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study question: How does the placenta protect the fetus from immune rejection by the mother?

summaryanswer: The placenta can produce IgG that is glycosylated at one of its Fab arms (asymmetric IgG; aIgG) which can interact with
other antibodies and certain leukocytes to affect local immune reactions at the junction between the two genetically distinct entities.

what is known already: The placenta can protect the semi-allogenic fetus from immune rejection by the immune potent mother.
aIgG in serum is increased during pregnancy and returns to the normal range after giving birth. aIgG can react to antigens to form immune
complexes which do not cause a subsequent immune effector reaction, including fixing complements, inducing cytotoxicity and phagocytosis,
and therefore has been called ‘blocking antibody’.

study design, size, duration: Eighty-eight human placentas, four trophoblast cell lines (TEV-1, JAR, JEG and BeWo), primary
culture of human placental trophoblasts and a gene knock-out mouse model were investigated in this study.

participants/materials, setting, methods: The general approach included the techniques of cell culture, immunohisto-
chemistry, in situ hybridization, immuno-electron microscopy, western blot, quantitative PCR, protein isolation, glycosylation analysis, enzyme
digestion, gene sequencing, mass spectrophotometry, laser-guided microdissection, enzyme-linked immunosorbent assay, pulse chase assay,
double and multiple staining to analyze protein and DNA and RNA analysis at the cellular and molecular levels.

main results and the role of chance: Three major discoveries were made: (i) placental trophoblasts and endothelial cells
are capable of producing IgG, a significant portion of which is aberrantly glycosylated at one of its Fab arms to form aIgG; (ii) the asymmetrically
glycosylated IgG produced by trophoblasts and endothelial cells can react to immunoglobulin molecules of human, rat, mouse, goat and rabbit
at the Fc portion; (iii) asymmetrically glycosylated IgG can react to certain leukocytes in the membrane and cytoplasm, while symmetric IgG
from the placenta does not have this property.

limitations, reasons for caution: Most of the experiments were performed in vitro. The proposed mechanism calls for
verification in normal and abnormal pregnancy.
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wider implications of the findings: This study identified a number of new phenomena suggesting that aIgG produced by the
placenta would be able to react to detrimental antibodies and leukocytes and interfere with their immune reactions against the placenta and the
fetus. This opens a new dimension for further studies on pregnancy physiology and immunology. Should the mechanism proposed here be con-
firmed, it will have a direct impact on our understanding of the physiology and pathology of human reproduction and offer new possibilities for the
treatment of many diseases including spontaneous abortion, infertility and pre-eclampsia. It also sheds light on the mechanism of immune evasion
in general including that of cancer.

study funding/competing interest(s): Funded by the Li KaShing Foundation and the National Natural Science Foundation to
Jiang Gu, grant no. 30971150 and 81030033. There is no competing interest.
Trial registration number: N/A.
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Introduction
The placenta is an organ that protects the fetus from being rejected by the
mother as the fetus is a semi-allogenic entity capable of eliciting a maternal
immune response (Schroder and De la Chapelle, 1972; Pitcher-Wilmott
et al., 1980; Reed et al., 1991; Roopenian et al., 2003). An effective mech-
anismof immuneevasion isknownto takeplaceat the junctionbetween the
pregnant mother and the fetus, but this mechanism has not been fully
explained. IgG is known to be present in the placenta as the human fetus
acquires humoral immunity through transfer of maternal IgG across the pla-
cental barrier (Franklin and Kunkel, 1958; Faulk et al., 1980; Roopenian and
Akilesh, 2007). However, without an immune evasion mechanism, mater-
nal anti-fetus antibodies or leukocytes would cause damage to the placenta
and the fetus. It has been proposed that the placenta functions as an ‘anti-
bodysink’ that canfilterout these detrimental anti-paternal antibodies, thus
preventing them from crossing the placental barrier (Gitlin and Biasucci,
1969, Simister and Story, 1997, Simister, 1998), but no concrete evidence
has been forthcoming to support this hypothesis.

Recently, it has been found that several cell types other than activated B
lymphocytes and plasma cells can produce IgG. These cells include neoplas-
tic cells (Qiu et al., 2003; Chen and Gu, 2007; Chen et al., 2010), cerebral
neurons (Huang et al., 2008; Niu et al., 2011), human ocular epithelial and
ganglion cells (Niu et al., 2010), spermatogenic cells (Huang et al., 2009),
mammary gland epithelial cells (Franklin and Kunkel, 1958; Zhang et al.,
2010) and human umbilical cord endothelial cells (Zhao et al., 2011). Previ-
ously, such non-lymphocytic IgG was found to promote cancer cell growth
and metastasis and inhibit cell apoptosis (Niu et al., 2012; Ma et al., 2013;
Jiang et al., 2014; Lei et al., 2014). However, the specificity and reactivity
of such non-lymphocytic antibody have never been established. We specu-
late that such IgG may play a role in interacting with the immune system and
therefore provide the long sought after mechanism of immune evasion.

