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Figure 2. Ventricular zone at (A) E50 and (B through F) E80. (A, B) Mitoses (arrows) were noted in the bottom layer of the neuroepithelium. (C through
E) Nuclear fragmentation (arrow), pyknosis (arrowhead), and macrophagic (asterisk) phagocytosis of cells with these characteristics were observed.
(F) Cellular debris was phagocytized by Ibal-positive cells. (A through E) Hematoxylin and eosin stain; (F) Immnohistochemical staining of Ibal; bar,
10 pm.
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Flgure 3. Immunohistochemical staining of PCNA at (A) E50 and (B) E80; methyl green counterstamed Most cells in the ptohferahve zone (PZ
ventricular and subventricular zones) were positive. (C through E) Immunohistochemical staining of GFAP and (F) Ibal at E80; hematoxylin counter-
stained. (D) Neuroepithelium and (E) radial glial fibers that extend throughout the intermediate zone were positive for GFAP, whereas (F) Ibal-positive
cells were localized in the ventricular zone. (G) TUNEL staining at E50; methyl green counterstained. TUNEL-positive cells (arrows) were sparsely
distributed in the ventricular zone. Bar: 100 um (A through C, F, and G); 25 um (D, E); 2 pm (inset of G).
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Figure 4. Hematoxylin and eosin staining of the cerebral cortex at (A) E120 and (B) E150. The cerebral cortex consisted of 6
staining of NeuN; methyl green counterstained. Most cells in all layers, except for layer I-1I, were strongly positive. (C, inset) Higher magnification of layer Il
shows that the nuclei of cells with scant cytoplasm were positive. (D) Almost all cells of the cerebral cortex were NeuN-positive, with particularly strong stain-
ing both the nucleus and cytoplasm of cells with processes in layer III (inset). Immunochistochemical staining of GFAP at (E) E120 and (F) E150; hematoxylin
counterstained. Many cells with short processes mainly in the white matter (WM, inset) were strongly positive. Radial glial fibers observed at E80 were not

present (inset). Bar: 200 pm (E); 100 um (A through D); 50 um (F); 20 pum (inset of C through F).
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and spatial patterns between E50 and E80. TUNEL-positive cells
in the current study were fewer (0 to 2.1 per 1000 cells) than those
reported for rodents,* humans,® and rhesus monkeys.” This re-
sult may be explained by the fact that apoptotic cells are removed
rapidly, in about 2 to 3 h.*

Apoptosis is thought to induce timely disappearance of various
structures during brain development. For example, in humans,
TUNEL-positive cells are detected in the marginal zone begin-
ning during the second trimester of pregnancy. The numbers of
apoptotic cells increase until the disappearance of the subpial
granular layer (23 to 30 GW) and significantly decrease overall in
layer I after 30 GW.® Howevey, in the current study, the TUNEL
method failed to detect any apoptotic cells in the cerebral cortex
after E120. Therefore, apoptosis-induced temporal disappearance
of brain structure may not occur after this point in fetal cynomol-
gus macaques. In addition, we noted very few apoptotic cells at
or before E80, when the proliferation and migration of neural cells
were active, indicating that apoptosis plays an important role in
targeting undifferentiated or irregularly differentiated cells?

To investigate the involvement of microglia in the removal of
apoptotic cells, we performed immunchistochemistry using an-
tilbal antibody. Ibal is a 17-kDa EF-hand protein that is specifi-
cally expressed in macrophages and microglia and is upregulated
during the activation of these cells.”® In the current study, Ibal
immunoreactivity was detected during gestation, but it was not
temporally correlated with apoptotic cells, a finding that is incon-
sistent with previous reports from rat and human fetal brains.'0*
Although we noted no temporal correlation between microglial
accumulation and apoptosis, other studies report the aggregation
of microglial cells around the neuroepithelium in the telencephalic
wall that contain phagocytized pyknotic nuclei, suggesting the
involvement of these microglia in cell death.2?* In addition, the
present study revealed the presence of Ibal-positive cells (that is,
microglial cells) that had phagocytized cellular debris in prolifera-
tive zone at E80. As mentioned earlier, microglia may be associat-
ed with the removal of dead cells in the developing brain, because
characteristic features such as nuclear fragmentation were present
in the proliferative zone at E80. A characteristic finding in the
present study was the aggregation of microglia localized around
the ventricular zone at E80. This distribution at E80 corresponds
to that of humans between 12 to 24 GW, which is equivalent to
E50 to E80.” The aggregated microglial cells may be involved
with the disappearance of temporary structures in the develop-
ing brain, such as the subventricular and subplate zones, because
the subventricular zone declines dramatically between mid- and
late gestation.’ Alternatively, microglial cells may enter the CNS
from within or around the ventricular and subventricular zones
during CNS development. In either case, the cause of aggrega-
tion remains unclear, and further studies are needed to define the
functional roles of microglia during brain development.

To investigate the differentiation of neuronal cells, we per-
formed immunohistochemistry using antiNeuN antibody. NeuN
is a transcriptional factor that is expressed in the nucleus and cy-
toplasm of neurons after postmitotic precursor cells start to dif-
ferentiate into mature cells cytologically and morphologically.?!
Moreover, immature neuronal cells that do not have mature func-
tion are negative for NeuN. Therefore, NeuN is a useful marker
of the developing CNS because it labels the nucleus rather than
the cytoplasm and can be detected even in cells with scant cyto-
plasm. ¥ In the current study, NeuN immunoreactivity was not
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detected at E50 or E80, whereas most cells in the cerebral cortex
were positive at E120 and E150. In humans, NeuN is expressed in
layers IV to VI at 20 GW,* although some reporis show that ex-
pression of NeuN is not revealed at 26 GW.! The visual cortex dur-
ing E70 to E105 in monkeys is histologically similar to that during
18 to 30 GW in humans,” and data obtained from the present
study were consistent with those in humans. In addition, laminar
formation of the cerebral cortex is induced during approximately
this same time frame.' Therefore, these combined data indicate
that functional neuronal differentiation starts around the time of
laminar formation of the cerebral cortex.

Radial glial cells are important in guiding the migration of im-
mature neurons, which differentiate into astrocytes after complet-
ing migration.® Some reports show that they also differentiate into
neurons.®® GFAP immunohistochemistry in the current study re-
vealed the existence of glial cells with varied morphology. At E50
and E80, the neuroepithelium was positive for GFAP. Radial glial
fibers elongating vertically from the ventricle to pia mater between
E50 and E80 were strongly positive, but the numbers of radial glial
cells had decreased by E120, and cells with short processes, such as
mature astrocytes, increased. These results are reasonably consis-
tent with a previous report in thesus monkeys.” Some reports in
humans show that radial glial cells decrease beginning in the sec-
ond trimester, and mature astrocytes appear at 30 GW. These
data closely reflect the findings of the present study.

