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ABSTRACT

The a2 isoform of vacuolar ATPase (ATP6V0A2 referred to as
a2V) plays a pivotal role in successful pregnancy and provides a
microenvironment to maintain the delicate immunological
balance at the feto-maternal interaction. We studied the
expression of a2V mRNA in embryos and placenta of abortion-
prone (female CBA 3 male DBA) murine matings or LPS
(lipopolysaccharide)-treated mice. The expression of a2V was
significantly higher in the placentas of nonabortion-prone (female
BALB/c 3 male BALB/c and female CBA 3 male BALB/c) matings
compared with the abortion-prone (female CBA 3 male DBA)
mating. The expression of a2V was significantly decreased in the
placentas treated with LPS in both female CBA 3 male DBA and
female BALB/c 3 male BALB/c mating combinations with
increased Lif, Il1b, and Tnf expression in the placenta. Decreased
expression of a2V in the placenta is directly correlated with high
percentages of pregnancy loss in abortion-prone mating (female
CBA 3 male DBA) as well as in LPS-treated animals. The normal
expression of placental a2V on Day 16 in the nonabortion-prone
matings correlated with higher Mcp1 (monocyte chemotactic
protein 1) gene expression, markedly higher infiltration of M1
and M2 macrophages, and no significant polarization patterns
(M1/M2 ¼ 1.2–1.6). However, in the abortion-prone mating,
decreased placental a2V expression correlated with significantly
lower Mcp1 gene expression with less infiltration of M1 and M2
macrophages and with polarization patterns skewed to M1
phenotypes (M1/M2 ¼ 3.9–4.2). These data indicate that the
higher expression of placental a2V is associated with dynamic
infiltration of M1 and M2 macrophages through the induction of
Mcp1 expression. This strengthens our hypothesis that a2V
regulates the delicate cytokine and chemokine networks that
coordinate the recruitment of macrophages for successful
placental development and growth at the feto-maternal interface.

a2V-ATPase, abortion-prone model, macrophages, placenta,
placentation, pregnancy, preimplantation embryo, reproductive
immunology

INTRODUCTION

The survival of a semiallogeneic fetus in pregnancy depends
on adaptations in both the innate and adaptive responses [1, 2].

The maternal immune response is not oblivious to the paternal
major histocompatibility complex and other conceptus antigens
[3–5]. Feto-maternal tolerance is mediated, at least in part, by
the a2 isoform of vacuolar ATPase (ATP6V0A2, referred to as
a2V), which is an important molecule expressed at the feto-
maternal interface. This protein appears to be one of the first
molecules expressed that has important effects on the maternal
immune response and is known to be responsible for the
survival of a fetal allograft [6]. In early studies, we found that
the a2V was uniquely and abundantly expressed in the
epididymis, kidney, lung, thymus, and spleen as well as in
the tissues surrounding the developing fetus [7–9]. Skinner et
al. [10] showed that expression of V-ATPase subunits in the
bovine endometrium was crucial for trophoblast invasion and
cellular commination during the window of implantation.
Additionally, the acidic environment regulated by V-ATPase is
important for the development of preimplantation embryo
following implantation [11]. Our studies have shown that this
molecule has profound effects on cytokine expression and may
be a key factor in the early control of the inflammatory process
necessary for implantation [6]. Our studies also showed that
antibodies to a2V could block the process of implantation [12].

Previously, we have shown that a2V-ATPase can regulate
IL1B as well as IL1A without a subsequent increase in TNF
secretion, which appears to occur by two different mechanisms.
The first is a2V expression on the cell surface, where it
functions as an ATPase preventing the danger-associated
molecular pattern (DAMP) ATP from activating the inflam-
masome through the P2X7 channel [13]. ATP binding to P2X7
causes the efflux of potassium ions and the activation of the
inflammasome [14]. The second is the cleavage and release of
a2NTD (N-terminal portion of a2V) from the a2V polypeptide.
This peptide is responsible for the selective increase in
transcription and secretion of several different cytokines such
as IL1B, IL1A, LIF, IL10, and chemokine (MCP1/CCL2),
which are important in maintaining the immune response in
pregnancy [6, 15, 16].

