Fig. 1. Hofbauer cells in human chorionic villi in early
pregnancy (10 weeks’ gestation) (a), and CD68 expression
of Hofbauer cells (b) and PMA-treated THP-1 cells (c). The
stroma of human chorionic villi is constituted by an inner
cytotrophoblastic layer and an outer layer of syncytiotro-
phoblasts. Fetal capillaries and Hofbauer cells are seen in
the reticular stroma. Magnified inset shows Hofbauer cells
with large vacuoles in the cytoplasm. HE staining. Scale
bar: 50 m (inset, scale bar: 10 wm). b At 10 weeks’ gesta-
tion, CD68 is positive in Hofbauer cells. Immunohisto-
chemistry. Methyl green counterstaining. Scale bar: 50 pm
(inset, scale bar: 10 pm). ¢ CD68 (green) is positive in
PMA-treated THP-1 cells. Immunofluorescence. 4',6-
Diamidino-2-phenylindole counter-staining (blue). Scale

bar: 50 pm.

1 and 2 h after hCG exposure (fig. 2d, ), and few vacuoles
were observed at 3 h after hCG exposure (fig. 2f).

Selective Uptake of hCG by PMA-Treated THP-1 Cells

Immunocytochemistry showed that PMA-treated
THP-1 cells before gonadotropin treatment were all neg-
ative against hCG, LH or FSH antibody (fig. 3a-c). On
exposition to hCG for 1 min, hCG was positive in the cy-
toplasm of PM A-treated THP-1 cells (fig. 3d). In contrast
to hCG, PMA-treated THP-1 cells showed negative stain-
ing with LH or FSH following exposure to LH or FSH in
the same period (fig. 3, f). Using specific oligonucleotide
primer pairs in RT-PCR, we found that the expected hCG
cDNA amplification products of 423 and 300 bp were not
detected in both PMA-treated THP-1 cells without hCG
and PMA-treated THP-1 cells 1 min after hCG exposure
(fig. 3g). These results suggest that human macrophages
are not involved in the production of hCG but in rapid
and selective incorporation of hCG.
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Endogenous LH/CG-R A9 Expression and Transient

Reduced Expression by hCG in PMA-Treated THP-1

Cells

Immunocytochemistry demonstrated that LH/CG-R
was strongly positive in the cytoplasm of PMA-treated
THP-1 cells (fig. 4a). When the cells were exposed to hCG
for 30 min, the cytoplasmic staining of LH/CG-R was
weakened and cytoplasmic vacuoles appeared (fig. 4b).

A Western blotting analysis was conducted to deter-
mine the molecular size of the endogenous LH/CG-R.
PMA-treated THP-1 cells expressed only a 60-kDa pro-
tein, designated as LH/CG-R A9 (fig. 52). Next, the time
course of LH/CG-R A9 expression was assessed after
the administration of hCG. The expression of LH/CG-R
A9 was transiently decreased from 30 min through 2 h
after hCG exposure (fig. 5b). The reduction of LH/CG-R
A9 was not induced by either LH or FSH exposure

(fig. 6).
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Fig. 2. Morphological changes in PMA-treated THP-1 cells after
hCG exposure. PMA-treated THP-1 cells were exposed to 1,000
mIU/ml of hCG without hCG treatment (a), 15 min after hCG
exposure (b), after 30 min (), after 1 h (d), after 2 h (e), after 3h
(f). Few cytoplasmic vacuoles are seen in a, b and f. Multiple cy-

Discussion

Hofbauer cells are capable of both nonimmune and
immune phagocytosis [Fox and Sebire, 2007a}. The pla-
centa lacks a lymphatic system to return proteins from
the interstitial space to the blood vascular system; there-
fore, intracytoplasmic vacuoles in Hofbauer cells have
been considered to be associated with phagocytic activity
to reduce serum proteins contained in the villous stroma
and regulate the water in early placenta [Castellucci and
Kaufmann, 2006]. They can also trap maternal immuno-
globulins crossing over into the placental tissues and sup-
press the immune response to fetal transplantation anti-
gens [Frauli and Ludwig, 1987; Fox and Sebire, 2007a].
Hence, it has been postulated that Hofbauer cells act as a
secondaryline of defense to prevent pathogens and toxins
from reaching the fetus [Ingman et al., 2010]. Since excess
hCG also has an adverse effect on the fetus, we hypoth-
esized that Hofbauer cells phagocytose and regulate hCG
and also that their peculiar cytoplasmic vacuoles are re-
lated to their cell-specific function. The present study

hCG Induces Vacuoles in Macrophages

toplasmic vacuoles of various sizes are observed in ¢, and large
vacuoles are partly seen in d and e. HE staining. Arrows indicate
characteristic morphological feature in each panel. a-f Scale bar:
10 pm.