Although most of the IgG in the fetal circulation appears to be of
maternal origin, small amounts of IgG with a haplotype different from
that of the mother have been detected as early as 17 weeks of gestation
(Johnson et al., 1977). In addition, previous studies have demonstrated
that part of the IgG present in the placenta is of fetal origin and this
fetal IgG can be detected as early as 20 weeks of gestation (Babbage
et al., 2006). In this study, we investigated the possible production of
IgG by human placenta and the possible function that such locally pro-
duced IgG may play during pregnancy. We obtained extensive evidence
to show that the placenta is capable of synthesizing IgG, which can react
to both the hormonal and the cellular immunity and may play a central
role in immune evasion.

Materials and Methods
The design of the experiments is shown in Fig. 1.

Materials
A total of 88 human placentas were used in this study, among which 53 were
full term, 11 were mid-term and 24 were first-term placentas. The following
cell lines were used: human first-trimester extravillous trophoblast cell line
(TEV-1) (Pattillo et al., 1971), and the human choriocarcinoma cell lines
JAR, JEG and BeWo [American Type Culture Collection (ATCC), VA,
USA]. A primary trophoblast cell culture was established as described previ-
ously (Bright and Ockleford, 1995, Zhao et al., 2011). A gene knock-out
mouse model (Mu-MT mouse) (Kitamura et al., 1991) with no B lymphocyte
development was also used. The female gene knock-out mice were mated
with wild-type male mice and the pregnant mother mice had placenta but
no B lymphocyte therefore no IgG detected in the serum.

Methods
Immunohistochemistry, immuno-electron microscopy, in situ hybridization,
electron microscopic in situ hybridization and double labeling
Immunohistochemistry was performed on human placentas following stand-
ard procedures with primary antibodies, as described in Supplementary data,
Table S1. Immuno-electron microscopy was also performed with antibodies
to Igg and Igk labeled with colloidal gold. Immunofluorescence was per-
formed on trophoblast cell lines with primary antibodies to IgG. In situ hybrid-
ization (ISH) at both the light and the electron microscopic levels was
performed on human placentas, the cell lines and the primary trophoblast
culture, according to a previously published protocol (Chen et al., 2010)
with a cRNA probe against human immunoglobulin heavy constant gamma
1 (IGHG1). The probe was produced as described previously (Chen et al.,
2010). ISH/IHC double labeling at both the light and the electron microscop-
ic levels with antibodies to Igg or placental alkaline phosphatase (PLAP) on
the primary trophoblast culture and with antibody to IgG and probe to IgG
mRNA was performed. In this protocol, ISH was performed first on one
side of the grid and immunostaining was performed second on the other
side of the grid holding the ultrathin electron microscopic sections.

A gene knock-out mouse model with no IgG production from B lymphocytes
To further establish that the Ig detected in the trophoblasts were locally pro-
duced but not absorbed from the mother, we used a mouse model (Mu-MT
mouse) thathad a gene knock-out resulting in no B lymphocyte development,
and therefore, no Ig production from the immune system (Kitamura et al.,
1991). Mu-MT mouse was mated with a normal mouse. We examined the
distribution of IgG and mRNA in the placenta of pregnant Ig-deficient mice
using the same set of techniques as for the human placentas.
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Laser-assisted microdissection, RT–PCR and single cell RT–PCR without prior
RNA purification
Laser-assisted microdissection (LMD) and single cell isolation of tropho-
blasts were performed on frozen samples from human placentas and cul-
tured cells as described previously(Clement-Ziza et al., 2008; Chen et al.,
2010). RNA extraction and RT–PCR were performed as described in
the Supplementary data with the primers described in Supplementary
data, Table S2.

Primary culture of placental trophoblasts, IgG immunostaining and ISH
Eight first trimester placentas were used for primary trophoblast cell culture.
Cells were grown on slides and fixed with 4% paraformaldehyde for 20 min.
IHC and ISH, separately or simultaneously as double labeling, were performed
as described above.

VH sequencing
Following cloning into a pGEM-T vector, we next sequenced three randomly
chosen variable region of the IgG heavy chain (VH) encoding clones and com-
pared the VH sequences with sequences published in BLAST of the National
Center for Biotechnology Information (NCBI) (BLAST number: 2.2.20)
(Dieterich et al., 2006).

