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ARTICLE INFO ABSTRACT

Article history: Toxoplasma gondii is widely distributed in humans and other animals including domestic
Received 1 june 2011 poultry throughout the world, but the data on prevalence of T. gondii in free-ranged (FR)
ﬁgs;ee‘; ';4*'5‘;5:;;"2”0‘; ?1 October 2011 chickens in People’s Republic of China (PRC) are limited. In the present study, the seropreva-
lence of T. gondii infection in FR chickens was investigated in 13 provinces/municipalities
Yeywords: of China during the period from jz_l‘ngary to‘june 2010. A total of 1173 serum samples were
Etlemei collected _and as_.sayed for T. gondii circulating antigens (TCA) and antibodies (TCAb) using
Prevalente enzyme linked immunosorbent assay (ELISA) technique. Out of this number, 199 samples
Chicken were TCA positive (16.97%), 226 samples were TCAb positive (19.27%), 69 samples were ;
China positive for both TCA and TCAD (5.88%), and the total seropositive rate was found in 356 of E

1173 (30.36%). The results of the present survey indicated that infection with T. gondii in
FR chickens is widely spread in China.

© 2011 Elsevier B.V. All rights reserved,

1. Introduction

Infections by Toxoplasma gondii are widely prevalent in
animals and humans throughout the world. It is estimated
that around 25% of the world human population is carry-
ing the parasite (Petersen, 2007). A recent paper reviewed
worldwide reports of clinical toxoplasmosis in experimen-
tally and naturally infected chickens concluded that clinical
toxoplasmosis is rare in chickens (Dubey, 2009). However,
free-range (FR) chickens are considered as one of the most
important hosts in the epidemiology of T. gondii infection
because they are an efficient source of infection for both

cats that excrete the environmentally resistant cocysts and

humans who may become infected with this parasite after
eating undercooked infected chicken meat. So, FR chickens

are considered an important indicator of soil contamina-

tion with the environmentally resistant oocysts of T. gondii
(Ruiz and Frenkel, 1980).

i

* Corresponding author. Tel.: +86 25 84399000; fax; +86 25 84399009.' i

E-mail address: Lixiangrui@njau.edu.cn (X.R. Li).

0304-4017/$ - see front matter © 2011 Elsevier B.V. All rights reseryéd;
doi:10.1016/j.verpar.2011.10.031 :

Sero-epidemiological surveys about the T. gondii infec-
tion of chickens have been conducted in southern and
northeast China (Yan et al, 2009; Zhu et al., 2008)
recently. However, only four provinces (Hainan province,
Hunan province, Guangdong province and Guangxi Zhuang
Nationality autonomous region) in southern China and two
provinces (Liaoning province and Jilin province) in northest
China were investigated in the previously surveys. Further-
more, the surveys' for T. gondii infection were conducted
only according to their antibodies while antigens were not
considered. So, in this research, we reported the T. gondii

infection situation of chickens in 13 provinces/municipality ]
_ of China based on T. gondii circulating antigens (TCA) and
-antibodies (TCAb).

2. Materials and methods
2.1. Free-range chickens and sampling locations

Blood samples were collected by venipuncture from

+ 1173 FR chickens of 13 provinces/municipalities in China

from January to June in 2010. The number of serum
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Table 1
Seroprevalence of Toxoplasma gondii in FR chiclcens of PRC,
Provinces/municipality [location on map (Fig. 1)]  Age No.tested  TCA positive  TCAb positive  TCA and TCAb Positive ratio’
positive
Xinjiang Uygur autonomous region (X ]) 180 days 67 8.96%2 10.45%2 2.99% 16.42%2
. (6/67) (7/67) (2/67) (11/67)
Neimenggu autonomous region (NMG) 180 days 61 16.39%3< 14.75%? 3.28%2 27.87%
(10/61) (7/61) (2f61) (17/61)
Liaoning province (LN) 90 days 50 18% ¢ 8% 6% 20%2
(9/50) (4/50) (3/50} (10/50)
Shandong province (SD) 180 days 7 32.39%c 12.68% 2.82% 42,25%4
(23/71) (9/71) (2171) (30/71}
Henan province (HN) 180 days 135 8.89%7 12.59%* 1.48%% 20.00%?
(12/135) (17/135) (2/135) (27/135)
Jiangsu province (JS) 180 days 165 16.36%%¢ 35.15%0 4.24%3 47.27%4
; (27/165) (58/165) (7/165) (78/165)
Anhui province (AH) 90 days 60 6.67% o Qb 6.67%°¢
(4/60) (0/60) (0/60) (4/60)
Sichuan province (SC) 90 days 93 21.51% 11.83%° 7.53%¢ 25.81%3%=
(20/93) (11/93) (7/93) (24/93)
Chongging municipality (CG) 180 days 84 25%¢ 29.76%" 19.05%4 35.71%be
: (21/84) (25/84) (16/84) (30/84)
Jiangxi province (JX) 90 days m 24.32%¢ 22.52%b 7.21%¢ 39.64%b4
(27)111) (25/111) (8/111) (44/111)
Fujian province (FJ) 180 days 64 0% d 15.63%30 ob 15.63%3<
(0/64) (10/64) (0/64) (10/64)
Guangxi Zhuang 90 days 140 22.86%° 27.86%" 12.14%cd 38.57%04e
Nationality autonomous region (GX) (32/140) (39/140) (17/140) (54140)
Guangdong province (GD) 90 days 72 11.11% 19.44%5 417% 26.30%3¢
(8/72) (14/72) (3/72) (19/72)
Total - 1173 16.97% 19.27% 5.88% 30.35%
(199/1173) (2261173) (69/1173) (356/1173)

Values bearing a different superscript letter (3, b, c. d, €) within a column differ significantly from one another (P<0.05).
" Positive ratio (%)=[{numbers positive by TCA + numbers positive by TCAb)~(numbers positive by both TCA & TCAb)]/ numbers of total samples.