In conclusion, the cerebrum of fetal cynomolgus monkeys at
E50 and E80 contained many mitoses and PCNA-positive cells,
as well as radial glial fibers that help in cell migration. Apopto-
sis, phagocytosis, and aggregated microglia were present. These
results suggest that proliferation, migration, and cell death of
neural cells are predominant until mid-gestation (E80). At E120
and E150, the cerebral cortex showed a decrease in the number
of proliferating cells, the disappearance of radial glial fibers, and
the appearance of mature astrocytes and mature neurons. These
results suggest that differentiation or maturation of neural cells
starts after the mid-gestational period in the cynomolgus mon-
key fetus. These findings are relevant to the timing of neurologic
developmental events in nonhuman primates and, because of the
physiologic similarities of humans to nonhuman primates, are
pertinent to the use of nonhuman primates for neurodevelop-
mental toxicologic research
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Abstract

Maternal proteins are rapidly degraded by the ubiquitin-proteasome system during cocyte maturation in mice. Ubiquitin C-terminal
hydrolase L1 (UCHL1) is highly and specifically expressed in mouse ova and is involved in the polyspermy block. However, the role of
UCHL1 in the underlying mechanism of polyspermy block is poorly understood. To address this issue, we performed a comprehensive
proteomic analysis o identify maternal proteins that were relevant to the role of UCHL1 in mouse ova using UCHL1-deficient gad.
Furthermore, we assessed morphological features in gad mouse ova using transmission electron microscopy. NACHT, LRR, and PYD
domain-containing (NALP) family proteins and endoplasmic reticulum (ER) chaperones were identified by proteomic analysis. We also
found that the ‘maternal antigen that embryos require’ (NLRPS (MATER)) protfein level increased significantly in gad mouse ova
compared with that in wild-type mice. in an ultrastructural study, gad mouse ova contained less ER in the cortex than in wild-type mice.

These results provide new insights into the role of UCHL1 in the mechanism of polyspermy block in mouse ova.

Reproduction (2012) 143 271-279

Introduction

Maternal proteins are synthesized and degraded
dynamically during oocyte maturation. Intracellular
protein degradation plays important roles in modulating
the levels of specific proteins and eliminating damaged
proteins to achieve fertilization and early embryo
development. The ubiquitin-proteasome system is a
major pathway for selective intracellular protein
degradation in ova. Ubiquitination of proteins is
recognized to target proteins for degradation by protea-
somes and for internalization into the lysosomal system.
Deubiquitinating enzymes (DUBs) regulate ubiquiti-
nation and regenerate free ubiquitin after proteins have
been targeted to the proteasome or lysosome.

While other DUB members are ubiquitously
expressed, ubiquitin C-terminal hydrolase L1 (UCHL1),
one of the DUBs, is selectively expressed in neurons
and germ cells (Wilson et al. 1988, Wilkinson et al.
1989). Recent studies suggest that UCHL1 associates
with monoubiquitin and prolongs the ubiquitin half-life
in neurons (Osaka et al. 2003) and that UCHL1 regulates
apoptosis in testicular germ cells (Kwon et al. 2004,

© 2012 Society for Reproduction and Fertility
ISSN 14701626 (paper) 1741-7899 (online)

2005). However, the role of UCHL1 in ova is largely
unknown. We previously reported that UCHL1 is
exclusively localized on the plasma membrane of
mouse ova and plays an important role in the
polyspermy block (Sekiguchi et al. 2006). Polyspermic
fertilization refers to the penetration of ova by two or
more spermatozoa, resulting in the developmental
failure of the zygote (Sun 2003). It is necessary to
block polyspermy for successful fertilization. At the time
of fertilization, polyspermy is prevented primarily by the
zona pellucida (ZP) block (also known as the zona
reaction) following cortical granule exocytosis (CGE) in
mammalian ova (Hatanaka et al. 1992). Susor et al.
(2010) showed that UCHL1 regulates CG reorganization
and contributes to the ZP block using UCHL1 inhibitors.
In contrast, ‘gracile axonal dystrophy’ (gad) female mice,
which are autosomal recessive, spontaneous mutants
carrying an intragenic deletion of the gene encoding
UCHL1, show a significantly increased in vitro poly-
spermy rate and a decrease in litter size, even though
gad mouse ova undergo a normal zona reaction (Saigoh
et al. 1999, Sekiguchi et al. 2006). Thus, the role of

DO 10.1530/REP-11-0128
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UCHL1 in the mechanism of inhibiting polyspermy in
mouse ova remains unclear.

To address these issues, we sought to identify
the difference 'in protein expression induced by Uchl1
deletion, based on a comprehensive proteomic analysis
using gad mice, and identified maternal-specific proteins
and endoplasmic reticulum (ER) chaperones that were
relevant to the role of UCHL1 in mouse ova. Further,
we observed morphological changes in gad mouse ova
using transmission electron microscopy (TEM). These
findings have important implications for understanding
the role of UCHLT in mouse ova.

Results

Normal expression of F-actin and cofilin in gad
mouse ova

F-actin is necessary for CGE, changes membrane
structure at fertilization, and consequently blocks
polyspermy of ova (Tsaadon et al. 2006). We investi-
gated the protein expression and localization of F-actin
and its depolymerizing factor, cofilin, in wild-type and
gad mouse ova (Fig. '1). Cofilin belongs to a family of
F-actin depolymerizing factors that are highly conserved
throughout the animal kingdom. The cofilin protein
severs actin filaments and promotes actin dynamics by
accelerating the treadmilling of actin filaments, a process
in which monomers are removed from the pointed
end of the filaments and are added to the barbed end
(Carlier et al. 1997). However, no difference in the
protein level or localization was observed between the
wild-type and gad mouse ova.

Identification of differentially expressed ovum proteins
by proteomic analysis

A typical proteomic analysis involves three fundamental
steps: 1) proteins of a complex mixture are separated
and digested into peptide units, 2) peptide masses are
determined using mass spectroscopy, and 3) proteins
are identified by searching databases for matching
peptides (Kirkpatrick et al. 2005). In this study, liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) was used. The list of proteins that were

downregulated or upregulated with statistical signi-
ficance (one-sided P value <0.025) in gad mouse ova
is presented in Table 1. ZP1 is a component of the ZP,
consisting of three glycoproteins (ZP1, ZP2, and ZP3),
and cross-links ZP2 and ZP3 (Wassarman & Litscher
2008). TLE6 belongs to the Groucho/Tle superfamily of
transcriptional corepressors that plays critical roles in a
range of developmental processes (Bajoghli 2007,
Buscarlet & Stifani 2007). ENPL, HSPAS (GRP78), and
CALR are ER chaperones and regulators of the unfolded
protein response (UPR) in the ER (Qiu & Michalak 2009,
Eletto et al. 2010, Plaffenbach & Lee 2011). NLRP14
(NALP14) is a member of the NALP family, which
consists of 14 members. The family members have quite
similar domain structures and expression during oogen-
esis and embryogenesis. Thus, they are assumed to have
comimon functions during oocyte maturation and early
embryo development (Zhang ef al. 2008). However,
at present, there is little information about NLRP14 and
its function remains to be determined. In contrast,
NLRPS {NALPS), one of the NALP family members, has
been well studied. Furthermare, the NLRP5 protein
has many characteristics in common with UCHL1. Their
expression levels and subcellular localization are
strongly correlated throughout oogenesis and embryo-
genesis (Li er al. 2008, Ohsugi et al. 2008). NLRP5
localizes in the subcortex of ova and is excluded from
the region of cell-cell contact at the two-cell stage.
Correspondingly, UCHLY shows the similar expression
pattern in the ovum and at the two-cell stage (Fig. 2).
Thus, in this study, we focused on the NLRP5 protein for
its interesting similarities to UCHLT,