The hypothesis that drives this study is based on our
previous study where we showed that a2NTD induces MCP1
[16]. It has been suggested by animal models that the secretion
of MCP1 amplifies the recruitment of monocytes along with
macrophages and other immune effector cells into the
reproductive tissues [17–19]. Tissue macrophages can exist
in different activation states: either proinflammatory classically
activated by interferon-c, known as M1, or anti-inflammatory
alternatively activated by IL13 or IL4, known as M2. The
activity of M1 and M2 depend on microenvironmental stimuli.
M1- and M2-activated macrophages fulfill different functions
through the production of pro- or anti-inflammatory factors
[20]. However, it is not clear whether decidual macrophages
represent M1 or M2 macrophages [21]. Because of their role in
immune regulation, macrophages have multiple functions
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throughout pregnancy and contribute to local immune
tolerance in normal pregnancy, possibly by phagocytosis of
apoptotic bodies that can potentially harm the fetus [22].
Temporal expression of anti-inflammatory cytokines is evident
at the feto-maternal interface, suggesting an environment
capable of facilitating an alternative activation of macrophages
[21].

A successful pregnancy relies not only on maternal
tolerance to the fetus but also on the unique properties of
trophoblast cells. The trophoblast cells are decisive for
appropriate materno-fetal interactions. Dysfunction of the
trophoblast has been associated not only with spontaneous
abortions but also with preeclampsia and fetal growth
restriction [23–26]. We have demonstrated that a2V is a
crucial molecule at the feto-maternal interface, where maternal
immune cells come in close contact with rapidly dividing
trophoblast cells that play key roles in the implantation,
placentation, and development of the embryo [6]. In the present
study, abortion-prone murine models that share features with
human recurrent miscarriage and fetal growth restriction [27]
were used to study the role of a2V in the development of
preimplantation embryos and placentation.

MATERIALS AND METHODS

Mice

Inbred strains of CBA/J (H-2k) and BALB/c (H-2d) female mice and DBA/
2 (H-2d) and BALB/c (H-2d) male mice (8 wk, 18–20 g) were obtained from
The Jackson Laboratory and subsequently maintained in Biological Resource
Facility of Rosalind Franklin University of Medicine and Science. Mice were
usually maintained for 2 wk in the animal facility before use. The housing and
handling of experimental animals were in accordance with guidelines of the
Institutional Animal Care and Use Committee. Females were caged
individually overnight with a proven fertile male for mating. The initiation of
pregnancy was marked by the presence of the postcoital vaginal plug (Day 1 of
pregnancy).

Embryo Collection

Embryos were recovered from pregnant females of nonabortion-prone (/
BALB/c 3 ? BALB/c) and abortion-prone (/ CBA 3 ? DBA) matings. The
females were selected for the retrieval of zygotes from their oviducts between
1400 h and 1500 h on the day of the appearance of vaginal plugs, that is, Day 1,
;16 h postcoitus (pc), in a sterile Petri dish with sterile PBS. The 2-cell
embryos were recovered from oviducts between 1400 h and 1500 h on the day
following the appearance of vaginal plugs, that is, Day 2, ;40 h pc. The
compact morula and blastocysts were recovered from the uterus on Day 4 at ;

84 and 90 h pc, respectively. The same preimplantation embryos were used for
further studies.

Recovery of the Fetus and Placenta at Different Time Points

The fetuses and placentas were collected from pregnant females obtained
from nonabortion-prone (/ BALB/c 3 ? BALB/c and CBA 3 BALB/c),
abortion-prone (/ CBA 3 ? DBA), LPS (lipopolysaccharide)-treated /

BALB/c 3 ? BALB/c, and LPS-treated / CBA 3 ? DBA matings at different
days (i.e., Days 8, 12, and 16) of pregnancy. Intraperitoneal (i.p.) injection of 1
or 3 lg LPS from Salmonella enteritidis (Sigma Chemicals Co.) in 100 ll
sterile PBS was given on Days 8 and 12 of pregnancy for 12 and 16 days,
respectively. The recovered tissues were flash frozen and stored at �808C for
RNA exaction or fixed with 4% paraformaldehyde for immunohistochemistry.
On Days 12 and 16 of pregnancy, the percentage of resorption was calculated
by the following formula: %R¼Re/(Re þ F) 3 100, where R is the percentage
of resorption relative to the total number of effective implantation sites, Re is
the number of the resorbed embryos, and F is the number of viable embryos,
which was determined as previously described [28].