Fig. 1. The provinces/municipalities in Mainland China where chickens have been surveyed for T. gondii. Shadowed areas are the sampling locations for the
present survey. X], Xinjiang Uygur autonomous region; NMG, Neimenggu autonomous region; LN, Liaoning province; 5D, Shandong province; HN, Henan
province; AH, Anhui province; |S, Jiangsu province; SC, Sichuan province; CG, Chongqing municipality; JX, Jiangxi province; F], Fujian province; GX, Guangxi
Zhuang Nationality autonomous region; GD, Guangdong province.
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samples from each province was shown in Table 1. The
chickens of each flock were randomly selected, and one
blood sample was collected from each chicken. The sam-
ples were collected according to the rate of 1:100 in
the flock. From each province or municipality, six flocks
with the size 1000~-3500 were investigated. The thirteen
provinces/municipalities selected for the study covered
Eastern China (Shandong province, Jiangsu province, Anhui
province and Fujian province), Southern China (Guang-
dong province, Guangxi Zhuang Nationality autonomous
region), Central China (Henan province, Jiangxi province),
Northern China (Neimenggu autonomous region), north-
west (Xinjiang Uygur autonomous region), northeast
(Liaoning province) and southwest (Sichuan province,
Chongging municipality) of China. The location of the flocks
is shown in Fig. 1.

Data regarding these chickens (species, age, and loca-
tion) were also recorded. All these FR chickens were
raised on ground, allowed to roam freely without fencing
and only housed at night with the maximum density of
1 chicken/m?,

2.2. Sera preparation

Sera were obtained by centrifugation of clotted blood
and kept at 4°C until being dispatched to the laboratory
with cold packs by air. After that, all the sera were stored
at —20°C before use.

2.3. Serological examination

The circulating antigens and antibodies were deter-
mined with the “Chicken toxoplasma circulating antigen
(TCA) ELISA Kit” (DRE73521, R&B Scientific, USA) and
“Chicken toxoplasma circulating antibody (TCAb) ELISA
Kit” (DRE73549, R&B Scientific, USA), respectively, accord-
ing to manufacturer’s instructions. In brief, 50 pL of diluted
chicken sera (1:5) were added to each well (pre-coated
with antigen or an antibody specific to TCA) in triplicate
and incubated at 37°C for 1 h. The wells were washed five
times with washing solution (PBS containing 0.05%, v/v
Tween-20) and peroxidase-conjugated rabbit anti-chicken
antibody (IgY-HRP) or HRP-conjugated rat anti-TCA spe-
cific antibody was added to each well afterwards. The
tetramethylbenzidine (TMB)-peroxidase substrate system
was used for the colorimetric reaction. After stopped by
50 wL 2 M sulphuric acid (HzS04), plates were read at an
optical density of 450nm in the Model 550 microplate

ELISAreader (Bio-Rad).Standard positive and negative con-.

trols were included on each plate. When positive control
serum reached OD> 1 and negative control serum should
not exceed OD =0.15. The cut-off point of OD value of a pos-
itive sample was set to be the least >0D value of negatwe
control (+0.15).

2.4. Determination for the positive ratio

The positive ratio from a given locality was calculated.
using the following formula: positive ratio (%}= [(numbers
positive by TCA+numbers positive by TCAb)—(numbers
positive by both TCA and TCAb)]/numbers of total samples

The overall positive ratio was taken from all the positive
samples of all locations using the same formula (Table 1),

2.5, Statistical analysis

Statistical analyses of T. gondii prevalence in FR chickens
from different admmlstranve regions and age groups were
performed by x2-test with excel (Microsoft® Excel 2003),
The differences were considered statistically significant if
p<0.05. Correlations between TCA and TCAb were tested
with Pearson'’s rank correlation coefficient.

3. Results

3.1. Positive ratios for TCA and TCAb and the overall
ratios for the thirteen provinces/municipalities

A total of 1173 FR chicken serum samples from 13
provinces/municipalities were tested for T. gondii circu-
lating antigens and antibodies, respectively. 199 (16.97%)
were positive for TCA, 226 (19.27%) were positive for TCAD,
69 (5.88%) were positive for both TCA and TCAb, and the
total seropositive rate was found in 356 (30.35%) out of
1173 samples (Table 1)}. The total seropositive rates of the
13 provinces{municipalities ranged from 6.67% to 47.27%.

Detecting TCA, the positive rates of the 13
provinces/municipalities ranged from 0% to 32.39%
(Table 1). Shandong province (SD) was the high-
est location (p<0.01) compared with the other 12
provinces/municipalities. Seven provinces/municipalities
including Neimenggu autonomous region (NMG), Liaoning
province (LN), Jiangsu province (JS), Sichuan province
(SC), Chongging municipality (CG), Jiangxi province (JX)
and Guangxi Zhuang Nationalityautonomous region (GX)
had relatively high positive rates ranged from 16.36% to
24.32%, but with no significant differences among them
(p>0.05). However, no samples out of 64 tested were
found positive (0%) in Fujian province (FJ) and it was the
lowest (p<0.01) province in this study.

Detecting TCAb, the positive rates of the 13
provinces/municipalities ranged from 0% to 35.15%
(Table 1). Jiangsu province (JS) was significantly higher
than the other 12 provinces/municipalities except
Chongging municipality (CG) (p>0.05, x?=3.248) and
Guangxi Zhuang Nationality autonomous region (GX)
(p>0.05, x*=1.231). The TCAb positive rates in Xinjiang
Uygur autonomous region (XJ), Neimenggu autonomous
region (NMG), Liaoning province (LN), Shandong province
(SD). Henan province (HN), Sichuan province (SC) and
Fujian province (F]) ranged from 8.0% to 15.63%, and
differences among these regions were not statistically
significant (p > 0.05). However, no samples out of 60 tested
were found positive (0%) in Anhui province (AH) and it
was the lowest (p<0.01) province in this study.