Expression and localization of the NLRP5 protein
in mouse ova

We conducted a western blot analysis to confirm the
expression levels of the NLRPS protein in ova obtained
from gad mice with those from wild-type mice. Levels of
NLRP5 in gad mouse ova were significantly higher than
those in wild-type mouse ova (P=0.022; Fig. 3A and B).
Furthermore, to assess the relationship between UCHL]
and NLRP5, we analyzed their localization in wild-type
and gad mouse ova. The two proteins colocalized on the
plasma membrane and in the subcortex of wild-type

gl Figure T Expression and localization of F-actin and

A B Wild-type
F-Actin
F-Actin
Cofili
UCHLT |
Cofilin
GAPD
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cofilin proteins in mouse ova. (A} Western biot
analysis of F-actin, cofilin, ubiquitin C-terminal
hydrotase L1 QICHLTY, snd GAPDH inova from
wild-type (n=6} and gad (n=7} mice. No
significant difference was observed in the F-actin
and cofilin protein fevels, UCHLT was not détected
in gad mouse ova. (B) F-actin and cofilin immuno-
reactivity are seen on the plasma membrane of
ova from wild-type and gad mice. Bars, 50 pm.
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Table 1 Differentially expressed oocyte proteins in wild-type and gad
mice by liquid chromatography-mass spectrometry analysis.

Molecular Expression level

weight (wild-type {(wt) P value
tdentified proteins (kDa) vs gad) (one-sided)
Zona pellucida sperm-binding 69 wi < gad 0.022
protein 1 precursor (ZP1)
Transducin-like enhancer 65 wt<gad 0.025
protein 6 (TLE6E)
Endoplasmin precursor (ENPL) 92 wt<gad 0.022
78 kDa glucose-regulated 72 wi<gad 0.023
protein precursor (HSPAS)
Calreticulin precursor (CALR) 48 wt<gad 0.002
NACHT, LRR, and PYD 13 wt<gad 0.023
domain-containing
protein 14 (NLRP14)
Ubiquitin C-terminal 25 wt> gad 0.002

hydrolase L1 (UCHLT)

mouse ova (Fig. 4). However, the localization of NLRP5
in gad mouse ova was not different from that in wild-type
mice (Fig. 4).

»

Ultrastructural observations of gad mouse ova

To assess whether gad mouse ova have a morpho-
logically normal cortex structure, we analyzed them
ultrastructurally by TEM (Fig. 5). Although basic
structures such as CGs, microvilli, and cytoplasmic
lattices (CPLs) were observed in both wild-type and
gad mouse ova, there were no obvious structures
that can be identified with ER cluster in the cortex of
gad mouse ova.

Discussion

This study provided important findings on the role of
UCHL1 in the mechanism of polyspermy block in mouse
ova. It is necessary to block polyspermy for successful
fertilization, which primarily involves a ZP block in
mammalian ova. The ZP block comprises CGE and
modification of the ZP so that the plasma membrane
cannot support sperm binding by the enzymes released
from CGs. F-actin regulates the movement of CGs
toward the cortex during oocyte maturation and anchors
them at the cortex (Connors et al. 1998). F-actin
depolymerization occurs at CGE, and the protein level
of F-actin decreases after fertilization (Eliyahu et al.
2005). We observed that the F-actin and cofilin protein
expression levels and distribution on the plasma
membrane were similar between the wild-type and
gad mouse ova. We also found decreased F-actin protein
levels, but no significant difference between the wild-
type and gad mouse zygotes was observed after
fertilization (data not shown). These results confirm
our results of the CGE and ZP reaction in gad mouse
ova (Sekiguchi et al. 2006). However, each protein
is recognized differentially according to various post-
translational modifications, such as phosphorylation and

www.reproduction-online.org
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ubiquitination (Kirkpatrick et al. 2005). In fact, cofilin
proteins are thought to be regulated through phosphoryl-
ation and activated by dephosphorylation at the serine
residue (Meberg & Bamburg 2000). Thus, these findings
suggest that cofilin proteins in gad mouse oocytes might
be degenerated or modified differently from those in
wild-type ova. Further experiments are needed to
confirm this.

We then conducted a comprehensive proteomic
analysis to identify any UCHL1-related proteins using
gad mouse ova and identified NALP family proteins.
The NALP family has 14 members with similar domain
structures, and thus members are assumed to have
common functions (Zhang et al. 2008). Almost all NALP
family genes are expressed during oogenesis and
embryogenesis (Zhang et al. 2008). We then focused
on NLRP5 and confirmed protein expression and
localization in wild-type and gad mice. The specificity
and quantification of the LC-MS/MS method are greater
than or equal to immunoassays including western blot
and immunocytochemical staining. However, the high
specificity enables us to reduce false-positive, but, on
the other hand, it also reduces sensitivity (Kruse et al.
2008, Krone et al. 2010). Hence, this is the reason why
NLRP5 was not detected by LC-MS/MS analysis in this
study. The NLRP5 protein has many characteristics in
common with UCHL1 (Sekiguchi et al. 2006, Ohsugi
et al. 2008). First, UCHL1 and NLRP5 protein expression
persist from immature oocytes in a primary follicle until
the blastocyst stage.

Secondly, UCHL1 and NLRP5 may play an important
role in oocyte maturation or embryogenesis because
both gad and NLRP5-deficient females attain normal
sexual maturity with intact ovarian folliculogenesis and
the ability to owvulate fertilizable ova, but they have
severe defects in reproduction. Thirdly, the most
interesting analogy is the subcellular localization;
neither protein is detected in the region of contact
between the blastomeres, and they are restricted to the
periphery through embryogenesis. This shared and
unique expression pattern appears to indicate an
interaction, such as regulation of NLRP5 protein levels
by the ubiquitin-proteasome system including UCHL1.
In fact, we found a significant increase in NLRPS protein
levels in gad mice with localization on the plasma
membrane and subcortex.

The NLRP5 protein was identified abundantly and is
an excellent candidate for a maternal-effect protein for
the maturation and ovulation of ova (Zhang et al. 2009).
The NLRP5 protein and transcript accumulate during
oogenesis, and the transcript is almost completely
degraded during meiotic maturation (Su et al. 2007,
Li et al. 2008, Ohsugi et al. 2008). In contrast to the
dramatic decrease in the transcript, the protein remains
largely unchanged until the early blastocyst stage,
suggesting that the protein level is properly regulated
by degradation for the maintenance and control of
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A Ooeyte

TTwoscell

ucHLl

UCHL3

B Triton X (+) Triton X (=)

UCHLY

Figure 2 Localization of ubiquitin C-terminal hydrolase L1 (UCHLT} and
UCHL3 in wild-type miouse ova. (A} UCHLT immunoreactivity is seen
on the plasma membrane of the ovum and at the two-cell stage. On the
other hand, UCHL3, one of the DUBS, is seen in the cytoplasm of the
ovum and at the two-cell stage. {B) While UCHL1- immunoreactivity is
seen on the plasma membrane when treated with Triton X-100, it is not
seer in the ova when not treated with Triton X-100. Bars, 50 um.