Real-Time PCR

Embryo. The gene expression of a2V in the different stages preimplan-
tation embryos was analyzed by Taqman gene expression Cell-to-CT kit
(Ambion) according to the manufacturer’s protocol with slight modifications. A

total 25 embryos of each stage were collected, washed, resuspended in 10 ll
sterile PBS, and used to prepare cell lysates for RT-PCR. Multiplex real-time
PCR was performed for a2V and normalized to the Gapdh housekeeping gene
by TaqMan analysis using the Applied Biosystems StepOne Real-Time PCR
system according to the manufacturer’s instructions. The prevalidated Taqman
gene expression assays for Atp6v0a2 (Mm00441848_m1) and Gapdh (part
number 4352339E) were purchased from Applied Biosystems.

Fetus and placenta. Total cellular RNA was extracted by the Melt Total
nucleic acid isolation system (Ambion) according to the manufacturer’s
protocol. The quantity and integrity of the RNA were confirmed by the ratio at
260 nm to 280 nm and by electrophoresis on 1.5% native agarose gel to
visualize of 18S and 28S ribosomal RNA subunits. Samples were stored at
�808C until further use. The cDNA was generated from 1 lg of total cellular
RNA by reverse transcription at 508C for 60 min using the random hexamer
primer of transcription first-strand cDNA synthesis kit (Roche Diagnostics
GmBH). Multiplex real-time PCR was performed for a2V, Il1b, Tnf, Il10, and
Lif as described above. The real-time PCR was performed using the universal
PCR master mix reagent (Applied Biosystems) according to the manufacturer’s
instructions. The prevalidated Taqman gene expression assays for Atp6v0a2
(Mm00441848_m1), Mcp1 (Mm00441242_m1), Il1b (Mm00434228_m1), Tnf
(Mm00443258_m1), Lif (Mm00434761_m1), and Gapdh (part number
4352339E) were purchased from Applied Biosystems. The experiments were
repeated at least three times.

Immunocytochemistry

Embryos were fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature, treated with 0.1% Triton X-100 and 3% bovine serum albumin
(BSA) in PBS for 10 min at room temperature, and placed in a 1:100 dilution
(20 lg/ml) of a mouse monoclonal antibody to a2V (named 2C1; Covance) in
1% BSA in PBS (BSA-PBS) overnight at 48C. After washing with BSA-PBS,
the specimens were incubated with secondary antibody, fluorescein isothiocy-
anate rabbit polyclonal anti-mouse immunoglobulin G (IgG) (DAKO), at a 1:20
dilution in BSA-PBS for 45 min at room temperature. To visualize the nuclei,
the embryos were counterstained with 0.5 lg/ml 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI). After mounting the specimens on slides with
vectashield, the antigen distribution was examined under a Nikon eclipse
TE2000-S florescence microscope (Nikon Instrument Inc.).

Immunohistochemistry

The fetuses and placentas were fixed in 4% paraformaldehyde in PBS at
48C overnight. Tissue was rinsed three times in PBS for 5 min with rocking and
infused with 30% sucrose solution at 48C overnight or until the tissue sank. The
tissues were snap frozen in optimum compound temperature (Tissue-Tek) by
liquid nitrogen and stored at �808C until used. Frozen 5-lm sections from
frozen tissues were mounted onto saline-coated glass slides (DAKO) and stored
at�808C until used. The DAKO EnVisionþ System-HRP was used to stain the
frozen sections according to the manufacturer’s instructions with slight
modification. For primary antibody reaction, sections were incubated in a
1:100 dilution (20 lg/ml) of mouse monoclonal antibody to a2V in 1% BSA-
PBS for 1 h. After washing, the sections were incubated with secondary
antibody labeled with polymer-HRP anti-mouse IgG1 (DAKO). The 3,30-
diaminobenzidine chromogen was used as substrate for the EnVisionþ System-
HRP according to the manufacturer’s instructions. A mouse IgG1 isotype
control (Abcam) was used at the same concentration as the primary antibody.
The sections were counterstained with Meyer hematoxylin and mounted in
faramount aqueous mounting medium (both from DAKO). The immune-
staining of a2V was evaluated in the image generated by light microscopy (Carl
Zeiss) and high-resolution camera (Canon G10). The tissue immunostaining
results were scored negative if no immunopositive tissue was present. The total
score was based on the percentage of stained tissue and immunostaining
intensity. The immunostaining index score (ISIS) was calculated according to
the method described in Teixeira et al. [29].