Pulse chase assay to detect in vitro synthesis of IgG by trophoblasts
Pulse chase assay was performed both with radioisotope (35S) labeled and
non-radioisotope (biotin) labeled proteins in BeWo and TEV-1 cell lines to
verify incorporation of labeled amino acids into newly synthesized IgG in
culture as described previously (Wang et al., 2003; Dieterich et al., 2010).
We substituted one of the amino acids in the culture medium, L-methionine,
with alkyne-bearing L-homopropargylglycine (HPG). The alkine groups of
proteins extracted from trophoblast cells were in vitro labeled with azide

Figure 1 A diagram shows the experimental design of the study. (A) Human fresh placenta tissues were processed for morphologic examination [immu-
nohistochemistry (IHC), in situ hybridization (ISH) and double labeling], microdissection for PCR, ultrastructural investigation, primary culture and IgG ex-
traction. The extracted IgG was further separated into asymmetric and symmetric IgGs and subjected to electrophoresis and immunohistochemistry for
their reactivities. (B) Established cell lines of trophoblast-derived cells to investigate IgG gene expression and protein synthesis. (C) A gene knock out mouse
model that does not possess B lymphocytes, therefore does not produce classic IgG. Such a female mouse was mated with a wild-type male mouse to create
a hybrid pregnant mother mouse. The placenta as well as the spleen and the blood of this mouse were examined and showed that even though the mother
did not produce IgG, the placenta still contained IgG protein and mRNA indicating that the IgG was indeed produced by the placenta itself rather than
transported from the mother.
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coupled biotin. A skin fibroblast cell line and addition of a protein translational
elongation inhibitor, cycloheximide (Sigma, St Louis, MO, USA) served as
negative controls.

Isolation of IgG from human placental and rat spleen lysates
Total IgG was purified from placental and spleen lysates using Protein G
agarose after extensive washing to remove traces of blood following the
manufacturer’s instructions (Invitrogen, USA).

Separation of glycosylated IgG from non-glycosylated IgG
The separation of glycosylated IgG from non-glycoslated IgG was performed
using Concanavalin A (Con A) affinity chromatography according to the man-
ufacturer’s instruction (GE Healthcare, Sweden) (Gercel-Taylor et al., 2001;
Canellada et al., 2002).

Preparation of IgG Fab and Fc fragments
Fab and Fc segments were prepared from placental IgG and maternal serum
IgG using papain digestion following the manufacturer’s instructions (Piercew

Fab Preparation Kit, Pierce Biotechnology, Rockford, IL, USA).

The labeling of IgG, Fc and Fab with biotin
The process of labeling IgG, Fc fragment and Fab fragment with biotin was
performed following the instructions of the manufacturer of AnaTagTM

Biotin Protein Labeling Kit (AnaSpec Corporate, San Jose, CA, USA).

Reaction of Con A-reactive IgG to other IgG molecules
The reaction of Con A extracted IgG to other IgG was demonstrated with
standard sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and western blot. Briefly, mouse, rat, rabbit, goat and human IgG
were subjected to SDS–PAGE and transferred to immobilon polyvinyl
transfer membrane, followed by incubation with biotin-labeled aIgG and
sIgG IgG overnight at 48C, incubated with horse-radish peroxidase
(HRP)-labeled streptavidin (ZhongShan Golden Bridge Biotechnology Co-
operation, Beijing, China) for 1 h at room temperature and then visualized.

Separation of different leukocyte types
Human lymphocytes, NK cells, monocytes and neutrophil granulocytes were
isolated from normal adult blood following the instructions of the isolation
kits (Haoyang Biotechnology Cooperation, Shanghai, China).

Stain-decolorize-stain method for human leukocytes
The stain-decolorize-stain method was performed to show cell types react-
ive to Con A-reactive IgG on blood leukocyte according to a newly estab-
lished procedure (Li et al., 2014). Briefly, different types of white blood
cells were fixed onto slides and IHC was performed with different cell
marker antibodies (CD3, CD19, CD20, CD57, CD68). After visualizing
and taken photos, the slides were decolorized with 80% alcohol for half an
hour at room temperature and then heated in a microwave oven for
10 min to remove the bound antibodies and the labeling color. The biotin-
labeled glycosylated and non-glycosylated IgGs wereused as the primaryanti-
bodies and the slides then were incubated with HRP-labeled streptavidin.
After visualization of labeling with the AEC kit, photos were taken of the
same fields as for the first immunostaining. The specificity of this technique
has been reported previously (Li et al., 2014).

Removal of glycans from the glycosylated IgG with deglycosylation enzymes
PNG-F was used to remove the N-link glycan from the Con A-reactive IgG
according to the manufacturer’s instructions (Invitrogen). Endoglycosidases
F3 was also used to remove glycan from the aIgG, which would not
damage the reactivity of the IgG molecule (Sigma).