maturation, fertilization, and early embryo develop-
ment. Degradation of maternal proteins and transcripts is
carried out rapidly in many organisms and playsa critical
role in oocyte maturation. Most protein degradation is
regulated by the ubiquitin-proteasome system and any

impairment in degradation results in the failure of oocyte

maturation (DeRenzo & Seydoux 2004, Huo et al. 2004,
Ryu ef al. 2008, Beall et al, 2010). UCHLT is essential for
maintaining the ubiquitin-proteasome system and is
abundantly expressed in mouse ova (Sekiguchi et al.
2006). Similarly, previous studies have identified UCHL1
as a maternal protein necessary for ococyte maturation

Reproduction {20121 143 271-279

- etal, 2007). Thus, a

(Ellederova et al. 2004, Massicotte et al. 2006, Susor
loglcal potentlai conclusion would
be that the NLRPS protein level is potentially regulated
by the ubfqu:t;nmproteascme system for oocyte matu-
ration, In fact, ubiquitin mRNA levels are upreguiated
when the NLRP5 protein decreases during oogenesis and
embryogenesis (Robert et al. 2002, Pennetier et al, 2006,
Ohsugi et al. 2008). Further‘more, a UCHL1 inhibitor
prevents: germinal vesicle (GV) breakdown and the
metaphase l-~anaphase transition in porcine oocytes by
downregulating the uiasqustmmpmteasom& system {Susor
et al. 2007). Thus, excess NLRP5 protein resulting from
downregulating the ubiquitin-proteasome system pre-
vents complete oocyte maturation. Recent studies have
reported that NLRPS forms a subcortical maternal
complex (SCMC) with maternally encoded proteins, aa
rowe*spemﬁc binding protein of NLRPS (FILIA), ‘a
factor located in vocytes permitting embryonic develop-
ment’ (FLOPED), and a putative transcriptional core-
pressor (TLE6; Li et al. 2008, Ohsugi et al. 2008).
Considering that TLE6 was significantly upregulated in
gad ova (Table 1), it seems likely that SCMC of gad
mouse ova had difficulty in regulating the component
balance. Thus, further research is required to understand
the relationship between maternal proteins and UCHL1
in mouse ova. Taken together, we hypothesized that gad
mouse ova polyspermy is caused by oocyte maturation
failure (Fig. 6).

To test this, we investigated whether gad mouse ova
showed morphological characteristics of immaturity
using TEM. As expected, the CG of gad mouse ova
localized norma‘iy This result provides further support
for our previous work (Sekiguchi et al. 2006). Recent
reports have shown that NLRP5 also localizes to the
CPLs, and Mater™"™ mouse ova lack CPLs (Kim et al.
2010, Tashiro et al. 2010). Unlike Nirp5 hypomorphic
mice, gad mouse ova cantammg excess NLRPS protein
showed normal CPLs. Interestingly, there were no
obvious structures that can be identified with
ER cluster in the cortex of gad mouse ova. The ER is a
multifunctional and highly dynamic organelle involved
in lipid and protein synthesis and is a major internal store
of calcium ions that must be properly mobilized at
fertilization (Baumann & Walz 2001, Berridge 2002).
It is well established that fertilization triggers an increase
and oscillations in intracellular calcium concentration,
resulting in the induction of CGE (Ducibella & Fissore
2008). The mechanisms of intracellular calcium release
from the ER develop during oocyte maturation, and
an ER cluster appears in the cortex of mature mouse ova
(Mehimann ef al. 1995). Cortical reorganization of the
ER occurs in many species before fertilization, and the
presence of ER cortical clusters is thought to result in a
high susceptibility of ova to initiate calcium oscillations
following sperm entry (Ducibella & Fissore 2008). The
sensitivity of the system to calcium release increases
after maturation. A previous study reported differences
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A Wild-type gad

UCHLL

GAPDH

Atbitratry units

Wild-iype gad
Figure 3 Expression of 'maternal antigen that embryos require’ (NLRPS
{MATER)) and ‘ubiquitin Cterminal hydrolase L1" (UCHLY) proteins in
mouse ova. (A} Western blot analysis of NLRP3, UCHL1, and GAPDH
in ova from wild-type (n=5} and gad (n==4) mice. UCHL1 was not
detected in gad mouse ova, (B) NLRP5 protein levels in gad mouse
ova were significantly higher than those in wild-type mice (P=0.02},
Bars represent mean 5.0, Significant difference (P<0.05) is indicated
by an asterisk.

regarding fertilization-induced calcium szgnais between
immature oocytes and ova (Stricker 1999), Immature
oocytes have less ER in the cortex compared with
ovulated ova, and calcium release in response to
fertilization is substantially less and slower than mature
ova, resulting in polyspermy (Ducibella et al. 1993).
Polyspermy in immature oocytes was attributed to
cemp‘lete failure or a CGE delay following caleium
signaling (Ducibella et al. 1993). These findings suggest
that polyspermy observed in gad mouse ova may have
been caused by a delay in CGE resulting from its
immaturity, although CGE and ZP react (Fig. 6).
Furthermore, a recent study showed that calcium
signaling piays a role in establishing the membrane
block to polyspermy using ZP-free mouse ova (McAvey
et al. 2002). Thus, gad mouse ova polyspermy was also
considered to be due to the failure of the membrane
block (Fig. 6). However, the mechanism for a polyspermy
membrane block is largely unknown. Further exami-
nation is required to confirm this.

Additionally, we identified ER chaperones (ENPL,
HSPAS, and CALR} by proteomic analysis, which were

www.reproduction-online.org.
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upregulated significantly in gad mouse ova. These
chaperone proteins are constitutively expressed in the
ER, and expression is regulated by the UPR, known as
the ER signal transduction pathway (Rutkowski & Hegde
2010). Unfolded or malfolded proteins accumulating in
the ER (ER stress) activate the UPR, which degrades the
proteins via ER-associated degradation involving the
ubiquitin—proteasome system (Yoshida 2007). Given that
the ubiquitin-proteasome system is impaired due to the
fack of UCHLT in gad mouse ova, ER chaperones may be
upregulated by the accumulation of abnormal protems
Indeed, ER stress is induced by a UCHL1 inhibitor in
neuronal cells (Tan et al. 2008). Thus, it is also possible
that ER stress following an excess of abnormal protein
causes ER dysfunction, and gad mouse ova showed an
impaired polyspermy block (Fig. 6). steve; further
investigations are necessary to reveal the relationship
between polyspermy and a UCHL1 deficiency inova.

In conclusion, we identified UCHL1-related proteins
by proteomic ana(yszs using gad mouse ova. We also
found that the NLRP5 protein level increased signi-
ficantly in gad mouse ova vs wild-type mice. Further-
more, we observed that gad mouse ova contained less ER
in the cortex. These results suggest that UCHL1 regulates
the NLRP5 protein level in mouse ova maturation.