Antibodies targeted to the M1 subtype (ITGAX) and M2 subtype (MRC1)
[30, 31] were used at 1:100 and 1:25 dilutions, respectively (Abcam).
Immunohistochemistry was performed as mentioned above with slight
modification. The numbers of macrophages were counted in at least 10
randomly chosen areas per placental section at 403 magnification. Four animals
for each mating group were analyzed with six sections per animal.

Statistical Analyses

The results of each experiment were analyzed by one-way ANOVA with
the Duncan multiple range test for comparison of the significance level between
groups; P , 0.05 was considered significant.

ROLE OF a2V-ATPASE IN ABORTIVE-PRONE PREGNANCY 627

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 30 Nov 2024
Terms of Use: https://bioone.org/terms-of-use



RESULTS

Expression of a2V in Preimplantation Embryos

Real-time PCR and immunocytochemistry studies showed
that the expression of a2V was significantly lower in the
embryos collected from the abortion-prone / CBA 3 ? DBA
mating (Fig. 1, B and C) at the different developmental stages
of preimplantation compared to the / BALB/c 3 ? BALB/c
mating (Fig. 1, A and C). The expression of the a2V gene starts
with zygotic gene activation. The highest level of a2V
expression was observed in the 2-cell stage collected on Day
2 of pregnancy followed by decrease in the compact morula
collected on Day 4 of pregnancy. This level of a2V gene
expression was maintained in the blastocyst recovered from the
normal mating combination (/ BALB/c 3 ? BALB/c) (Fig.
1C). Immunocytochemistry studies clearly demonstrated that
a2V was predominantly localized on cell surface of zygote and
2-cell embryos. In the blastocyst, a2V expression was highly
localized in the trophoblast cells with less being observed in the
inner cell mass (Fig. 1A).

Expression of a2V in the Placenta During Different Days
of Pregnancy

In the / CBA 3 ? DBA mating as well as mice treated
with LPS, the decreased expression of placental a2V directly
correlated with the abortion rate (Table 1). The decrease in
placental a2V mRNA expression correlates linearly with the
percentage of fetal resorption. The percentages of fetal
resorption were plotted against the relative mRNA expressions
of placental a2V, and linear regression analysis yielded R2

values of 0.9468 (Day 12) and 0.9162 (Day 16) (Fig. 2, A and
B).

The mRNA levels of a2V increased as the placenta
developed from Day 12 to 16 in all the mating combinations
studied. The gene expression of a2V was higher in the placenta
of the nonabortion-prone mating (/ BALB/c 3 ? BALB/c)
(Day 12: 87.46 6 3.91; Day 16: 99.26 6 4.23) compared to
the abortion-prone mating (/ CBA 3 ? DBA) (Day 12: 68.14

6 4.98, P , 0.035; Day 16: 82.82 6 5.37, P , 0.0495). The
expression of a2V was also significantly higher in placenta of
/ CBA 3 ? BALB/c (Day 12: 91.92 6 4.64 ; Day 16: 106.38
6 8.12) compared to / CBA 3 ? DBA (Table 1).