Results

Abundant IgG mRNA and IgG synthesizing
enzymes are present in placental trophoblast
cells, endothelial cells and cultured
trophoblast cells
We first confirmed that abundant IgG molecules are present in the
human placenta. Immunohistochemistry with different monoclonal and

Figure 2 IgG immunoreactivity present in the trophoblasts of the human placenta. (A–C) Immunoreactivity of IgG g, IgG k and IgG l detected in the
trophoblasts (arrows). (D) Double electron microscopy ISH and immunostaining to demonstrate co-localization of IgG immunoreactivity and IgG mRNA
on the membrane of RER of trophoblast with 15 nm (arrows) and 5 nm (arrow-heads) colloidal gold particles. (E) Symmetric IgG did not react to any cell of
the placenta. (F) aIgG isolated from the placenta reacted positively to the trophoblasts and endothelial cells of the placenta. (G) Positive signal disappeared
with pre-absorbed IgG. The nuclei were stained blue with hematoxylin. A–C, scale bar ¼ 10 mm; D, scale bar ¼ 100 nm; E–G, scale bar ¼ 10 mm.
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polyclonal antibodies to the heavy chain (Igg), and k and l light chains
(Igk and Igl) of IgG (Supplementary data, Table S1) detected strong
immunoreactivity of all forms of IgG in trophoblasts and endothelial
cells in all three trimesters of the placenta (Fig. 2A–C and Supplementary
data, Fig. S1).

ISH on placental tissue sections with a cRNA probe against the con-
stant region of the IgG1 heavy chain (IGHG1) showed abundant
IGHG1 mRNA transcripts present in the cytoplasm of syncytiotropho-
blasts, cytotrophoblasts and vascular endothelial cells in all trimesters
(Fig. 3B and Supplementary data, Fig. S2I–L). Double labeling of IgG

protein and its mRNA with electron microscope (EM) immuno-gold la-
beling and EM ISH in the trophoblasts demonstrated IgG immunoreactiv-
ity and IgG mRNA on the membrane of rough endoplasmic reticulum
(RER) of the cytoplasm (Figs 2D and 3C). RT–PCR with primers for
IGHG1, Igk and Igl detected their transcripts in RNA extracted from
placental tissues of all three trimesters (Fig. 4A).

In addition, we performed LMD to capture trophoblasts only prior to
RT–PCR (Supplementary data, Fig. S3G and H). To exclude placental
multipotent hematopoietic progenitors, and possible contamination by
B cells, plasma cells and macrophages, we used primers for CD34, Ck7,

Figure 3 Evidence of IgG synthesis by placental trophoblasts. (A) Positive Igg IHC staining (reddish brown) in trophoblasts (arrows) of a mid-term pla-
centa. (B) IGHG1 mRNA (purple black) detected in the cytoplasm of trophoblasts (black arrow: syncytiotrophoblast, red arrow: cytotrophoblast) with
ISH. (C) Electron microscopic double labeling showing colocalization of IgG protein antigen with immunostaining (15 nm gold labeling) and mRNA with
ISH(5 nm gold labeling) at the membrane of RER in a cultured syncytiocytoblast (n, nuclear). (D) Positive immunofluorescence staining of Igg (red
signal) in the cytoplasm of trophoblasts of TEV-1 cell line with nuclear counterstaining in blue. (E) Positive ISH signal (black–blue) of IGHG1 mRNA
present in the cytoplasm of cultured human syncytiotrophoblasts. (F) Negative control: sense probe on the same cell line. (G and H) Double labeling
showing colocalization of IGHG1 mRNA (blue) and Igg (brown) (G), as well as IGHG1 mRNA (blue) and PLAP (brown) (H) in the cytoplasm of
primary cultured human trophoblasts. (I) Negative control: sense probe on the same primary culture of human trophoblasts. The nuclei were counter-
stained light blue. Scale bars, 10 mm (A, B, G, I), 40 nm (C), 30 mm (D–F), 20 mm (H).
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CD19/20,CD38and CD68 (Supplementarydata, Table S2) to ensure iso-
lation of trophoblasts only (Fig. 4C). Collectively, our findings demonstrate
that trophoblasts contain IgG mRNA, and are capable of synthesizing IgG.

Specific Igg immunoreactivity was detected in the cytoplasm of estab-
lished placental trophoblast cell lines (TEV-1, JAR, JEG and BeWo) and
primary cultures of human trophoblasts maintained in immunoglobulin-free
medium(Fig.3D). Inaddition, ISHdetected IGHG1mRNAinthecytoplasm
of the cultured primary trophoblasts (Fig. 3G and H) and the four cell lines

(Fig. 3E). Double labeling combining IHC with antibody to Ck7 or PLAP, and
ISH showed that the multi-nucleated IGHG1-positive cells in the primary
culture were PLAP-positive syncytiotrophoblasts (Fig. 3G and H). IGHG1
mRNA transcripts were also amplified from mRNA extracted from tropho-
blast cell lines and the primary trophoblast culture (Fig. 4B).