Wild-type gad

NLRPS |

UCHL1 |

Merge |

Figure 4 Localization of ‘maternal antigen that embryos require’
(NERP5 {MATER)) and ‘ubiquitin C-lerminal hydrolase L1 (UCHLY)
proteins in mouse ova. Immunacytochemical amiyszs of NLRPS and
UCHLT inova from wild-type and gad mice. NLRP5 immunoreactivity
Is'seenon the plasma membrane of ova from wild-type and gad mice,
NLRP5 and UCHL1 are co-localized on the plasma membrane of ova
from wild-type mice: Bars, 50m.
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Figure 5 Ultrastructural study of ova from wilditype and gad mice by
transm%ssian electron microscopy. Basic cellularstructures and cortical
granule (CG), microvilli (MV), cytoplasmic lattices (CPLs), and
perivitelline space (PVS) are observed in wild-type and gad niice.

gad ova appear to have less endoplasmic reticufum (ER) than wild-type
mice (arrowheads). Bars, 0.5 L,

Materials and Methods

Animals

Nitie-week-old BDF1 and gad female mice were used in this
study. BDF1 mice were purchased from Nihon SLC, Inc.
(Hamamatsu, Japan). The gad mouse is an autosomal recessive
mutant obtained by cross-breeding CBA and RFM mice (Saigoh
et al. 1999). The gad line is maintained at our institute.
Genotypmg was conducted using PCR with the following
primers: F1, S"—A(JC“WGGAGCCTGTGGTTTCAACTOS’
R1, 5-TGGCAGCATCCTGAAAAGGAGAGAGGTG-3, R

5. TACAGATGGCCGTCCACGTTGTTGA-3!, as describeei
elsewhere (Sakurai et al. 2008).

Animal care and handling were conducted in accordance with
institutional regulations. These experiments were approved by
the Animal Care and Use Committee of the Graduate School of
Agricultural and Life Sciences, The University of Tokyo.
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Ova collection

Female mice were superovulated with i.p. injections of 51U
equine chorionic gonadotropin: for 48 h, followed by 51U
human. chorionic gonadotropin (WCG). Ovulated ova were
collected from the ampullae of the oviducts using the
scratching method 15 b after hCG injection and placed in
400 ul droplets of HTF medium containing 0.4 mg/mi BSA.
Then, 0.05% hyaluronidase was added to the medium to
remove the cumulus ¢ells.

Liguid chromatography-tandem mass spectromeiry

The capillary reversed-phase plC-MS/MS systern (ZAPLOUS
System, AMR, Inc., Tokyo, Japan) consisted of a Paradigm MS4
dual solvent delivery system (Michrom BioResources, Inc.,
Auburn, CA, USA) for HPLC, an HTC PAL autosampler (CTC
Analytics, Zwingen, Switzetland), -and Finnigan LTQ linear
fon-trap mass spectrometers (ITMS, Thermo Fischer, San jose,
CA, USA) equipped with XYZ nanoelectrospray fonization (NSI)
sources (AMR, Inc.). We used three wild-type mice and three gad
mice for LC-MS/MS analysis and collected 20 ova from each
mouse. Samples (20 ova each) were prepared using digestion
solution to a final volume of 20 ul. Then, digested samples of
1.0l {equivalent to T-ovum proteins) were automatically
injected into a peptide L-rap column (Chem. Eval. Res. Inst,
Saitama, Japan) on an injector valve for concentrating and
desalting. Sample handling and injection were conducted with
the HTC-PAL autosampler (CTC Analytics).

An injection volume was 1/20 equivalents. ‘After desalting
with 0.1% TFA (uifluoro acetic acid; aq. containing 2%
acetonitrile, the sample was loaded intoa MAGIC C18 capiliary
reversed-phase column (3 um, 2004, 150X0.2mm id;
Michroni BioResources, Inc.) for separation, The: mobile phase
was- a5 follows: A) 98% Ho0/2% CHzCN/O.1% HCOOM and
B) 10% H,0/90% CH3CN/0.1% HCOOH. The gradient

conditions inthe chromatographic run were as follows: B from

5% B (0.min) to 55% B (100 min), and then 95% B (1 min), 95%
B {9 min}, 5% B (1 min}, and 5% B (9 min). Effluentata flow rate
of 0.5 mi/min was introduced into the mass spectrometer by
the NSl interface via an injector valve with the L-trap column
and the reversed phase (RP) column. The NSI needle (150420
FortisTip; OmniSeparo-T), Hyogo, Japan), connected directly
to the reverse-phase column outlet, was used as the NSI
interface and the voltage was 2.0 kV, while the capillary was
heated to:200 °C. No sheath orauxiliary gas was used.
Furthermore, the ‘mass spectrometer was operated in 4 data-
dependent acquisition mode in which MS acquisition with a
mass range of 450-1800 m/z was automatically switched to
MS/MS acquisition under the automated control of Xealibur
Software (Thermo Fisher, San Jose, CA, USA). The MS measure-
ment sequence was Full MS (enhanced/profile), MS/MS {Top1:
normalicentroid), MS/MS (Top2: normalicentroid), and MS/MS
(Top3: normalfcentroid), The parentions weresubjected to MS/MS
scans with an isolation width of 2.0 m/z; thé activation amplitude
parameter was setat 35%. The trapping time was 50 ms under the
auto gain control mode. Data were acquired using the dynam;c
mass exclusion windows that had an exclusion of 2.0 min
duration and an exclusion masswidth of —0.5 and +1.5 Da,
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Spectral analysis and dalabase searching

All MS/MS data were investigated using the Bioworks (version
3.1; Thermo Fischer) against the NCBInr mouse (Mus
musculus) database. The database searches allowed for
variable modification of the methionine residue (oxidation,
116 Da), oxidation (M}, peptide mass tolerance at 2.0 Da, and
fragment mass tolerance at 1.0 Da. The identified proteins
resulted from- triplicate LC-MS runs for each sample and
included one peptide identification. We performed label-free
quantification on ovum proteins from gad mouse-and wild-type
mice (Kawamura ef al. 2010),

Antibodies

Rabbit. polyclonal anti-UCHLT and UCHL3 antibodies were
provided by D Kwon (Tyun-Puk University, South Korea),
Mouse monoclonal anti-PGP9.5 antibody was obtained from
Neuromics: (Northfield, MN, USA). Rabbit polyclonal anti-
cofilin and mouse monoclonal anti-GAPDH antibodies were
purchased from Abcam. Rabbit anti-MATER antiserum was
donated by the Laboratory of Cellular and Developmental
Biology, NIDBK, National Institutes of Health (NI}, Bethesda,
MD, USA,

www reproduction-online.org

Figure 6 Consequences of UCHL 1 deficiency in gad miouse
ova, UCHLT deficiency results in the downregulation of
UPS and accumulation of maternal proteins in the
cytoplasm and unfolded or malfolded proteins in the ER.
These accumulations of protein in the cytoplasm and ER
may contribute to the failure of cocyte maturation and
increase in ER stress, which in tun decreasecalcium release
from the ER after fertilization. Thus, UCHLT deficiency
might downregulate CGE, ZP block, and membrane block
and consequently indute polyspermy. UPS, ubiquitin-
proteasome systeny;, ER, endoplasmic reticulum; CGE,
cortical granule exocytosis; ZP, zona pellucida.

Western blot analysis

Ova were subjected to SDS-PAGE using 8% gel for cofilin and
15% gel for NLRPS proteins. The proteins were electrophoreti-
cally transferred to a PYDF membrane and blocked with 5%
nonfat dried milk in PBS-Tween 80. The membranes were
incubated ‘individually with primary antibodies (cofilin,
1:10 000; MATER, 1:15000; UCHLT, 1:10.000; and GAPDH,
1:10000} at 4°C overnight. Then, the membrane was
incubated with primary antibody against GAPDH as an internal
control for 1.5 h and further incubated with peroxidase-
conjugated secondary antibody (goat antirabbit 1gG,
1:10 000-15 000; goat antisheep 1gG, 1:3000; and goat
antimouse 1gG, 1:10000) for Th at room temperature.
Immunoreactions were visualized by ECL plus (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA). Each immunoreactive
band was quantified using Scion Image Software (NIH).