The mRNA levels of a2V were significantly decreased in
the placentas from mice treated with LPS in all the mating
combinations tested as compared to their respective controls.
However, in LPS-treated / BALB/c 3 ? BALB/c mating
combination on Days 12 and 16, a2V expression was less
effected than in the LPS-treated / CBA 3 ? DBA mating
combination (Table 1). In all the groups, the amount of a2V
detected in the placenta appeared to be dependent on the male
used in the mating pair rather than the female (Table 1).

The mRNA levels of Il1b, Tnf, and Lif were significantly
increased in the placenta recovered from both LPS-treated /

CBA 3 ? DBA and LPS-treated / BALB/c 3 ? BALB/c
mating combinations compared to controls. However, signif-
icantly higher levels of Il1b, Tnf, and Lif message were
observed in LPS-treated / CBA 3 ? DBA placenta compared
to LPS-treated / BALB/c 3 ? BALB/c placenta (Supple-
mental Fig. S1, A–C; all the supplemental data are available
online at www.biolreprod.org). Il10 mRNA level was not
detected in the placenta of any of the groups studied.

Distribution of a2V in the Placenta on Days 12 and 16
of Pregnancy

Because the placenta consists of heterogeneous cell types
that undergo dynamic changes to support the fetus develop-
ment, the spatial expression of a2V protein was examined by
immunohistochemistry. Immunohistological staining in pla-
centa recovered from the different mating combinations
showed that on Day 12 the density of a2V expression in
spongiotrophoblast was reduced in the abortion-prone / CBA
3 ? DBA mating (ISIS ¼ 4.75 6 0.74; P � 0.0048) when
compared to other nonabortion-prone mating combinations
(Table 1 and Fig. 3, C, E, and G), and while a2V expression
increased from Day 12 to 16 (ISIS ¼ 4.75 6 0.74 to 5.93 6
0.63, respectively), it was significantly (P � 0.031) lower than

FIG. 1. Immunolocalization of a2V at different stages of preimplantation in embryos recovered from different mating combinations. A) Localization of
a2V in preimplantation embryos from the nonabortion-prone mating (/ BALB/c 3 ? BALB/c). B) Localization of a2V in preimplantation embryos from
abortion-prone mating (/ CBA 3 ? DBA); magnification 310. Green indicates a2V; blue, DAPI for nuclear staining. C) Analysis of gene expression of a2V
in different stages of preimplantation embryos recovered from different mating combinations. Data is expressed in mean 6 SEM. *Significant difference
vs. BALBc/BALBc; P , 0.05. **Significant difference vs. BALBc/BALBc; P , 0.01.

628 JAISWAL ET AL.

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 30 Nov 2024
Terms of Use: https://bioone.org/terms-of-use



in the nonabortion-prone mating combinations (Table 1 and
Fig. 3, D, F, and H). On Day 16, the expression of a2V protein
in spongiotrophoblast of / BALB/c 3 ? BALB/c mating
(ISIS ¼ 10.80 6 0.61) was similar to that of / CBA 3 ?

BALB/c mating (ISIS¼ 10.40 6 0.98) (Table 1 and Fig. 3, D
and F).

These findings show that the density of a2V-positive
spongiotrophoblasts was higher in the placenta collected from
nonabortion-prone matings than the abortion-prone matings.
As seen in the mRNA and protein localization results, the male
contribution appears to be more important for the expression of
a2V: the expression of a2V protein in spongiotrophoblast was
much higher when the BALB/c male rather than a DBA male
was used in mating with females. A decrease in fetal viability
may be associated with the lower density of a2V-positive
spongiotrophoblast in the abortion-prone models.

Infiltration of M1 and M2 into the Placenta on Days 12
and 16 of Pregnancy

To further investigate the possible role of differential a2V
expression among normal and abortion-prone mating combi-
nations (Table 1), we tested the expression of Mcp1/Ccl2,
which is known to be induced by a2V. The increased
expression of a2V in Day 16 placenta in nonabortion-prone
matings (Table 1) corresponded with increased gene expres-
sion of Mcp1 compared to the abortion-prone mating (Fig. 4A).
The level of expression of Mcp1 was significantly increased
from Day 12 to 16 in the placenta recovered from the
nonabortion-prone matings whereas that increase was not
observed in the abortion-prone mating. By using immunohis-
tochemistry, we examined the infiltration and polarization of
M1, that is, ITGAX

þ
(Fig. 5), and M2, that is, MRC1

þ
(Fig.