Upon sequencing, two sequences showed high homology (89.3 and
86.7%) to IGHV4-61*08, while one was different and showed high
homology to IGHV4-59*01 (87.3%) (Supplementary data, Fig. S4).
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VH gene transcripts (Fig. 4A) and expression of RAG 1 and RAG 2
genes were identified in placentas from all three trimesters (Fig. 4D)
and in cultured cell lines (Fig. 4B) with RT–PCR. In addition, IHC
with antibodies to RAG enzymes showed extensive staining in the cyto-
plasm of trophoblasts and endothelial cells in all three trimesters (Supple-
mentary data, Fig. S5).

IgG synthesis in placental trophoblasts in gene
knock-out mice with no B lineage cells
In the placenta of the pregnant gene knockout mouse model (no IgG pro-
duced by the mother), Ig immunoreactivity, Ig mRNA and Ig synthesizing
enzymes were detected in the trophoblasts by RT–PCR (Supplementary
data, Fig. S6), immunohistochemistry, ISH (Supplementary data, Fig. S7),
sequencing and western blot (Supplementary data, Fig. S8). Positive
signals of IgG immunoreactivity and IgG mRNA ISH were detected in
the cytoplasm of trophoblasts in the labyrinth (Supplementary data,
Fig. S7Ca) and spongiotrophoblast layers (Supplementary data Fig. S7Ba).

Slides incubated with sense probes were served as negative controls
(Supplementary data, Fig. S7Db). Sections of the spleen of normal ICR
mouse incubated with antisense probes were served as positive controls
(Supplementary data, Fig. S7Da). The protein of IgG was located with
immunohistochemistry in the same cells that contained Ig mRNA (Supple-
mentary data, Fig. S7Ab and Ac). Tissue sections of the spleen of normal
ICR mouse incubated with antibodies against IgG were served as positive
controls (Supplementary data, Fig. S7Dc). Antibodies against hemagglutinin
to substitute the primary antibodies were used as a negative control.
Western blot was also used to identify IgG protein in placentas of the
mutant mouse and normal ICR mouse. The positive signals were detected
at MW 170 000 (Supplementary data, Fig. S8). The spleen of normal ICR
mouse was served as a positive control for western blot. The lysis buffer
was served as a negative control (Supplementary data, Fig. S8). All controls
gave appropriate results, supporting that in the mutant mice, placental tro-
phoblastscan still produce IgG, while thespleenof the mothermice cannot.

Pulse chase labeling technique demonstrating
IgG synthesis by human trophoblasts
We performed a pulse chase experiment to verify incorporation
of labeled amino acid into newly synthesized IgG. Using protein
G-coupled magnetic beads and western blot analysis, we detected

newly synthesized IgG with incorporated biotin-labeled amino acid in
the trophoblast lysates, thereby firmly establishing that trophoblasts
are capable of synthesizing IgG (Fig. 4E). The pulse chase experiment
in the human placental trophoblast culture and cultured trophoblast
cell lines, including a human choriocarcinoma cell line (BeWo), gave iden-
tical results (Fig. 4F). In addition, wedetected IgG immunoreactivity in the
supernatant from primary cultures by western blot analysis. The result
indicates that IgG was not only synthesized in but also secreted by the
trophoblasts. The control experiments showed no IgG synthesis.

About 30% of IgG isolated from the placenta
is glycosylated at one of the Fab arms
We isolated IgG from human placenta with protein G column after ex-
tensive washing to remove trace of blood. We further separated
glycosylated IgG and non-glycosylated IgG with a Con A coupled sephar-
ose 4B column which binds to a-D-mannosyl and a-D-glucosyl groups
(Sumner et al., 1938; Petryniak and Goldstein, 1986) linked to IgG.
The proportion of glycosylated IgG in total IgG isolated from the placenta
was�30%. Silver staining of the electrophoresis preparation showed the
Con A-reactive IgG and the non-Con A-reactive IgG both had their heavy
chain at 50 kDa but were different in that the former showed a double
band while the latter showed a single band (Fig. 5A). As it is impossible
to obtain spleen tissue sample from pregnant healthy women, we mea-
sured IgG and glycosylated IgG in normal spleen obtained from human
autopsy and normal adult rats and found little Con A-reactive IgG, al-
though normal IgG can be detected in abundance (Supplementary
data, Fig. S5F). This indicates that the glycosylated IgG extracted from
the placenta was unlikely to be produced by B lymphocytes in the
spleen but locally by the placenta itself.

We further found with electrophoresis that the Con A-reactive glyco-
sylated IgG had glycan molecules attached to one of the Fab fragments
making the IgG molecule asymmetric (Fig. 5B). We used papain to
digest the IgG whole molecule into Fab and Fc fragments and then sepa-
rated them with electrophoresis. We again observed that the glycosy-
lated IgG Fab fragment but not the Fc fragment has two bands with the
same size and intensity, indicating that the glycan is located in only one
of the Fab fragment arms. Therefore, we called the Con A-reactive IgG
asymmetric IgG (aIgG), the non-Con A-reactive IgG symmetric IgG
(sIgG).