Phalloidin and immunohistochemical staining

For immunocytochemical staining, whole ova were fixed for
45 min with 4% paraformaldehyde in PBS and permeabilized
for 20 minwith 0.2% Triton X-100 in PBS. Nonspecific binding
of immunoglobulins was blocked by incubating with Block
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Ace for 45 min at room temperature. The sections were
incubated with Alexa 488-phalloidin (1:2000) for 20 min at
room temperature or with rabbit polyclonal anti-cofilin
{1:10 000) antibody at 4 °C overnight. Then, they were further
incubated with Alexa 488-conjugated anti-rabbit IgG for 1 h at
room temperature.

For double-immunohistochemical staining, the sections
were incubated with anti-MATER antiserum (1:10000) and
mouse monoclonal anti-UCHL1/PGP9.5 (1:40) antibody at
4°C overnight. Then, they were further incubated with Alexa
488-conjugated anti-rabbit IgG and Alexa568-conjugated
anti-mouse IgG for 1 h at room temperature. Stained sections
were observed under a confocal laser microscope (Laser
Scanning Microscope 510; Carl Zeiss, Oberkochen, Germany).

Transmission electron microscopy

Isolated ova were fixed in 2.5% glutaraldehyde/0.1 M phos-
phate buffer (PB) for 4 h at 4 °C. After washing with PBS, they
were postfixed in 1% OsOj in 0.1 M PB for 2 h at 4 °C. They
were then dehydrated and embedded in araldite M. Ultrathin
sections were examined under a JEOL-1010 transmission
electron microscope at 80 kV.

Statistical analyses

The mean and s.0. were calculated for all data. Student’s t-test
was used for all statistical analyses. A P value <0.05 was
considered to indicate statistical significance.
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Introduction

Echinpeoceus mudfilocularis infection i nbrans and rodents oecurs
after oncosphere-containing eggs are orally ingested, Oncospheres
penetrate the mucosa of the small Itestine and migrate via the
hepatic vein to the liver where they form. cyst masses and
increasingly transform into multiple vesicles filled ‘with fluid and
protoscoleces. Only oncospheres hatching from eggs in the small
intestine are able to transit the mucosa. Therefore, an effective
echinococeosis vaceine must stimulate a local mucosal response to
block both infection and disease development, as is the case. for

PLOS Neglected Tropical Diseases | www.plosntds.org

many micropathogens {1]. In addition, a systemic response is
rgcessary to achicve protection against the spr{md of oncospheres.
Parent vaccines ave generally ineffective in stimulating mucosal
inmunity, whereas-mucosally delivered immunogens trigger both
local and systemic immune responses 1,2, Administration of Ags
with potent mcosal adjuvants is used to ensure that an ciﬁcmm
imune response is elicited. To data, only a few molecules have
shown their potentials as mucosal adjuvants. However, their
toxicity and potential side effects lmited their use in haman
vaceination [3-7]. CpG oligedeoxynucleatides {ODN) has been
proved to bean ideal mucosal adjuvant due to s non-toxicity and
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Author Summary

Echinococcus metacestodes form a laminated layer and
develop strategies to escape host immune responses once
the Iinfection established on the liver of intermediated
host. One of the most important strategies Is thought to
be immunoregulation, where some molecules {e.g., anti-
gen B) impair dendritic cell (DC) differentiation and
polarize immature DC maturation towards a non-protec-
tive Th2 cell response, Therefore, it is more feasible to kill
Echinococcus oncospheres in the early stage of infection in
the Intestine and blood. Systemic and local immune
responses are believed to play a crucial role on oncosphera
exclusion. Among antigen delivery systems, i.n. adminis-
tration Is the most efficient one, inducing both systemic
and a full-range of mucosal immune responses. FAP is
necessary to M. avium and S. pyogenes to efficiently attach
and invade epithelial cells, and has been suggested as a
potent vaccine adjuvant. Mucosal immune responses are
induced after FAP binds to the fibronectin protein of host
microfold (M) cells and DCs are activated. We developed a
one-step delivery system where FAP and other Ags can be
expressed, purified and immunized as one protein. The
systemic and, in particular, the mucosal antibody respons-
es induced by the fusion protein were detected to
evaluate the adjuvanticity of FBP.

ability to induce strong systemic and/or local immune responses
|8-12]. We recently showed that both systemic and local antibody
responses were stimulated when CpG ODN was co-administered
with rEm-TSP3 to BALB/c mice intranasally (i.n.). Unfortunately,
they failed to induce a satisfied intestinal IgA response [13}; thus,
this study focuses to find out other molecules as an adjuvant which
may enhance intestinal IgA immune response.

Studies showed that the fibronectin-binding protein of S. pyogenes
(Sfbl) stimulates efficient, long-lasting serum and mucosal antibody
responses against Sfbl or other co-administered model Ags such as
ovalbuin (OVA) and beta-galactosidase (beta-gal) [14-17]. The
fibronectin-binding/attachment proteins of S. pyogenes (Sfbl) and
M. avium (FAP) are necessary for efficient attachment and invasion
of epithelial cells by these microorganisms. After SfbI/FAP binds
to the fibronectin protein on the surface of host M cells, DCs are
activated and induce mucosal immune responses [18-20].
However, the use of FAP as an adjuvant for co-administration
with other protective Ags requires separate cloning, expression and
purification of each protein. To overcome this problem and
develop a one-step delivery system, we cloned the linked
fibronectin-binding peptide (FBP) of M. avium FAP and Em-
I'SP3 into a pBAD/Thio-TOPO expression plasmid. The
identification of short FBP (72 bp) greatly facilitated this work
[19,21,22], because it is easy to synthesize. In this study, the
adjuvanticity of the fusion form of FBP and Em-TSP3 (rEm-
T'SP3-FBP) was evaluated by detecting systemic and mucosal
antibody responses against Em-TSP3 vaccine.

Materials and Methods

Ethics statement

This study was carried out in strict accordance to the
recommendations set out in the Guidelines for Animal Experi-
mentation of the Japanese Association for Laboratory Animal
Science and the protocol for the animal experiments was approved
by the ethics committee of Hokkaido University (Permit Number:
09-0144) and the Hokkaido Institute of Public Health (Permit
Number: K20-6). .n. immunization and sacrification of mice were
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performed under isoflurane anesthesia and all efforts were made to
minimize suffering.

Experimental animals

Fificen five-week-old BALB/c mice (male) were divided into 5
groups and maintained in cages in a P3 animal room at 23-25°C
with a 12 h light/dark cycle. Litter was cleaned weekly. I'hey were
provided with food and water ad libitum. Mice were immunized at
6 weeks of age.