The overall positive ratios of Jiangsu province (JS)
and Shandong province (SD), Chongqing municipality
(CG), Jiangxi province (JX) and Guangxi Zhuang Nation-
ality autonomous region (GX) were highly significant
(p<0.01) than the other provinces/municipalities while
Anhui province (AH) and Fujian province (FJ) both of

- them had the low positive ratios (p<0.01) compared to
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Table 2
Seroprevalence of Texoplasma gondii in FR chickens of seven large regions of China.
Provinces/municipality (lecation on map) No. tested TCA positive TCAb positive TCA and TCAb Positive ratio”
positive
Eastern China 360 15.0%2 21.39%¢ 2.5% 33.89%°
(54/360}) (77/360) {9/360) (122/360)
Southern China 212 18.87%* 25,0%34 9.43%0 34.43%
(40/212) (53/212) (20/212) (73/212)
Central China 15.85%° 17.07%%¢ 4.07% 28.86%°
246 (39/246) (42/246) (10/246) (71/246)
Northern China 61 16.39%* 11.48%° 3.28%° 24.59%b
(10/61) (7161) (2/61} (15/61)
Northwest of China 67 8.96%3 10.45%° 2.99%° 16.42%°
(6/67) (7167) (2/67) (11/67)
Northeast of China 84 25.0%° 29.76%%4 19.05%¢ 35.71%2
(21/84) (25/84) (16/84) (30/84)
Southwest of China 177 23.16%" 20.34%4 12.99%b< 30.51%2
(41177) (36/177) (23177) (54/177)

Values bearing a different superscript letter (a, b, c, d) within a column differ significantly from one another (P <0.05).
" Positive ratio (%) =[(numbers positive by TCA+numbers positive by TCAb)~(numbers positive by both TCA & TCAb)]/numbers of total samples.

other provinces/municipalities. There were no significant
differences (p>0.01) among Xinjiang Uygur autonomous
region (X]), Neimenggu autonomous region (NMG), Liaon-
ing province (LN), Henan province (HN), Sichuan province
(5C) and Guangdong province (GD).

No significant correlation was found between TCA and
TCAbinthe 13 provinces/municipalities (r=0.463, p>0.05).

3.2, Positive ratios for TCA and TCAD and the overall
ratios for the seven large regions of China

TCA positive rates for the seven regions were ranged
from 8.96% to 25.0% as shown in Table 2. Northeast of China
was significantly higher than both Eastern China (p<0.05,
x2=4.853) and northwest of China (p<0.05, x*>=6.534).
Similarly, southwest of China was also significantly higher
than both Eastern China (p<0.05, x2=5.431) and north-
west of China (p<0.05, x*>=6.309).

TCAD positive rates for the seven regions were ranged
from 10.45% to 29.76% as shown in Table 2. Northeast of
China was significantly higher than Central China (p <0.05,
x%=4.352), Northern China (p < 0.05, x* =5.053)and north-
west of China (p<0.05, x2=6.387). Meanwhile, southern
Chinawas also highly significant compared to Central China
(p<0.05, x>=6.231), Northern China (p<0.01, x*>=6.871)
and northwest of China (p<0.01, x2=8.325). The positive
ratios of northern China and northwest of China were rela-
tively lower than those of other regions in the present study
with 11.48% and 10.45%, respectively.

The overall: positive ratios in each region ranged from
16.42% to 34.43% (Table 2). Northwest of China was statis-
tically the lowest region compared to the other 6 regions.

Table 3

However, among the remaining 6 regions of Eastern China,
Southern China, Central China, Northern China, northeast
of China and southwest of China, the levels were not sig-
nificantly different.

Asignificant correlation was detected between TCA and
TCAbin the seven large regions of China (r=0.876,p<0.01).

3.3. TCA, TCAb and the overall positive ratios to T. gondii
of FR chickens affected by age

The TCA positive rates for the 180 days old and 90 days
old chickens were 15.3% and 19.01%, respectively, while for
TCAD they were 20.56% and 17.68%, respectively (Table 3).
And for the overall positive rate it was 31.38% and 29.47,
for both groups respectively. The TCA positive rate of 180
days old FR chickens was a little lower than that of 90
days old FR chickens, while TCAb and overall positive rates
were slightly higher. There were no statistically signifi-
cantdifferences between the two groups with TCA(p > 0.05,
x%=2.835), TCAb (p>0.05, x2=1.543) and overall positive
rate (p>0.05, x2=1.179).

There was no significant correlation between TCA and
TCAb in the two age groups (r=0.402, p>0.05).

4. Discussion

Many surveys detecting T. gondii infection in FR
chickens have been conducted in a number of coun-
tries and the prevalence rates in most of these studies
ranged between 36.3% and 85.7% (Dubey et al, 2003,
2004, 2005b,c, 2006a,b,c, 2007, 2008; Lindstrom et al.,
2008). However, in the present study, the 13 surveyed

Toxoplasma gondii infection in chickens of China determined by ELISA test affected by age.