Figure 4 RT–PCR, single cell RT–PCR and western blot. (A) mRNA transcripts of IGHG1, Igk and Igl were detected in placentas from all three
trimesters. PBL (peripheral blood lymphocyte): positive control. 18s: internal control. The absence of CD19 transcripts excluded B lymphocyte
contamination. (B) RT–PCR on trophoblast cell lines. Amplification of IGHG1, recombination activating gene (RAG)1 and RAG2 were detected.
(C) Single cell RT–PCR. IGHG1 and cytokeratin (CK) successfully amplified from placenta samples. Positive controls: liver samples for CD34, CD38
and CD68; Raji cell line for CD19. (D) Both RAG 1 and RAG 2 were detectable in placentas from all three trimesters. 1C–4C: RNA without reverse tran-
scriptase as template used as negative controls. Raji cell line: Positive control. Placenta 1, 2 and 3 represent first, second and third trimester placentas, re-
spectively. (E) Pulse chase assay using alkyne-bearing L-HPG followed by tagging with azide coupled biotin in TEV-1 cell line. a, Alkyne-bearing L-HPG tagged
with azide coupled biotin is incorporated into newly synthesized total protein in TEV-1 cell line as detected by western blot with streptavidin HRP. Lane 1:
negative control (TEV-1 cultured with DMEM/F12). Lane 2: negative control (TEV-1 +HPG + anisomycin). Lane 3: experimental group showing HPG was
incorporated into newly synthesized total protein. b, Alkyne-bearing HPG tagged with azide coupled biotin is incorporated into newly synthesized IgG in
TEV-1, Lane 1: HPG. Lane 2: final wash HPG solution. Lane 3: negative control (TEV-1 cell line cultured in DMEM/F12). Lane 4: final wash as a negative
control. (F) 35S-metabolic labeling for IgG synthesis in culturedhuman BeWo cells with IgG immunoprecipitated from extractedproteinsdetected byautop-
hotograph. Cycloheximide (CHX) treatment inhibiting protein translation elongation decreased radio-labeled IgG. Skin fibroblasts treated identically did
not show any immunoglobulin synthesis. Lane 1: BeWo cell line, Lane 2: CHX treatment, Lane 3: skin fibroblast.
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aIgG but not sIgG reacted to the Fc portion
of IgG from many sources

We then labeled the two kinds of IgG with biotin and used them separ-
ately as the primary antibodies in western blot and immunohistochemis-
try. IgG from different species including human, rat, mouse, goat and
rabbit reactedpositively toaIgGbut not to the sIgG(Fig. 5C). The tropho-
blasts, endothelial cells and Haufbour cells (macrophages) on the human
placental tissue section showed immunoreactivity with the aIgG (Fig. 2F)
but not with the sIgG (Fig. 2E). The positive IHC staining was significantly
decreased and eventually abolished in the pre-absorption tests in which
human IgG was pre-incubated with the sIgG at increasing concentrations
prior to applying to the preparations (Fig. 2F and G). This experiment
established that the Fab glycosylated IgG (aIgG) was capable of reacting
to the IgG molecule in western blot and IHC.

In addition, we found the aIgG isolated from one individual reacted to
the IgG from other individuals, and also to those of other species.

To further confirm the ability of aIgG to bind to other IgGs, we coated
two agarose preparations with Con A-reactive IgG and Con A non-
reactive IgG separately and then let the same amount of IgG from differ-
ent sources to react to the columns. We then measured the unbound IgG
after centrifugation. We found that much less IgG remained after they
reacted to the aIgG column than to the sIgG column which was almost
unchanged. In addition, we eluted the bound IgG from the two
columns and measured their concentrations and found that the aIgG
column trapped a lot more IgG than the sIgG column (Fig. 5F).

We also used the biotin-labeled Fc or Fab fragment of the aIgG to react
to the whole IgG molecule, the Fc fragment or the Fab fragment of IgG in
western blot and in the pre-absorption tests. The Fab fragment of the
aIgG reacted to the Fc fragment of other IgGs (Fig. 5D). IHC gave

Figure 5 Electrophoresis of asymmetrically glycosylated IgG (aIgG) and symmetrically glycosylated IgG (sIgG) extracted from placenta. (A) Silver stain of
IgG extracted from the human placenta showing aIgG had a double band (arrow) at around 50 kDa. When the aIgG was treated with deglycosylation enzyme
PNGF, the double band became a single band. (B) Sliver stain showing that the aberrant glycan is located in one of the Fab arms. (C) Western blot of aIgG and
sIgG showing that aIgG reacted to IgGs from human, rat, mouse, goat and rabbit, while sIgG only reacted very weakly to IgG molecules of different species.
(D) a, silver stain of Fab and Fc (arrow) fragment; b, western blot of aIgG showing that aIgG reacted to the Fc fragment of the other IgGs but not to the Fab
fragment. (E) When the aIgG was digested with the enzyme to remove the glycan, the reactivity to IgG molecules was significantly weakened. (F) In a sep-
arate experiment where the aIgG and sIgG were coated onto magnetic beads and reacted to human IgG, the aIgG trapped significantly more IgG than the
sIgG indicating that aIgG was indeed capable of reacting to other IgG molecules. (G) Silver stain showing that aIgG can be detected in the serum but not in the
spleen of normal adult rat.
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identical results. Only the biotin-labeled Fab fragment of aIgG reacted to
trophoblasts and endothelial cells, while the biotin-labeled Fc fragment
did not (Supplementary data, Fig. S9).