Recombinant plasmid constructions

Em-TSP3-FAP recombinant plasmid construction was per-
formed as previously described [23] and illustrated in Figure 1.
The primers used for amplification of fragments were listed in
Table 1. Briefly, FBP (peptide 265-288 of M. avium paratuberculosis
FAP) was amplified by PCR with FBP-F/FBP-R primers and an
Xhol restriction site and GSGGSG linker (nucleotide sequence:
GGTAGCGGCGGTTCTGG 1) introduced into FBP fragment
by PCR with FBP-Linker s -1'/FBP-Linker-R  primers. The
region encoding the LEL (larger extracellular loop) domain of
Em-TSP3 was amplified from the full-length enriched ¢cDNA
library of E. multilocularis larvae. 'The GSGGSG linker, Hindlll and
Xhol restriction sites were introduced into Em-TSP3 fragment by
PCR with TSP3,;4,41-F/'I'SP3 yy-Linker-R primers. These two
reconstructed fragments were combined by fusion PCR with
TSP3,ssman-F/FBP-Linker-R primers. The combined Em-TSP3-
FBP fragment was then subcloned into pBAD/Thio-TOPO
expression vector {Invitrogen, USA). Gene TagN'T' polymerase
(Nippon Gene, Japan) was used in PCR reaction.

Protein expression and purification

Recombinant protein expression and purification was per-
formed as previously described |23]. Briefly, Escherichia coli TOP10
cells (Invitrogen, USA) were transformed with recombinant
plasmid according to the manufacturer’s instructions (pBAD/
TOPO-ThioFusion Expression Kit, Invitrogen, USA). Recombi-
nant protein from E. coli lysates was purified with a HisTrap
affinity column (HisTrap FI crude 1 ml, GE Healthcare, USA)
under non-denaturing conditions and stored at —80°C. rEm-
"I'SP3 alone was also expressed, purified and used as the antigen in
ELISA instead of rEm-TSP3-FBP, to deplete the reaction caused
by I'BP peptide.

Hydrophobicity plot prediction and tertiary structure
analysis of expressed proteins

To confirm the solubility of rEm-"T'SP pre- and post-fusion with
FBP, hydrophobicity plot was predicted by the Kyte-Doolittle
hydropathy plot program (htip://fasta.bioch.virginia.edu/
fasta_www2/fasta_www.cgi?rm =miscl). The amino acid se-
quence of Em-TSP3 was aligned with protein sequences in the
structural database using the Phyre (Protein Homology/analogy
Recognition Engine) server at Imperial College (http://www.sbg.
bio.ic.ac.uk/phyre/) [24] and the 3-dimensional structure was
further activated.

Immunization of mice and sample collection

BALB/c mice (3 per group) were immunized i.n. three times
with PBS, PBS+CpG, rEm-TSP3, rEm-TSP3+CpG and rEm-
T'SP3-FBP on a weekly basis. A dose of 50 pg per mouse (in
50 pl PBS) was used for three immunizations. 'This is indepen-
dently reported here because this work was focused on
evaluating the adjuvanticity of FBP as a novel strategy for
vaccine development. CpG OND data is cited here to show the
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Figurs 1. Schematic Hlustration of construction of fusion rEm-TSP3-FBP plasmid. {A) Synthesis of FBP. (B) Amplification of Em-T5P3 LEL
from fuil-length cDNA library, {C) Ligation of linker to FBP fragment. () Ligation of linker to Em-T5P3 fragment. (E} Combination of FBP-and Em-T5P3
{(Em-TSP3-FBP} by fusion PCR. {F) Insertiort-of Em-TSP3-FBP into pBAD/Thio-TOPO cloning and expression vector,

d0i:10,137 journal.pritd 0001842.9001

adinvanticity of FBP under the same experiment conditions {13].
A dose of 1 nM CpG OND (Hokkaido Bysteni Seience, Japan)
was. used per mouse. Reirceorbital blood collection was
performed ‘on mice one week after the second and third
immunizations using glass capillary  pipettes  (Fhivschmann,
Germany) and the serum was Isolated. Mice from cach group
were: sacrificed one week after the third Immunization and the

nasal cavity washes; imtestine, liver, lung ‘and spléen were

collected in 500 [ of PBS (pH 7.4), A H-cm fragment of the
ileal region was extised and the intestinal 1ube was openeéd and
mmersed in 250 gl of PBS; liver, lung and spleen were
homagenized i 50040 of PBS separately and vigorously

PLOS Neglected Tropical Diseases: | www.plosntds.org

vortesed, followed by centrifugation to remove insoluble debris,
The sera and collected supernatants were stored st —20°C for
further use.

Detection of systemic.and local antibody responses by
ELISA

Indirect ELISA was conducted for the antibody analysis as
previously described 23], Briefly, 96-well microtiter plates
{Corning, UBSA) were coated with rEm~ISP3 protein (0.25 ug/
welly, blocked with. 5% skin niflk. For serum 1gG, I5Gl, 15620,
TeA and 1gM detection, plates were incubated with sera at a
dilution of 1: 2,000 followed by incubation with horseradish
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peroxidase (HRP)-conjugated anti-mouse 1gG (Invitrogen, USA),
18G1 (Rockland, USA), 1gG2% (Scuthern Biotech, USAJ,. IgA
(Invirogen, USAY and IgM (MP Biomedicals, USA). For IgA
antibody detection in nasal cavity, intestingand liver, plate were
incubated with nasal cavity washes, intestine washes, liver, lung
and spleen extracts at a dilution of 11 10, respectively, followed
by incubation with HRP-conjugated antismouse IgA. A color
reaction was developed by the addition of 100 gl of TMB (3, 3,
5, 5 -tetramethylbenzidine) substrate (Dojindo, Japan). Absor-
bance was measered at 450 nm on a Biotrak II plate reader
{Amersham Biosciences, USA),

A
M 1 2 3 4

500
400

300]

1007

Table 1. List of primers used for fragments amplification.

Fragment (bp) Primers Sequence of primers Tm £°C)

¥BP(72) FBPF 3 GEOAACGUGEAACGCTGETTCGTCGTCTEGLTGEGCACCTCGAACGS! 80
FBP-R SHCTTGGLCECEACCTTGTCCACCGGGTCOTICGAGGTGCCUAGCCAGS

EBP-Linker (86). FBP-Linker o F SICTCGAGGGTAGLGGLEGTTCIGETGECAACGCGLARCECTGEE, 0
FBP-Linker-R STTACTTGGCCGCGACCTTGTCCAS!

TSP3-Linker (204) TSPyt 5'AAGCTTATTCCTGATAACCTARACARAGCAGS" 55
TSPyreilinker-R 5'GAACCGCCGUTACCCTCGAGGAGG GTTTTGTTCTCTGCCAS!