first demonstrated that hCG elicited transient morpho-
logical changes, mimicking Hofbauer cells in PMA-treat-
ed THP-1 cells, suggesting that characteristic vacuoles in
Hofbauer cells are associated with hCG-phagocytic ac-
tivity.

The major role of hCG in early pregnancy is to main-
tain the corpus luteum for persistent progesterone pro-
duction [Shi et al., 1993; Cunningham et al., 2005]. hCG
is produced and secreted from placental syncytiotropho-
blasts into the maternal circulation and is detectable in
maternal plasma 7-10 days after implantation of the fer-
tilized ovum. The maternal serum hCG levels rise very
rapidly, to reach a transient peak at about 8-10 weeks of
gestation. The level in this period is 1,000 times greater
than the level 6 weeks earlier [Fox and Sebire, 2007b].
Thelevels of hCG begin to decline, and a nadir is reached
by about 20 weeks of gestation. The plasma levels are
maintained at this lower level for the remainder of preg-
nancy [Cunningham et al., 2005]. Circulating maternal
hCG at the peak level enters in the fetal plasma and stim-
ulates fetal testicular testosterone production. hCG acts

Cells Tissues Organs 5



Fig. 3. Localization of gonadotropin and
expression of hCG-B mRNA in PMA-
treated THP-1 cells after gonadotropin
exposure. a-¢ PMA-treated THP-1 cells
without gonadotropin treatment. d-
f PMA-treated THP-1 cells exposed to
hCG (d), LH (e) or FSH (f) for 1 min. g Ex-
pression of hCG-3 mRNA in PMA-treated
THP-1 cells without hCG treatment (lane
1), PMA-treated THP-1 cells exposed to
hCG for 1 min (lane 2) and the chorionic
villi (lane 3) analyzed by RT-PCR. The
cells were immunostained with anti-hCG-

B antibody (a, d), anti-LH-f antibody (b,
e) or anti-FSH-B antibody (c, f). d shows
positive staining in the cytoplasm and the

other panels all show negative staining. 2§3G b[?
Neither hCG-B1 nor hCG-B2 mRNA isex-

pressed in lanes 1 and 2. cDNA of the cho- hCG-B2
rionic villi was amplified with primer for 300 bp

423 and 300 bp showing the predicted
hCG-B DNA products as positive control

(lane 3). GAPDH was used as a control. GAPDH
Methyl green counterstaining. Scale bar: 9
10 pm.

as an LH surrogate and stimulates replication of testicu-
lar Leydig cells and testosterone synthesis to promote
male sexual differentiation at a critical time in sexual
differentiation of the male fetus [Huhtaniemi et al., 1977;
Cunningham et al., 2005]. High-dose hCG exposure to
mice offspring induce abnormal male and female gonad-
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al development [Takasugi et al., 1985; Matzuk et al,
2003]; therefore, exposure to excess hCG has the possi-
bility to cause ambiguous genital differentiations of hu-
man fetuses. In addition, the cytoplasm of Hofbauer cells
is coarsely vacuolated during early pregnancy; however,
as gestation progresses, the vacuoles decrease in number

Yamaguchi/Ohba/Tashiro /Yamada/
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Fig. 4. Localization of LH/CG-R in PMA-
treated THP-1 cells. a PMA-treated THP-1
cells without hCG treatment. b 30 min af-
ter hCG exposure, LH/CG-R is positive
in their cytoplasm. LH/CG-R is weakly
stained when compared with a and mul-
tiple cytoplasmic vacuoles of various sizes
are observed. Both were immunostained
with anti-LH/CG-R antibody. a, b Methyl
green counterstaining. Scale bar: 10 wm.