Age No. * No. TCA TCA No. TCAb TCAb No. TCA and TCA and TCAD Total
examined positive prevalence.  positive prevalence TCAD positive prevalence prevalence

180days 647 99 o 153% 133 20.56% 31 4.79% 31.38%

90days 526 F1000 . 19.01% 93 17.68% 38 7.22% 29.47%
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provinces/municipalities showed that the total seropreva-
lence of T. gondii in FR chickens was 30.35% which is
significantly lower than some reports in other coun-
tries including Nicaragua (Dubey et al,, 2006c), Uganda
(Lindstrom et al, 2008), Chile (Dubey et al., 2006a),
Israel (Dubey et al., 2004) and Colombia (Dubey et al.,
2005b). Although the average seroprevalence was lower,
some provinces/municipalities such as Jiangsu province
(47.27%) and Shandong province (42.25%) still existed a
high infection rate. In addition, comparing the findings
of the current investigation with those previously con-
ducted in China, the prevalence rate of total TCAb (29.76%)
in northeast China was also lower but without signifi-
cance (p > 0.05, x*=0.559) compared with previous reports
(34.7%) (Zhu et al., 2008). Meanwhile, the rate of total TCAb
(25.0%) in southern China was significantly higher (p <0.05,
x2=6.212) compared with the other report (11.4%) (Yan
et al., 2008). In the previous study of northeast China (Zhu
et al., 2008), the FR chickens were purchased without any
consideration on sex and age from 3 villages and enzyme-
linked immunosorbent assay (ELISA) method was used to
detect the anti-T. gondii igG in chickens, while in the study
of southern China (Yan et al., 2009), serum samples were
collected from two slaughterhouses in Guangzhou City
from approximately six-month old FR chickens and tested
for T. gondii antibodies with the modified agglutination test
(MAT). All the chickens in these studies were raised on
ground and had free access to feed and water. The breeds
in this study were local chicken for egg or meat, but were
not detailed in the previous studies. The infection rate in
this study was significantly higher than previous study in
southern China while northeast China was not which indi-
cated that ELISA method was more sensitive than MAT. So,
the variation in seroprevalence rates of China might mainly
depend on the sensitivity of the serological methods used
and also the age at which the samples were collected. These
results indicated that T. gondii infection was spread widely
in China and in accordance with previous study that the
average rate always above 30% (Dubey, 2009).

Worldwide seroepidemniology studies of T. gondii
infection in free-range chickens were performed with tech-
niques like MAT (Modified agglutination test) method
(Dubey et al., 2005a, 2008; Dubey and Jones, 2008). How-
ever, the MAT titer that should be considered specific
for the diagnosis of toxoplasmosis in poultry has not
been determined (Dubey, 2009) because T. gondii could be
isolated from chickens with a MAT titer of only 1:5 occa-
sionally. Similar studies in pigs (Garcia et al., 2008; Hill
et al., 2006) had shown that ELISA method has a higher
sensitivity rate and it could perform better than the MAT
method for detecting serurn antibodies for Toxoplasma. So,

in this research, we used ELISA method to detect the infec-

tion with Toxoplasma. ;

As reported previously T. gondii circulating antigen
(TCA) was considered to be a direct evidence _that an infec-
tion was present and could be easily detected during th.e
acute phase (Wang etal., 2011b). But, in this phase, the anf:t-
bodies may not produce. Therefore, if detection only relies
on circulating antibodies some positive samples m:ght_be
neglected. So, in the present study, serological detection

assays using both TCA and TCAb were performed by ELISA
technique,

Geographically, there are seven large regions in China,
including Eastern China, Southern China, Central China,

- Northern China, northwest, northeast and southwest of

China based on the different natural climates. In the seven
regions, the overall positive rate of northwest China was
lower than that of the other six regions. The reason behind
that might be the arid and rainless climate there, and the
drying under low humidity and high temperature were
deleterious for the oocysts (Dubey, 2009). So possibly that
is the main reason for the lower infection rate to T. gondii of
FR chickens in the northwest of China. Northeast of China
had relatively higher overall positive rate than the other
regions in this study and this might be associated with the
lower temperature in the summer (an average temperature
of —5°Cinthe northand 5°Cin the south) which could keep
the oocysts of T. gondii alive after sheded by infected cats
and likely to infect the FR chickens.

Considering the age, the present survey showed that
TCAD rates were higher in older group (180days) in con-
trast to TCA rates which were higher in youngers (90 days),
although the differences were not statistically significant
(p>0.05). Meanwhile, the overall seroprevalence showed
that the infection was much more spread in older chick-
ens than the younger ones (Table 3). These findings were
similar to those of sorme previous investigations in goats
and sheep (Wang et al., 2011a). The reasons behind this
might be that the older animals had more opportunities to
get infected than the younger ones. In addition, for gener-
ally TCAb once produced may persist for a long time while
TCA is short, so it is much likely to detect antibodies in
older chickens than in the younger ones and accordingly
the infection status can be defined as dormant in olders and
active in the youngers. In this research, only two age groups
were investigated. The relationship between the age and
the infection needs further researched.

Felids, in particular the cat, are the only known animals
that can excrete environmentally resistant oocysts, play-
ing animportant role in the epidemiology of toxoplasmosis
(Dubey, 2009). The distribution of . gondii in chicken might
be related to the cats that disseminated the oocysts in the
soil. On the other hand, cats could be infected from eat-
ing chicken meat, wild birds and rodents infected with T,
gondii, However, investigations on these hypotheses still
need to be conducted.

Some studies have shown that consuming undercooked
infected chicken is animportant source of T. gondii infection
for hurmans (Boyer et al., 2005). Therefore, T, gondii infec-
tion in chickens is epiderniologically significant. People in
some places of China have the habit of eating under-cooked
chicken kabob’, so people there should be aware of the risk
of encountering T. gondii infection.