In addition, we found that both aIgG and sIgG extracted from human
placenta reacted to an identical range of protein antigens extracted
from Hela cells except that aIgG reacted to IgG, while sIgG did not
(Supplementary data, Fig. S10).

aIgG, but not sIgG, reacted to the membrane
and cytoplasm of monocytes and neutrophils
Using human white blood cell preparations from normal adults aIgG
but not sIgG, reacted to the cell membrane and cytoplasm of mono-
cytes and neutrophils in the blood (Fig. 6). On series sections with
the techniques of double labeling and the stain-decolorize-stain
method, the cell types reacting to aIgG were monocytes and neutro-
phils in blood (Fig. 6A–D). NK cells and B and T lymphocytes were
negative (Fig. 6E–J). The different cell types in blood were identified
by specific monoclonal antibodies (Fig. 6A, C, E, G and I). When we
used human sIgG with increasing concentrations to pre-incubate the
aIgG, the positive reactions in the leukocytes decreased significantly
(Fig. 6L).

When the Fab glycosylated IgG was
deglycosylated, the above reactivities
disappeared
We treated the Fab glycosylated IgG with the enzymes PNGase and
endoglycosidases F1, F2 and F3 in a native protein deglycosylation kit
to remove the oligosaccharides from the IgG (Kim and Leahy, 2013).
The later enzymes are capable of deglycoslylation of N-linked oligosac-
charides from glycoproteins under native conditions without denaturing
the protein. Following deglycosylation with PNGase, the two bands at
50kDa, usually seen in Fab glycosylated IgG in the western blot,
became one (Fig. 5A). More importantly, after deglycosylation, the IgG
lost its reactivity to other IgGs or to leukocytes in both western blot
and immunohistochemistry and behaved like sIgG (Fig. 5E). This result
indicates that glycosylation of IgG Fab is essential for it to bind to other
IgG molecules and to leukocytes.

Discussion
In this study, we observed three novel phenomena. The first is that
human placental trophoblasts and endothelial cells are capable of

Figure 6 Reaction of placenta-extracted aIgG with different leukocyte types demonstrated with the stain-decolorize-stain method and the pre-
absorption test. (A and B) aIgG reacted to CD68-positive monocytes (arrows point to the same monocyte). (C and D) aIgG reacted to CD15-positive
neutrophils (arrows point to the same neutrophils). (E and F) CD20-positive B lymphocytes were negative for aIgG (thick arrows point to the same B-cell).
(G and H) CD3-positive T lymphocytes were negative for aIgG (thick arrows point to the same T-cell). (I and J) CD57-positive natural killer (NK) cells were
negative for aIgG (thick arrows point to the same NK cell). (K and L) aIgG-positive neutrophils (K) were abolished when the antibody was pre-incubated
with IgG molecule in a pre-absorption test on a different slide of the same neutrophil preparation (L). The reactions occurred with leukocytes from the same
and different individuals. Symmetric IgG did not react to any leukocyte (not shown). Scale bar, 10 mm.
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producing IgG, a significant portion of which is aberrantly glycosylated at
one of its Fab arms to form aIgG. The second is that the asymmetrically
glycosylated IgG produced by trophoblasts and endothelial cells can
react to IgG molecules from human, rat, mouse, goat and rabbit at the
Fc portion. Third, asymmetrically glycosylated IgG can react to certain
leukocytes on the membrane and in the cytoplasm, while sIgG from
the placenta does not have such properties.

The first aim of this study is to demonstrate that, in addition to trans-
porting IgG from mother to fetus, the placenta is capable of synthesizing
and secreting IgG. The evidence we obtained from IgG mRNA, relevant
synthesizing enzymes, detection of IgG and its mRNA in cultured tropho-
blasts, pulse chase experiments and the gene-knockout mouse model
unequivocally established that placental trophoblasts and endothelial
cells can synthesize IgG.