Time course after hCG exposure

140 kDa
—>
LH/CG-RA9
70 kDa GAPDH
Control
-t
LH/CG-R A9
a b

15 min

30min  1h 2h 3h

Fig. 5. Molecular weight and quantitative variation in LH/CG-R
expression in PMA-treated THP-1 cells after hCG exposure.
a LH/CG-R expression in PMA-treated THP-1 cells without hCG
treatment. The arrowhead shows a protein band of 60 kDa. b Time
course analysis of LH/CG-R expression in PMA-treated THP-1

cells after hCG exposure. Lane 1: control, lane 2: 15 min, lane 3:
30 min, lane 4: 1 h, lane 5: 2 h and lane 6: 3 h. The immunoreac-
tive protein bands of lanes 1,2, and 6 are visible; in contrast, those
of lane 3, 4, and 5 are practically invisible. GAPDH was used asa
control for protein loading.

Fig. 6. Expression of LH/CG-R in PMA-
treated THP-1 cells after exposure to go-
nadotropin. LH/CG-R expression in con-
trol (lane 1) and PMA-treated THP-1 cells
30 min after exposure to hCG (lane 2), LH
(lane 3), or FSH (lane 4). The expression of
LH/CG-R is decreased in only lane 2 com-
pared with the control band. GAPDH was

LH/CG-R A9

GAPDH

30 min after each gonadotropin exposure

FSH

hCG LH

60 kDa

used as a control for protein loading.

hCG Induces Vacuoles in Macrophages
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and size [Castellucci and Kaufmann, 2006]. These find-
ings indicate that the increased maternal hCG level is
correlated with the increased number and size of vacu-
oles in Hofbauer cells. The correlation suggests that
macrophages regulate peak levels of hCG during the first
trimester and subsequently form characteristic cytoplas-
mic vacuoles.

In the present study, PMA-treated THP-1 cells quickly
incorporated hCG, but not LH or FSH. This result sug-
gests that human macrophages can distinguish hCG
from LH or FSH on the cell surface. hCG, LH and FSH
are dimers composed of two glycosylated polypeptide
subunits, a and . All of these human gonadotropic hor-
mones share a common «-chain; therefore, the B-subunit
determines the specific biologic activity of a glycopeptide
hormone. hCG has the largest B-subunit, containing a
larger carbohydrate moiety and 145 amino acid residues,
including a unique carboxyl-terminal tail piece of 29
amino acid. Besides, hCG-B contains four additional
sites for glycosylation in comparison with LH and FSH.
This glycosylation makes hCG- 3 more negatively charged
[Marc and Leon, 2011]. In early atherosclerotic lesions,
macrophages do not take up native low-density lipopro-
tein but negatively charged oxidized low-density lipopro-
tein recognized by their scavenger receptors, subsequent-
ly forming foam cells [Steinberg and Witztum, 2010]. In-
tact hCG is more negatively charged in the early stage
than in the late stage of gestation [Medeiros and Norman,
2009]. Human macrophages may recognize and incorpo-
rate more negatively charged hCG via transmembrane re-
ceptors, e.g. scavenger receptors.

The B-subunits of both hCG and LH have a high af-
finity for LH/CG-R, which plays a pivotal role in repro-
ductive physiology [McFarland et al., 1989]. LH/CG-R is
a 7-transmembrane receptor found on testicular Leydig
cells, and on ovarian theca, granulosa, luteal, and inter-
stitial cells. The receptor is also found in the human uter-
us, placenta, umbilical cord, sperm and ovarian neo-
plasm. This receptor is also expressed in the lymphocytes
from pregnant women and macrophages derived from
term decidua [Katabuchi and Ohba, 2008]. In the chori-
onic villi of the human placenta, syncytiotrophoblasts
and Hofbauer cells are positively immunostained with
anti-human LH/CG-Rantibody, which wasraised against
the exon 1-mapping extracellular domain of LH/CG-R of
humans [Sonoda et al., 2005]. The present study showed
that the cytoplasm of PMA-treated THP-1 cells was pos-
itively stained with this antibody.