6), macrophages in the placenta recovered from the different
mating combinations. The number of M1 and M2 macrophages
was significantly increased from Day 12 to 16 in the placenta
recovered from the nonabortion-prone matings compared to the
abortion-prone mating (Figs. 4, B and C, 5, and 6). There was a
significantly lower expression of a2V in the placenta of
abortion-prone matings that corresponded to a significantly
lower Mcp1 expression and decreased infiltration of M1 and
M2 macrophages when compared to the normal mating
combinations (Fig. 4, B and C). There was no statistically
significant polarization pattern of macrophages observed in the
nonabortion-prone matings on either Day 12 or 16 (M1/M2 ¼
1.2–1.6). However, in the abortion-prone mating, the polari-
zation patterns of placental macrophages mainly had M1
phenotypes on Day 16 (M1/M2 ¼ 3.9–4.2).

Expression of a2V in the Fetus During Different Days
of Pregnancy

The fetuses collected during different gestation periods from
females of nonabortion-prone (/ BALB/c 3 ? BALB/c and /

CBA 3 ? BALB/c) and abortion-prone (/ CBA 3 ? DBA)
mating combinations were used to study the gene expression of
a2V, Il1b, Tnf, and Il10 by multiplex real-time PCR. No
significant differences in a2V mRNA were observed between
syngeneic and allogeneic pregnancies (Supplemental Fig. S2).

Distribution of a2V in the Uterus on Day 8 of Pregnancy

Immunohistochemical analysis was performed to examine
the expression and localization of a2V protein in the implanted
embryos and uterine decidua of the different mating combi-
nations. On Day 8, a2V was strongly localized to the T
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FIG. 3. Distribution of a2V protein in
mouse placenta on Days 12 and 16 of
pregnancy in different mating combina-
tions. A, B) Negative controls for Days 12
and 16, respectively. C, E, and G) Locali-
zation of a2V in spongiotrophoblast of Day
12 placenta recovered from / BALB/c 3 ?

BALB/c, / CBA 3 ? BALB/c, and / CBA 3
? DBA matings, respectively. D, F, and H)
Localization of a2V in spongiotrophoblast
of Day 16 placenta recovered from / BALB/
c 3 ? BALB/c, / CBA 3 ? BALB/c, and /

CBA 3 ? DBA matings, respectively.
Magnification 340; n ¼ 4 for each mating
group. Arrow indicates spongiotrophoblast;
arrowhead indicates leukocyte.

FIG. 2. Linear regression analysis of percent fetal resorption correlates with a2V mRNA expression on Days 12 (A) and 16 (B) of placenta. R2 � 0.4 is
statistically significant. Each point shows the mean of four animals.
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myometrial in all the groups studied (Supplemental Fig. S3, I,
J, and K). In all the mating combinations, the a2V protein was
abundantly expressed in both stromal and epithelial layers with
a diffuse distribution pattern. In contrast, a2V protein was
detectable only to a limited extent in primary and secondary
decidual cells of all the mating combinations (Supplemental
Fig. S3, L, M, and N). The expression of a2V protein was the
most intense surrounding the implanted embryos (Supplemen-
tal Fig. S3, F, G, and H). This localization of a2V expression
may be required to maintain the delicate immunological
balance between invading trophoblasts and maternal decidua.

DISCUSSION

In this study, we examined a2V expression in four different
mouse models of pregnancy. The first is the syngeneic
(nonabortion-prone mating) / BALB/c 3 ? BALB/c model,
which yields large litter sizes and has no allogeneic immune
response. The second is the allogeneic mating (nonabortion-
prone mating) with the / CBA 3? BALB/c combination. The

third is the abortion-prone model of / CBA 3 ? DBA mating
that shares many features with human recurrent miscarriage,
fetal growth restriction, and preeclampsia [27, 32, 33]. The
fourth is the administration of LPS to induce or amplify the rate
of abortion. We examined a2V expression in the developing
preimplantation embryos, fetus, and placenta with various
cytokines and chemokines known to be important in the
maintenance of the immune response in pregnancy.