In agreement with our findings, Margni et al. reported that aIgG iso-
lated with Con A represented �30% of total IgG extracted from the pla-
centa (Zenclussen et al., 2001). However, these authors believed that
the aIgG was produced from the spleen or placental B cells, and
interleukin-6 released by the trophoblasts was the mediator to induce
hybridoma cells to produce aIgG (Canellada et al., 2002; Shields et al.,
2002). In this study, we found that the aIgG was most likely synthesized
by the placenta itself. The spleen is unlikely to be responsible for its pro-
duction as in the normal spleen of human and rat, little aIgG could be
detected. In the gene knockout mice that had no B lymphocytes, no
IgG could be produced by the mother, but the placental trophoblast
cells still contained IgG. In this study, multiple lines of evidence point to
the conclusion that the origin of IgG extracted from the human placenta
is likely, at least in part, to be the placenta itself.

The findings of aIgG, but not sIgG (normal IgG), reacting to other IgG
molecules and to leukocytes are intriguing. This is likely a fundamental
physiological event essential for the survival of life as it appears to
operate across species, a sign of functional conservation during evolu-
tion. As the reactions can be abolished by pre-incubation with the
human IgG molecule, the reaction is specifically directed against IgG.
The specificity of this reaction was further confirmed with two additional
straight-forward experiments in which no biotin labeling or western blot
was involved. As for the nature of antigenic epitopes in leukocytes react-
ing to aIgG, it is possible that it reacted to immunoglobulin molecules or
molecules of the immunoglobulin superfamily in these cells. Using differ-
ent fragments of aIgG and sIgG as well as the whole IgG molecule in the
western blot, immunohistochemistry and the pre-absorption tests, we
established that the glycans are likely attached to the heavy chain of
the Fab fragment and the reactions between aIgG and other IgGs took
place between the Fab of aIgG and the Fc of the target immunoglobulin.
More interestingly, when we removed the glycans from the aIgG with
enzymes, its ability to react to other IgG and to leukocytes disappeared.
This further established that the aIgG was indeed capable of reacting to
the IgG molecule and leukocytes and glycosylation of the Fab fragment is
necessary for this reaction. IgG is a glycoprotein with glycans attached to
different portions of the molecule that would affect the reactivity of the
antibody, a field that biomedical scientists have just begin to appreciate
(Shields et al., 2002; Satoh et al., 2006). Recently, there has been a
surge of interest in studying the patterns of glycosylation of immuno-
globulin and their effects on Ig reactivity. Apart from a single covalently
attached bi-antennary N-glycan at the highly conserved asparagine 297
residue in the CH2 domains of the heavy chain of Fc region (Wright
and Morrison, 1997; Raju, 2008), IgG molecules are known to bear

complex bi-antennary oligosaccharides attached to the variable regions
of the light chain, heavy chain or both (Jefferis, 2007). Decreased galac-
tosylation of IgG glycans was found to be associated with rheumatoid
arthritis (Ercan et al., 2010). Studies of IgG glycosylation revealed a
number of important functional consequences of structural alterations
in IgG glycans. The addition of sialic acids dramatically changed the
physiological role of IgGs by converting them from pro-inflammatory
to anti-inflammatory (Pattillo et al., 1971; Petryniak and Goldstein,
1986; Kaneko et al., 2006; Abramovich et al., 2012). Another structural
change to IgG glycans, the addition of fucose to the glycan core, interferes
with binding of IgG to Fc_RIIIa receptor on leukocytes and dampens its
ability to destroy target cells through antibody dependent cell-mediated
cytotoxicity (Shields et al., 2002; Satoh et al., 2006).

In this study, we found that Fab glycosylation of IgG extracted from the
placenta with Con A rendered the IgG antibody highly reactive to other
IgG molecules and to certain leukocytes, thus giving it great significance in
interacting with the humoral and cellular immunity. There is extensive
evidence to show that IgG isolated with Con Awould not trigger comple-
ment fixation, phagocytosis or T-cell toxicity (Gentile et al., 1998; Margni
and Malan Borel, 1998; Gutierrez et al., 2005). With a local relatively high
concentration of aIgG, any antibody bound to the placenta surface paved
with trophoblasts and endothelial cells would be bound by these aIgG
antibodies and thereby terminate any possible immune effector reaction
that would otherwise occur at the antibody binding sites. Should there be
any monocytes/macrophages getting close to, or penetrating, the pla-
centa, the locally produced aIgG would bind to them and interfere or
block their activities. This would be the most effective and efficient
way for the placenta to protect the fetus at the junction of the two gen-
etically different entities without altering the balance of the immune equi-
librium of the pregnant mother.

Results obtained from our study indicate a possible novel immune
evasion mechanism employing locally produced immunoglobulin that ac-
tively interacts with potentially damaging antibodies and leukocytes at
the barrier separating the mother and the fetus. This protective mechan-
ism appears to be an active exertion by the placenta rather than a passive
escape and is likely to act on both innate and adaptive immune responses.
Intriguing as it is, many questions about this delicate new mechanism
remain unanswered and await further investigation. Nevertheless, our
observations unveiled new basic facts about human pregnancy and a
new mechanism of immune evasion in reproductive physiology and path-
ology is evident, with profound biological and clinical implications.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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