In addition to the full-length LH/CG-R mRNA, mul-
tiple splicing variants of LH/CG-R mRNA are expressed
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that originate from a single gene encoding LH/CG-R in
gonadal porcine, rat and human tissues [Loosfelt et al.,
1989; Koo et al., 1994; Themmen and Huhtaniemi, 2000].
The human ovary and placenta express two forms of LH/
CG-R mRNA, full-length LH/CG-R and LH/CG-R A9
[Minegishi et al., 1997]. Although these splicing variants
of LH/CG-R seem to be conserved among mammalians,
the physiological role of the gene products remains un-
known. PMA-treated THP-1 cells express only an mRNA
encoding LH/CG-R A9; however, it is unclear whether
endogenous protein is synthesized from this mRNA. The
present study revealed that PMA-treated THP-1 cells ex-
pressed only a 60-kDa protein designated as LH/CG-R
A9. This molecular size was consistent with that of trans-
lated product expressed in mammalian 293 cells trans-
fected with cDNA encoding human LH/CG-R A9; on the
other hand, those transfected with cDNA of full-length
LH/CG-R express two molecular bands of 85 kDa (ma-
ture band) and 68 kDa (immature band) [Nakamura et
al., 2004]. This is the first report to demonstrate the en-
dogenous production of the splicing variant of LH/CG-R
protein.

Few reports have speculated on the function of human
LH/CG-R A9. Rat LH/CG-R A9 is capable of binding hCG
but is trapped in an intracellular compartment [Segaloff
and Ascoli, 1993]. The extracellular domain of rat or hu-
man LH/CG-R without exon 9-11 has a high affinity for
hCG because this domain shows a remarkable correspon-
dence to leucine-rich repeats; therefore, human LH/CG-R
A9 is thought to have high affinity for hCG [Ascoli et al,,
2002]. The labeled human LH/CG-R A9 protein is not ex-
pressed on the cell surface in mammalian 293 cells [Na-
kamura et al., 2004]. The role of LH/CG-R A9 in human
ovarian steroidogenic cells may be to control the function
of full-length LH/CG-R in a dominant negative manner
by forming heteromeric complexes with full-length LH/
CG-R which acts as a signal transducer [Nakamura et al.,
2004]; in contrast, the roles of LH/CG-R A9 in PM A-treat-
ed THP-1 cells must be different from those of LH/CG-R
A9 coexpressed in human ovarian steroidogenic cells be-
cause PMA-treated THP-1 cells do not express the gene
encoding the full-length LH/CG-R. We demonstrated
that hCG induced a transient reduction in endogenous
LH/CG-R A9 in PMA-treated THP-1 cells that was syn-
chronous with the appearance of vacuoles. No such reduc-
tion in LH/CG-R A9 was induced by LH or FSH exposure,
thus suggesting that LH and FSH cannot be incorporated
into PMA-treated THP-1 cells and bound to cytoplasmic
LH/CG-R A9. This hCG-induced transient reduction in
LH/CG-R A9 led us to hypothesize that the intracellular

Yamaguchi/Ohba/Tashiro/Yamada/
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receptor with affinity for hCG recognizes hCG incorpo-
rated into the cytoplasm and transfers it to lysosomes for
degradation, and LH/CG-R A9 may be subsequently re-
placed in the cytoplasm by protein synthesis. Moreover,
human macrophages may represent cytoplasmic vacuoles
mimicking the structure of Hofbauer cells while they are
degrading hCG in lysosomes. In the present study, we did
not investigate primary Hofbauer cells but PMA-treated
THP-1 cells, a macrophage cell line. Hence, further stud-
ies on Hofbauer cells isolated from the chorionic villi are

In conclusion, hCG temporarily induced both pecu-
liar vacuole formation, morphologically mimicking Hof-
bauer cells and decreased expression of endogenous LH/
CG-R A9 in human macrophages, which selectively in-
corporated hCG into the cytoplasm. Hofbauer cells may
regulate hCG via cytoplasmic LH/CG-R A9 at the feto-
maternal interface by the same mechanisms demonstrat-
ed in this study, and their characteristic vacuoles may be
associated with the cell-specific function to protect the
fetus from exposure to excess maternal hCG during preg-

needed to elucidate the mechanism.
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