In conclusion, the results of the present survey and
other surveys indicated that infection with T. gondii in free-
ranged chickens is widely spread in China, and since it
is a zoonotic health problem, public health care organi-
zations including human and animal departments beside
the hygiene policy makers should raise the concerns and
collaborate together to confine this issue.
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Transcriptional and proteomic analysis reveal
recombinant galectins of Haemonchus contortus
down-regulated functions of goat PBMC and
modulation of several signaling cascades in vitro
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ARTICLEINFO i ABSTRACT
Article history: In this study, a combined proteomic and transcriptomic analysis was performed to understand
Received 12 June 2013 the mechanisms underlying the immunomodulation induced by recombinant galectins of
Accepted 20 December 2013 Haemonchus contortus (rHco-gal-m/f) on goat peripheral blood mononuclear cells (PBMC). We
Available online 5 January 2014 demonstrated that rHco-gal-m/f could be distinguished by antisera from goats experimentally
infected with H. contortus and bound to the surface of goat PBMC. Following rHco-gal-m/f
Keywords: exposure, 16 differentially expressed proteins were identified, which function in biological
Galectins processes such as stimulus response, biological regulation and localization. According to Gene
Haemonchus contortus Ontology Annotation, 15 proteins (93.8%) had binding activity and 9 proteins (56.3%) had
PBMC catalytic activity. A series of transcriptomic analyses were performed subsequently to assess
Signal pathway the expression change of certain pathway members. The integrated results of proteomic and

transcriptomic analysis suggested that the activation of VEGF pathway, free radical producing
pathway, NF«B pathway and ubiquitin-proteasome pathway was inhibited following exposure
to rHeo-gal-m/f, while the TLR pathway and CASPASE pathway were activated. Cytokine
preduction and T cell differentiadon were also influenced. Cell migration assays and ELISA were
performed and the results were in accordance with the change of the proteins and genes. The
protein and gene profiles determined here identified several mechanisms underlying the
rHeo-gal-m/f-induced immunomodulation of goat PBMC,

Biological significance
This research provided insight into the interactive relationship between parasitic nematode
galectins and host PBMC. It also shed new lights on the understanding of molecular
mechanisms of helminthic immune evasion.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction specific affinity for p-galactoside and a conserved specific

sequence motif called the carbohydrate recognition domain
Galectins are a farnily of S-type lectins, found in vertebrates (CRD) [1]. Although galectins lack a typical secretion signal
and invertebrates, that are characterized by two features: a  peptide and have features of cytosolic and nuclear proteins,
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they can be secreted into the extracellular space by non-classical
(non-Endoplasmic Reticulum-Golgi body) pathways [2]. To date,
15 mammalian galectins (galectin-1 to 15) have been cloned and
functionally characterized, revealing various roles in apoptosis,
chemoattraction, cell adhesion, cell proliferation, cytokine
secretion and immune responses [3]. Growing evidence from
recent studies indicates that host galectins can function as
pattern recognition receptors (PRRs) that crosslink glycans on
the surfaces of viruses [4], bacteria [5] and helminths [6],
which, like many other receptor-ligand systems, can trigger a
cascade of transmembrane signaling events in different biclog-
ical processes such as cell-cell interaction, cell-pathogen inter-
action as well as activation and homeostasis of immune cells 3]

Parasitic nematodes infections induce serious diseases in
humans and animals [7]. Galectin-like proteins have also been
identified in parasitic nematodes, cestodes and Pprotozoa, such
as Onchocerca volvulus, Teladorsagia circumcincta, Caenorhabditis
elegans, Haemonchus contortus, Trichostrongylus  colubriformis,
Taenia seriglis and Fasciola hepatica [3]. It was reported that
galectins of T. colubriformis could be recognized by sera from
sheep artificially infected with the nematode [8]. Turner et al.
[9,10] reported that galectins extracted from infective larvae
(L3 stage) of H. contortus exhibited a specific chemokinetic
activity to attract eosinophils. Recently, it was demonstrated
that a recombinant galectin of Toxascaris leonina could enhance
the production of TGF-g and IL-10 in mice spleen lymphocytes
and suppress intestinal inflammation [11]. Proteomic analysis
of excretory/secretory (ES) proteins indicated galectins were
expressed numerously in H. contortus, Ostertagia ostertagi and
T. circumcincta [12]. ES proteins, produced during the invasion
and development of parasites, could help them to penetrate the
defensive barriers and avoid the immune attack of the host [12],
so the parasitic galectins might play an important role in the
parasite survival and immune evasion.

In our previous research, we reported that two isoforms of
galectins, Heo-gal-m (Acc. No. AY253330) and Hco-gal-f (Acc.
No. AY253331), derived, respectively, from male {m) and female
(f) H. contortus, varied by one amino acid in the G-terminal CRD
[13]. Both galectins could hemagglutinate human, dog, rabbit,
chicken and mouse erythrocytes, but not the erythrocytes of
goat, one natural host of H. contortus [14]. They also had the
ability to inhibit the mRNA transcription of goat cytokines [15]
and induce apoptosis of goat PBMC in a dose-dependent
manner [16]. Vaccination of goats with rHco-gal-m/f signifi-
cantly reduced the fecal egg output, as well as worm burdens,
and increased levels of IgG in the vaccinated groups compared
to the negative controls post challenge with H. contortus [17].

All these findings suggested that galectins of parasitic origin
actively participated in the interactions between mammalian

hosts and infective pathogens and might contribute to parasitic

invasion or modulation of the host immune response [18].
However, the mechanisms underlying the immune modulation
and evasion induced by parasitic galectins remain unclear.
The aim of this research was to study changes in the
expression of genes and proteins in host immune cells (goat
PBMC) following exposure to parasitic galectins (rHco-gal-m/f).

To achieve this, a proteomic study was conducted to identify

potential protein regulators that underlie the rHco-gal-m/f
induced immunomodulation by comparing the changes 1n't}3e
proteome of goat PBMC. Simultaneously, real-time PCR ana}ys_ls

was performed to analyze the effects of rHco-gal-m/f on some
related signaling cascades. The integrated results are of funda-
mental importance for further studies of the mechanisms by
which parasitic galectins contribute to parasite immune evasion
or modulation of the host immune response, and provide a new
insight into the pathways involved in host-parasite interactions.

2. Materials and methods
2.1. Ethics statement

The experiment was conducted following the guidelines of the
Animal Ethics Committee, Nanjing Agricultural University,
China. All experimental protocols were approved by the Science
and Technology Agency of Jiangsu Province. The approval ID is
SYXK (SU) 2010-0005.