TSP3-FBP (366) TS0 F S AAGCTTATTICCTGATAACCTARACAAAGEAGS! 50
FBP-Linker-R STTACTTGGCCGCGACCTTGTCCA

Fa=forward;

R=réverse;

Tm =melting temperature.

dok18.1371/journal. pritd 0001842:1001

Statistical analyses ,

Data was anilyzed using one-way ANOVA followed by a
multiple comparison Tukey’s test. Differences were considered
statistically significant dt <0.05, very significant at p<0.01 and
extremely significant at p<<0.001. '

Results

Ampilification of Em-TSP3-FBP fragment by fusion PCR
Em-TSP3 (276 bp inclading Xhol, Hindlll sites) and FBP
{72 bp} were amplified separately: and linked with GSGGSG

B
kDa

M 1 2 3

Fioure 2. Cloning and expréssion of recombinant Em-TSP3-FEP protein. (A) Synthesis of FBP and Cloning of the LEL and Em-TSP3-FBP. M,
marker. Lane 1. Negative control {H,0) Lane 2. Synthesized FBP {72 bip). Lane 3. PCR product of Em-TSP3 LEL (276 bpj. Lane 4. PCR product of Em-
TSP3-FBP (366 bp). (B) Expression of recombinant Em-TSPFBP fused with thioredoxin (TRX)). SDS-PAGE gel stained with Coomassie Blue showing
purified fEm-TSPS {Lang 1,262 kDa), EmvTSPE-FBP (Lane 2, 293 kDa) and controf TRX (Lane 3, 15 kDak. M, the molecular weight marker,

doi:10.137 1/joumal pntd.0001842.9002
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Figure 3. Solubility and 3-D structure of expressed proteins. Comparisor of hydropathy plots of Em-TSP3 {A) and Em-TSP3-FBP (B}
Hydropathy plots of the predicted amino acid sequences were abtained using the Kyte-Doolittle hydropathy plot program thitp//fastabiochvirginia..
eduffasta_www2/fasta www.cgilrmi=mise1). Hydrophobic residues are positive. () 3-Distructure prediction of Em-TSP3 LEL domain. The amino acid
sequence of Em-TSP3 {LEL) was alignéd with proteiry sequencas in the structural database using the Phyre (Protein Homology/analogy Recognition
‘Engine) server at Imperfal College (httpy/www.sbg.bio.icacul/phyred, The threedimensional stricture was further activated.

doi:10.137 Mjournal.pntd.0001842:g003

tinker (18 bp) by fusion PCR. A band 6f:366 bp was observed in
the agarose gel under ultraviolet light (Figure 24).

Expression of fusion rEm-TSP3-FBP protein

SDS-PAGE anilysis showed that Em-TSP3 af approximately
26 kDa. of and melS}’é«l’gP at 29 kDa were expressed as
pr edicted {¥Figure 28).

So ubzlxty and 3-D structure of expressed proteins

“The hydrophobicity plot pmdzmen shiowed that after the fusion
of Em-T'SPS and FBP, there was no significant change in solubility
(:c)mpaz‘t:tl to Em-TS$P3 alone (Figure 3A ,3B). “I'he’ 3-dimensional
striscture llusration of BaiTSPS showed that the Crterminal 3
exposed outside (Figure 3C).

Serum antibody responses

Systemic antibody responses against +Em TSP3+CpG and
rEm-TSP3-EBP evoked by in. administrations were detected by
ELISA. Compared to PBS control or Em-TSP3 alone, significant
seram IgG (#<0.001) (Figure 4A) and 1gG 1 (p<0.001) (Figure 4B)
antibody responses were detected in both the rEm-TSP3+CpG
and rEm-TSPS-FBP groups (p<<0.001). Only the former protein
induced a significantly ‘higher 1gG2uo response (p<<0.001)
(Figure 4C). No significant differences were observed besveen
these two groups in IgG and 1gGl production. Very low level

serum IgM (Figure 4DY and IgA antibodics (Figure 4E) were:

detected, with & significant difference in IgM  prodaction
{#<0.001) between the groups (Figure 4D} 'There were no
signifieant serum antibody responses  to rEm-TSP3 alone
(Figure 4A-4D).

PLOS Neglected Tropical Diseases | www.plosnids.org

The Thiand Th2 cell responseswere assessed via IgG1/1gG20
ratio (Table 2). "Pwo weeks post-immunization, a ,;grcdms;izianﬂy
Thi response was detected in mice immunized with rEm-
TSP3+CpG, but the ig{xi/ 12G2a ratie dramatically reduced at
3 weeks postimmunization’ (1 Th2 tendeney). Conversely,
immunizatiot with tEm-TSP3-FBP resulted in a Th2Zpredomi-
nated response,

Mucosal antibody responses

Very:strong IgA responses (p<00.001) were detected in the nasal
cavity sampic& froms both the tEnTSPS+CpG and rEm-TSP3-
FBP groups (#<0.001); with no significant difference between
them (Figure 5A).. Significant IgA responses were detected in
intestinal samples (h<0.001) from both groups;, with the rlm-
TSP3-FBP group being significantly higher (<20, Oﬁ} {(Figuve 5B).
High liver IgA antibody levels were also detected in both groups
(p<0.001}, with no significanc difference berween them (Figure 5C),
Significantly stronger 1gA antibody responses were found in lung
and spleen of both rEm-TSP$+CpG and rEm-TSP3-FBP groups
(#=<0:001}). "Fhere was a clear differenee betwéen thie groups, with
the latter being extremely higher (Figure: SD,QE) p=0. 001). No
significant lgA antibody responses were detected in any tissues of
other control groups {Figure 5). Figure 81 shows the potential
mechanism whereby Em-TSP3 induces strong mucosal antibody
responses enhanced by fused ¥BP of M. aviunr FAP.

Discussion

We have previously shown thut Ln. vaceination of rEni-TSPS
with CpG ODN adjuvant induces strong systemic and local

September 2012 | Volume 6 | Issue 9 { 1842
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antibody responses with a >60% reduction in cyst lesion number
reduction (CLNRY in the liver of BABL/c mice [13]. CpG DNA
contains vnmethylated CpG motifs {(often given in the form of
synthetic oligodeosynucleotides (CpG ODN}), which contributes
to-its adjuvant activities by stimulating Brcells [25] and activating
DCs [261 As a novel adjuvaiiy; CpG OND induces Thi-like

Table 2. Th1/Th2 tendency post-the third immunization with
fEm-TSP3+CpG and rEm-TSP3-FBP,

gGI AgGla

Protein Weeks pi.  1gGT* gG2n* ratie

tEm-TSP3+CpG 7 weeks pi. (034420098 043220148 080

3weeks pl. 101420233 083420201 122
rEm-TSP3-EBP  2weeks pi. 021420710 014820099 1446
3 weeks pi. 0.667+0347 022520108 2564

in.=intranasal;

pi.=post-immunization;

*Values are presented as means = standard deviation.
dok10.137 Wjournalprtd 00018424002
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responses [27,28]. CpG ODN has recently been shown to act as
potent adjuvants for vacciies delivered by Ln. inhalation [29-31].
However, in our previous study it didn’t induce satisfied intestinal
igA production [13]. Because the nature infection of AE is closely
associated to gastrointestinal tract, intestinal IgA is thought to be
the first lines of defences against early infection by K. multilocularis
{32]. We evaluated the efficiency of potent molecules such as FAPs
fo act as an adjuvant and enhanced mucosal IgA antbody
TESPORSES,

FAPs are a Tamily of fibronectin-binding proteing that are
present in several species of bacteria 22]. The attachment and
internalization of Mycobacterium by epithelial cells were shiown to be
dependent on the hieraction bewween FAPs and fibronectin
{19,21,23,33]. Moreover; afier targeting and hnvasion of host M
cells by Myebacterium by the formation of a f{ibronectin bridge
hetween Mycobacterium VAP und integrins on host-M cells [201,
FAR modulates adaptive immune responses by inducing matura-
tion and activation of DCs, driving a predominantly Thl
polarization [34].

We are the first to create’ n vector containing the fusion formyof
M. avium paratubercnlosis VBP and Em-TSP3. Em-TSP3 and FBP
were linked with-a GSGGSG linker, which is a commonly used
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