We began this study by demonstrating that antibodies to
a2V has the anticipated effects on pregnancy outcome in mice.
In BALB/c females, monoclonal antibody to a2V (2 lg i.p. on
Days 3, 4, and 5 of pregnancy) results in 60% abortion rate
(Supplemental Fig. S4), which is in agreement with previous
finding that the presence of antibody to a2V ablated pregnancy
[12]. This finding suggests that changes in a2V concentration
may correlate directly with pregnancy outcome. The develop-
ing blastocyst differentiates into two distinct cell line inner cell
masses that develop into the fetus and trophoblast, which in
turn develops into the placenta and external membrane [34].

FIG. 4. A) Analysis of gene expression of Mcp1 in placenta recovered from different mating combinations on Days 12 and 16. The gene expression was
analyzed by real-time PCR. B and C) Quantification of M1 and M2 macrophages, respectively, in the placenta from different mating combinations on
Days 12 and 16. Data is expressed in mean 6 SEM. **Significant difference vs. BALBc/BALBc and CBA/BALB/c; P , 0.01; n¼ 4 for each mating group.
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Our studies clearly show that a2V expression starts with
zygotic gene activation. The expression of a2V is higher in the
trophoblasts of developing blastocysts recovered from the
nonabortion-prone / BALB/c 3 ? BALB/c mating combina-
tion than the abortion-prone mating combination. Once the
blastocyst makes intimate contact with the uterine endometri-
um, the trophoblast cells invade the endometrium, which
begins the process of placentation. A high intensity of invasion
of trophoblast is required for the progression of placentation
[35]. Any dysregulation in this event results in significant
pregnancy loss [36]. A decreased a2V expression in invasive
trophoblasts is observed in the abortion-prone mating, which
does not affect the process of implantation but may be involved
in improper development of the placenta followed by a high
percentage of fetal loss. The same pattern of decreased a2V
expression is observed in the placenta of Days 12 and 16
recovered from the abortion-prone mating when compared to
the normal mating combination studied.

Trophoblast cells, like tumors, display the unique capability
to invade their surrounding tissues [35–38]. We have
previously reported that a2V is present on the surface of many
different types of tumor cells. Various studies have highlighted
that a2V promotes tumor invasion and malignancy [39]. Lee et
al. [40] showed that a2V expression induces IL10 production in
human placenta. Our immunohistochemistry results show that
a2V protein is highly expressed in the spongiotrophoblast on
both Days 12 and 16, which suggests that this protein may
promote the growth and migration of spongiotrophoblast cells

by regulating the delicate cytokine and chemokine network for
successful pregnancy outcome. Interestingly, a2V has been
found at the peripheral layer in both human and murine
cytotrophoblasts [41].

The expression of placental a2V is decreased in / CBA 3
? DBA mating pairs as well as in mice treated with LPS and
correlates directly with high abortion rates. The decrease in
a2V levels in the spongiotrophoblast of / CBA 3 ? DBA
mating suggests that it may cause the dysregulation of maternal
immune tolerance to the spongiotrophoblasts, leading to poor
pregnancy outcome. In the normal pregnancy models, the
higher expression of a2V and specifically the higher density of
a2V localization to spongiotrophoblast strongly suggest the
importance of a2V in pregnancy. These data clearly demon-
strate that a2V may regulate the growth and invasion of
spongiotrophoblast as well as maintain the delicate cytokine
and chemokine balance that accompanies a successful
pregnancy outcome. In this study, we also observe that a2V
expression gradually increases in the fetus from Day 8 to 16 in
all the mating combinations studied. Collectively, this suggests
that the high rates of fetal loss in the abortion-prone matings
are due to low placental a2V expression and not fetal a2V
expression.

Our data also show that higher expression of a2V in the
placenta recovered from normal mating combinations corre-
sponds with higher levels of Mcp1 expression, while in the
abortion-prone mating, lower placental a2V expression corre-
sponds with lower levels of Mcp1 expression. Mcp1 is known

FIG. 5. Distribution of M1 macrophages
(black arrow) in mouse placenta on Days 12
and 16 of pregnancy in different mating
combinations. A, C, and E) Localization of
ITGAXþ (M1) macrophages on Day 12
placenta recovered from / BALB/c 3 ?