2.2. Parasites and animals

H. contortus strain (designated Nanjing 2005) was originally
obtained from Nanjing (Jiangsu Province, China) and main-
tained by serial passage in 3-6-month-old, helminth-free goats
[19]. Third stage larvae (L3) used for challenge were cultured
from the feces of the monospecifically infected goats at 26 °C
and stored in water at a concentration of 2500 larvae/ml at 4 °C.

Local crossbred male goats (3-6-month-old) from the teach-
ing and research flock at Nanjing Agricultural University were
housed indoors in pens containing six goats per pen. The male
goats were fed hay and whole shelled com and provided with
water ad libitum. All goats were dewormed twice at 2 week
intervals with levamisole (8 mg/kg bodyweight) orally at the
time of housing to remove naturally acquired strongylid infec-
tion. After 2 weeks, a fecal sample from each goat was examined
by microscope for helminth eggs, according to standard parasi-
tological techniques. Goats exhibiting no eggs were used in the
subsequent study and daily health observations were performed
throughout the experiment.

SD rats (body weight ~150 g) were purchased from Experi-
mental Animal Center of jiangsu, PR China (Qualified Certificate:
SCXK 2008-0004) and were raised in a sterilized room and fed
sterilized food and water.

2.3. Preparation of rHco-gal-m/f

The rHeo-gal-m and rHco-gal-f were expressed and purified as
previously described [17]. In brief, galectin cDNAs of male {m)
and female (f) adult H. contortus worms were cloned into the
PBV220 prokaryotic expression vector, respectively. Escherichia
coli DHSe: cells containing Heo-gal-m or Hco-gal-f expression
plasmid were cultured in Luria-Bertini medium with ampicillin
(100 pg/ml) and induced at 42 °C to express the recombinant
proteins. The purified recombinant proteins were dissolved in
PBS (pH 8.0) containing 0.1 mM DTT (PBS/DTT). The purity of
the protein preparation was determined by SDS-PAGE. Protein
concentrations were determined by Bradford method. LPS was
depleted from the recombinant galectins using Detoxi-Gel
Affinity Pak prepacked columns (Pierce, USA). Endotoxin levels
of the purified samples (<50 ng per 1 mg of the recombinant
proteins) were measured using a LAL gel clot assay (Cape Cod,
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USA). Then, equal amounts of rHco-gal-m and rHco-gal-f were
mixed and named as rHco-gal-m/f for further application.

2.4. Generation of polyclonal antibodies

The goat antisera used in westemn blot analyses were collected
from five goats experimentally infected with H. contortus. The
goats were raised in helminth-free conditions and then orally
challenged with 5000 infective L3. One month later, the goat
antisera were collected and stored at —70 °C until use.

To generate polyclonal antibodies against rHco-gal-m/f,
0.3 mg of purified rHco-gal-m/f was mixed with Freund's
complete adjuvant (1:1) and injected into SD rats subcutane-
ously in multiple places, following the method described by
Han et al. [20]. After the first injection, rats were then boosted
four times at 2-week intervals with the same dose. The sera
containing specific anti-rHco-gal-m/f antibodies were harvest-
ed 10 days following the last injection and the specific reactivity
with rHeo-gal-m/f was checked by western blot (Supplementary
data, Fig. 51).

2.5. Western blot analysis

Purified rHco-gal-m and rHeo-gal-f (20 ug) were resolved on 10%
SDS-PAGE and transferred to Hybond-C extra nitrocellulose
membranes (Amersham Biosciences, UK). Non-specific binding
sites were blocked by immersing the membranes in 5% skim
milk in Tris-buffered saline (TBS) for 1 h at room temperature.
The membranes were then washed 5 times (S min each) in TBS
containing 0.1% Tween-20 (TBST). Subsequently, the membranes
were incubated with the primary antibodies (antiserum from
goats experimentally infected with H. contortus) for 1h at 37 °C
{dilutions 1:100 in TBST). After being washed 5 times in TBST, the
membranes were then incubated with HRP-conjugated rabbit
anti-goatigG (Sigma, USA) for 1 hat 37 °C (diluted 1:2000 in TBST).
Finally, the immunoreaction was visualized using freshly pre-
pared diaminobenzidine (DAB, Sigma} as a chromogenic sub-
strate after 5 min.

2.6. Isolation and treatments of PBMC

Heparinised blood was collected by venipuncture from six
dewormed healthy goats. PBMC were separated with the
standard Ficoll-Hypaque (GE Healthcare, USA) gradient centri-
fugation method [21] and washed twice in Ca?*/Mg**-free PBS
pH 7.4. Cell viability assessed by means of the trypan blue
exclusion test was consistently >95%. The PBMC were resus-
pended to a final density of 1 x 10° cells/ml in DMEM (GIBCO,
USA) containing 10% heat inactivated fetal calf serum (FCS),
100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen,
USA). PBMC were treated with rHco-gal-m/f (20 pg/ml) or equal
volume of vehicle control buffer (PBS/DTT) for 24 h at37 °Cina
hurnidified environment containing 5% CO,. After different
treatinents, the PBMC were harvested for proteormic study and
real-time PCR analysis.

