than folate-deficient C5ar

1** mice administered

vehicle treatment (8.9%; p < 0.001). Similarly, folate-deficient C5ar! /" mice had a significantly greater incidence of malformed fetuses (34.8%) than
folate-deficient C5arl™* mice (p < 0.001). No folate-replete mice had fetuses with congenital malformations. (B) There was no difference in the incidence

of fetal resorptions between any of the groups (p = 0.23).

teratogen VPA to both CSarI** and CSarl ™'~ mice at 8.5 dpc.
There were no significant differences in the incidence of VPA-
induced congenital malformations between C5arl™™* mice (20%)
and C5arl™'~ mice (14%; p = 0.45, Fisher’s exact test). No
congenital malformations were observed in either CSarl™* or
C5arl™'~ mice administered vehicle treatment. The frequency of
congenital malformations in the folate-deficient and VPA models
is summarized in Fig. 9.

Discussion

To our knowledge, the present study provides the first demon-
stration that central components of the complement system,
namely C5 and C5aR, are expressed during early mammalian
development. Specifically, although complement factors have
been previously shown to be expressed in developing Xenopus
(6), zebrafish (17), and the postnatal developing rodent brain (18),
to our knowledge, this is the first study to demonstrate comple-
ment factor expression in the early developing murine embryo,

FIGURE 7. PMX53-treated folate-deficient em-
bryos display a variety of NTD-associated malfor-
mations as well as defects in early morphogenesis.
Observed defects included (A) meningoencephalo-
cele, (B) agnathia and ablepharia, (C) exencephaly,
(D) microphthalmia, and (E) thoracogastroschisis.
(A, C) NTDs; (B, D, E) non-NTDs. Representative
samples (n = 6 litters).

and is the first demonstration of complement expression in human
embryogenesis.

The expression of C5 and C5aR in the neuroepithelium, the
embryonic precursor cells for the developing CNS, is suggestive
of a potential role for C5a in neurulation. However, and notably,
mice lacking the C5aR gene do not display overt congenital
anomalies—an observation that has led others to postulate a de-
gree of functional redundancy of developmentally expressed com-
plement proteins (6). The presence of such functional redundancy
would be unsurprising given the importance of ensuring that vital
developmental processes, including timely neurulation, are pre-
served. We thus hypothesized that a role for C5aR activation in
neurulation may only become apparent under conditions of en-
vironmental stress. Given the importance of adequate dietary folate
in neurulation (19, 20), we proposed folate deficiency as a clini-
cally relevant environmental stressor.

In mice, a folate-deficient diet resulted in lower fetal weights,
without affecting either litter sizes or placental weights. Blockade
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not the cause. Girardi et al. (21), in a spontaneous murine model
of low fetal weights and spontaneous resorptions, demonstrated
that this effect could be attributed to C5a-dependent placental
inflammation, as maternally administered PMX53 completely
reversed these deleterious reproductive outcomes in their model.
Conversely, the results presented in this study demonstrate that
low fetal weights resulting from maternal dietary folate deficiency
are not associated with C5a.

However, prevention of C5aR signaling via the administration
of a potent C5aR antagonist, PMX53, to pregnant folate-deficient
mice resulted in a significantly greater incidence of a diverse
range of fetal malformations than folate deficiency alone. Folate-
replete mice administered PMX53 did not display any fetal ab-
normalities, which further supports the parallel experiments in
C5arl™'~ mice that demonstrated that absence of C5aR sig-
naling alone does not cause overt congenital defects. That phar-
macological blockade of C5aR signaling or genetic deletion of
C5aR both result in similar quantitative and qualitative NTDs in
mice subject to dietary folate stress suggests an important role
for C5aR in neural tube development. In addition, analogous to
what was observed in the PMX53-treated mice, folate-deficient
C5arl™’~ mice had a significantly greater frequency of mal-
formed offspring than folate-deficient C5ar/** mice, excluding
the possibility that PMX53 was exerting an effect independent of
its ability to block C5aR.

It has been previously suggested that spontaneous resorption of
NTD-affected embryos may be the mechanism underlying the re-
duction of recognized NTD cases by maternal folate supplemen-
tation (22). In addition, C5a has been implicated in miscarriage and
fetal growth restriction in both mice and humans (21, 23). However,
in the current study, we observed no significant differences in the
incidence of spontaneous resorption between any of the experi-
mental groups. Similarly, there were no significant differences in
litter size between any of the experimental groups, eliminating the
possibility that pharmacological blockade or genetic ablation of
C5aR under conditions of folate deficiency is merely “rescuing” the
NTD phenotype via the spontaneous resorption of affected fetuses.
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The present study also observed a wide variety of congenital
malformations, including exencephaly, curly tail, anencephaly,
microcephaly, cleft palate, scoliosis, anophthalmia, and gastro-
schisis. The diversity of NTDs and related anomalies reflects
failure of neural fold elevation and/or fusion in mechanistically
distinct zones, as well as defects in early morphogenesis, im-
plying that antagonism of C5aR results from a common under-
lying mechanism. Significantly, no cardiac defects in any of the
experimental groups were observed, indicative of a neuro-
epithelial, rather than neural crest, etiology, and again consistent
with the findings of in situ hybridization and immunohisto-
chemistry.

To gain a further insight into the role of C5aR in neural tube
closure, the current study also employed a folate-independent
model of NTDs, in which the teratogen VPA was administered
to both CSarl*™* and CS5arl~’~ mice. Contrary to what was ob-
served in folate-deficient mice, the absence of C5aR had no effect
on the incidence of NTDs and related congenital malformations in
the VPA model. This result supports the notion that maternal fo-
late deficiency is necessary to unmask the developmental role of
C5aRs. However, elucidating the precise mechanism(s) by which
folate and C5aR interact to promote adequate neurulation is a fo-
cus for future investigations.

It is now well established that dietary supplementation with
folate during the periconceptional period markedly reduces
(~70%) the incidence of NTDs in humans (10, 24). However, just
how folate exerts its protective effect remains elusive. To our
knowledge, the present study demonstrates, for the first time, an
interaction between dietary folate deficiency and the immune
system in the pathogenesis of NTDs, a finding that is of particular
interest given that many of the known NTD risk factors, such as
maternal diabetes and obesity, have inflammatory features (25).
The results are also striking given that C5arl '~ mice exhibit no
NTDs in the presence of adequate dietary folate, which contrasts
to other murine models of NTDs in which the protective effect of
folic acid supplementation is rarely 100% (26-29). This model
thus fulfills many of the criteria required for an archetypal murine
model of human NTDs (30), namely, the current study reports
a relatively low penetrance, nonsyndromic model of NTDs that is
responsive to nutritional supplementation with folic acid.

We propose that C5a is generated from CS in the embryo, a
thesis supported by the previously established finding that cultured
embryonic cells generate their own biologically active C5a from
intracellular C5 (5). The finding that C5 and C5aR are both local-
ized to the neuroepithelium in the current study further supports the
plausibility of this notion. Finally, the effect of genetic knockout of
the posttranslational C5a precursor, C5, was not specifically in-
vestigated in the current study. We hypothesize that, analogous to
what was observed in mice administered PMX53, C57’~ mice
administered a folate-deficient diet would similarly have an in-
creased incidence of NTDs due to the inability to produce C5a.

In summary, to our knowledge, this study provides the first
experimental demonstration of an interaction between folate de-
ficiency and the immune system in neural tube formation. These
results provide a novel paradigm to guide investigation into the
causal mechanisms underlying disturbances in mammalian neural
tube development.
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