BALB/c, / CBA 3 ? BALB/c, and / CBA 3
? DBA matings, respectively. B, D, and F)
Localization of ITGAXþ (M1) macrophages
on Day 16 placenta recovered from /

BALB/c 3 ? BALB/c, / CBA 3 ? BALB/c,
and / CBA 3 ? DBA matings, respectively.
Magnification 340; n ¼ 4 for each mating
group.
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for coordinating the recruitment of macrophages in reproduc-
tive tissues [19]. The quantification of M1 and M2 in this study
show that the infiltration of these two types of macrophages is
significantly higher in the placenta of normal mating
combinations than in the abortion-prone mating. These
findings clearly suggest that higher levels of placental a2V
trigger Mcp1 expression, which in turn leads to the infiltration
of M1 and M2 macrophages and successful pregnancies. A
polarization pattern of M1 and M2 is not observed in the
placental macrophages of normal mating combinations. The
increased infiltration of both M1 and M2 macrophages
suggests a physiological role for both pro- and anti-inflamma-
tory macrophages, and both are required for the healthy growth
and development of the placenta. However, in abortion-prone
matings, significantly lower expression of Mcp1 limits the
infiltration of both M1 and M2 macrophages; the polarization
pattern displays mainly an M1 phenotype. Li et al. [42]
reported that MCP-1 promotes tumor growth and invasion by
favoring the M2 phenotype. Our previous study [16] showed
that a2V was found on the surface of many solid tumors and its
cleaved peptide 2NTD led to upregulation of several genes/
proteins involved in M2 polarization. So the decreased
expression of both a2V and Mcp1 in the placenta of
abortion-prone matings may skew the polarization pattern to
an M1 phenotype. This pattern at the microenvironment of the
feto-maternal interface appears to induce more inflammatory
processes and is deleterious to placental growth and develop-
ment.

It has been reported that male semen contributes to the
events leading to the establishment of maternal tolerance at the
outset of pregnancy [43, 44]. We have shown that the a2V
expression in preimplantation embryos and placenta are much
higher when BALB/c males were used than when DBA male
are used. This finding may underscore the importance of the
male contribution to a2V expression. It can be postulated that a
low paternal contribution of a2V may be responsible for the
severe pregnancy complications observed in mothers who
suffer from recurrent miscarriages. This finding also suggests
that the observed low expression of a2V in / CBA 3 ? DBA
mating could be corrected during pregnancy by an increase in
a2V from BALB/c males.

The differences in the abortion models in this study are very
remarkable. First, we showed that the amount of a2V correlates
directly with the number of fetuses seen. Second, in the
abortion-prone mating, the decrease in placental a2V resulted
in significantly less infiltration of M1 and M2 macrophages,
which was associated with an absence of viable embryos.
Third, the LPS-treated placentas had the lowest level of a2V
expression as well as higher levels of proinflammatory
cytokines than normal controls. Taken together, these findings
imply that a2V plays a pivotal role in the maintenance of the
delicate immunological balance required for successful preg-
nancies: a2V can regulate part of the invasion of immune cells
and maintain the delicate cytokine and chemokine network that
attenuates the potentially harmful maternal immune response
against the developing conceptus.

FIG. 6. Distribution of M2 macrophages
(black arrow) in mouse placenta on Days 12
and 16 of pregnancy in different mating
combinations. A, C, and E) Localization of
MRC1þ (M2) macrophages on Day 12
placenta recovered from / BALB/c 3 ?

BALB/c, / CBA 3 ? BALB/c, and / CBA 3
? DBA matings, respectively. B, D, and F)
Localization of MRC1þ (M2) macrophages
on Day 16 placenta recovered from /

BALB/c 3 ? BALB/c, / CBA 3 ? BALB/c,
and / CBA 3 ? DBA matings, respectively.
Magnification 340; n ¼ 4 for each mating
group.
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