2.7. Binding of rHco-gal-m/f to PBMC

Freshly isolated PBMC as described above (Section 2.6.) were
seeded into 24-well plates and cultured on glass coverslips

with rHco-gal-m/f (5 pg/ml). The non-treated cells were set as
control. After incubation at 37 °C for 1 h, the coverslips were
washed with 0.1 M PBS and fixed in 4% paraformaldehyde for
30 min at room temperature. The cells were then incubated
with PBS containing 5% normal goat serum for 30 min at room
temperature to block non-specific binding before the addition
of rat anti-rHco-gal-m/f polyclonal antibodies (diluted 1:100in
PBS containing 5% normal goat serum), which was incubated
overnight at 4 °C. Primary antibodies were detected by Cy3
goat anti-rat IgG (ab6953, Abcam) diluted 1:400 with the same
blocking solution and incubated at 37 °C for 1 h, Cells were
counterstained with DAPI and DiO (Beyotime Institute of
Biotechnology, China). Thus, rHco-gal-m/f, nucleus and cell
membrane appeared to be red, blue and green, respectively.
The cells were visualized with a confocal laser scanning
microscopy (LSM 710; Carl Zeiss, Germany) with a 100x oil
immersion objective. Red, green and blue color channels,
corresponding to Cy3, DIO and DAPI, respectively, were
selected to acquire image. The fluorescence settings used
for rHco-gal-m/f-treated cells were the same to that used for
control cells. An unstained control was conducted to detect
auto-fluorescence or background staining of the cells and the
protein. Image acquisition and synergistic combination were
performed automatically using ZEN software (Carl Zeiss,
Germany). Three independent samples were investigated.

2.8. 2-DE

Control and treated PBMC were resuspended by pipetting
repeatedly and collected by centrifuge at 400 xg for 10 min.
Subsequently the cells were washed 3 times with ice-cold PBS.
After centrifugation for 10 min at 2500 xg, the supernatants
were discarded, and cell pellets were dissolved in lysis buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 40 mM DTT, 0.2% Bio-Lyte
3-10 ampholytes) containing protease inhibitor (Sigma-Aldrich).
The cells were homogenized by ultrasonication (10 strakes, low
amplitude) on ice. The lysed cells were centrifuged at 15,000 xg
for 30 min at 4 °C, and the supernatants containing the
solubilized proteins were used directly or stored at -80 °C.

A 100 pg protein sample was applied for isoelectric
focusing (IEF} using the Immobiline DryStrip (18 cm, pH 3-10, GE
healthcare). The strips were placed into the Ettan IPGphor
Isoelectric Focusing System (GE Amersham) and were rehydrated
at 30 V for 12 h. The proteins were separated based on their pl
according to the following protocol: 500 Vfor 1 h, 1000 Vfor 1 h,
8000 V for 8 h and 500 V for 4 h. After IEF, the IPG strips were
equilibrated in equilibration buffer I {6 M urea, 2% W/V SDS,
375 mM Tris-HCl pH 8.8, 20% V/V glycerol, 2% W/V DTT) for
15 min, followed by further treatment in equilibration buffer II
(6 M urea, 2% W/V SDS, 375 mM Tris-HCl pH 88, 20% V/V
glyceral, 2.5% W/V iodoacetamnide) for another 15 min, The IPG
strips were then directly applied onto 12.5% SDS-PAGE gels for
electrophoresis using a Hoefer SE 600 Series Vertical Electropho-
resis Systems (GE Amersham) with an initial constant current of
15 mA/gel for 30 min, followed by 30 mA/gel until the tracking
dye reached the bottoms of the gels. For the paired (control and
1Hco-gal-m/f-treated) protein samples, triplicate electrophareses
were performed to ensure reproducibility. The gels were then
stained using Silver Stain Plus Kit (Bio-Rad, USA) according to the
manufacturer's instructions.
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2.9. Image analysis

The stained 2-DE gels were visualized at 150 dots/in (dpi)
using Typhoon 9200 laser scanner (GE Healthcare, USA) and
analyzed using ImageMaster™ 2D Platinum 5.0 software (GE
Healthcare, USA). Comparisons were made between gel images
of protein profiles obtained from the rHco-gal-m/f-treated
group and control group. The individual protein spot value
was normalized as follows: the volume of each spot in a
member gel was divided by the total volume of the valid spots in
the gel, and normalized spot volumes were expressed in volume
percentage (vol.%). The overlapping measures ratio was chosen
to find protein expression changes according to the manual of
Image Master 2D Platinum software (version 5.0). Spots with
volume alteration greater than 50% (fold change > 1.5} at 95%
confidence interval (Student's t test; p < 0.05) were considered to
be statistically significant.

2.10. Gel excision, tryptic digestion, and desalting

The differentially expressed protein spots were excised manually
from the gels and placed into a 96-well microtiter plate, Briefly,
gel pieces were destained with a solution of 30 mM potassium
ferricyanide and 100 mM sodium thiosulfate (1:1 v/v) for 20 min
at room temperature. Then the gel pieces were washed with
Milli-Q water until the gels were destained. The spots were
incubated in 0.2 M NHHCO; for 20 min and then lyophilized.
Each spot was digested overnight in 12.5 ng/ul trypsin in 25 mM
NH4HCO3. The pepfides were extracted three times with 60%
acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA). The extracts
were pooled and dried completely by a vacuum centrifuge.

2.11. MALDI-TOF MS/MS, database search and bioinformatic
analysis

MS and MS/MS analyses were performed at Shanghai Applied
Protein Technology Co. Ltd. MS and MS/MS data for protein
identification were obtained by using a MALDI-TOF-TOF instru-
ment (4800 proteomics analyzer; Applied Biosystems). Instru~
ment parameters were set using the 4000 Series Explorer
software (Applied Biosystems). The MS spectra were recorded
in reflector mode in a mass range from 800 to 4000 with a focus
mass of 2000. MS was used a CalMix5 standard to calibrate the
instrument (ABI 4700 Calibration Mixture). For one main MS
spectrum 25 subspectra with 125 shots per subspectrum were
accumulated using a random search pattem. For MS caIibraticr_l.
autolysis peaks of trypsin ([M + H] + 842.5100 and 2211.1046)
were used as internal calibrates, and up to 10 of the most
intense ion signals were selected as precursors for MS/MS
acquisition, excluding the trypsin autolysis peaks and the
matrix ion signals. In MS/MS positive ion mode, one main MS

spectrum 50 subspectra with 50 shots per subspectrum were

accumulated using a random search pattern. Collision energy
was 2 kV, collision gas was air, and default calibration was setby
using the Glul-Fibrino-peptide B ([M + H] + 1,570 6696) spotted
onto Cal 7 positions of the MALDI target.

Combined peptide mass fingerprinting (PMF} and MS[MS
queries were performed by using the MASCOT search engine
2.2 (Matrix Science, Ltd.) embedded into GPS-Explorer Soft-
ware 3.6 (Applied Biosystems) on the Mammalia (1@2,413

sequences) subset of the sequences in the National Center for

Biotechnology non-redundant (NCBInr) database (updated on

Feb. 10, 2012) with the following parameter settings: 100 ppm
mass accuracy, trypsin cleavage one missed cleavage allowed,
carbamidomethylation set as fixed modification, oxidation of
methionine was allowed as variable modification, MS/MS
fragment tolerance was set to 0.4 Da. A MASCOT confidence
interval of 95% was used for further manual validation.

Gene ontology (GO) annotations for identified proteins based
on BLAST results were performed using Blast2GO (www.blast2go.
de) [22]. The identified protein sequences were searched against
UniProtKB databases to find hemologue sequences, from which
the functional annotation can be transferred to the studied
sequences. In this work, the top blast hits with similarity over
30% and E-value less than 1e™*° for each query sequence were
retained, following which the GO terms associated to the blast
hits were retrieved and annotated. The Blast2GO software
was used to complement multiple identified proteins within
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic pathway database (http://www.genome.ad. jp/kegg/
pathway.html).

2.12. RNA extraction and preparation of cDNA

Total RNA was isolated from rHco-gal-m/f-treated and control
PBMC, which were isolated at the same time and from the
same animals used in the proteomic analysis. For each RNA
preparation, 5 x 10° cells were collected, then added into the
buffer RLT (QIAGEN, Germany) and immediately homogenized
by vortex. Total RNA was extracted using RNeasy Mini Kit
(QIAGEN, Germany) according to the manufacturer’s instruc-
tions. To determine quantity and ensure integrity of extracted
RNA, spectraphotometry was performed, using Biophotometer
(Eppendorf, Germany). The OD34/OD,g, absorption ratio of all
samples was between 1.8 and 2.0.

Residual genomic DNA was removed by treatment with
RNase-free DNase I (TaKaRa, Japan) according to the
manufacturer's instructions. For each reaction, 10 ng RNA was
treated with 10 U DNase [ at 37 °C for 40 min followed by
inactivation of the enzyme with 2.5 pl of 0.5 M EDTA at 80 °C for
3 min. Following digestion, RNA was precipitated by the addition
of 10 yl of 3 M sodium acetate and 250 pl of cold ethanol, and
incubation on ice for 10 min. RNA precipitate was harvested by
centrifugation (12,000 xg, 15 min, 4 °C), washed with 70% ethanol
and re-suspended in 20 pl of RNase free water (TaKaRa, Japan).
RNA quality was checked by agarose gel electrophoresis.

cDNA was prepared in a 20 pl reaction volume using 2 ug
of DNA-free total RNA per reaction. ThermoScript RT and

- Oligo(dT)20 primers (Invitrogen, USA) were used to synthesize

CDNA, according to the manufacturer's specifications. At the

. completion of the reaction, cDNA was diluted 1/5 in water and

stored at -80 °C until use.
2.13. Real-time PCR analysis of differentially expressed proteins

Real-time PCR was conducted on the ABI 7500 Real-Time PCR
System (Applied Biosystems, USA), using standard procedure
(Stage 1: Initial denaturation, 95 °C for 30 s, 1 cycle; Stage 2:
Amplification, 95 °C for 5s, 60 °C for 60 s, 40 cycles; Melt
Curve Stage: 60 °C-95 °C, ramp rate 1%.). Each reaction was
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performed in a total volume of 20 yl containing 1x SYBR®
Premix Ex Taq (TaKaRa, Japan), 500 nM of each primer and a
constant amount of ¢cDNA (corresponding to 20 ng of reverse
transcribed RNA for each sample). To ensure cDNA samples
were not contaminated with genomic DNA, reactions were set
up using 20 ng of non-reverse transcribed RNA in place of
cDNA. Failure to generate a detectable signal signified the
sample as DNA free. Negative (no ternplate) controls were
included in each PCR run. Melt curves were generated to
ensure a single amplicon had been produced. Primers specific
for target goat genes were designed with Beacon Designer 7.0
software (Premier Biosoft International, USA) according to
manufacturer's guidelines and the efficiency of each primer
set was verified by running standard curves in triplicates
using serial dilutions of the c¢DNA (Supplementary data,
Table S1).

The data processing was performed by the method of Kubista
et al. [23]. Target gene expression was normalized to GAPDH,
using the 7500 software version 2.0.6 (Applied Biosystems,
USA). The stability of GAPDH was analyzed as previously
described [24], using the cDNA samples derived from control
and rHco-gal-m/f-treated PBMC (Supplementary data, Table
S2). The PBS/DTT treated PBMC were selected as the reference
sample and the relative mRNA expression levels of target
genes in rHeo-gal-m/f treated PBMC were calculated using the
2724Ct method [25). Each experiment was tested in triplicate.

2.14. Transcriptional analysis of key genes related to signal
pathways

To detect gene expression changes of candidate signaling
pathways, RNA isolation and real-time PCR were performed
as described above (Section 2.12.). The expression profile of
the fifty-three selected genes associated with the vascular
endothelial growth factor (VEGF) pathway, free radical produc-
ing pathway, toll-like receptor (TLR) pathway, T cell develop-
ment pathway, apoptosis pathway, as well as cytokine-cytokine
receptor signal pathway were determined in response to
rHeo-gal-m/f stimulus. Each experiment was tested in triplicate.
The primers for PCR are listed in Supplementary data, Table §3.

2.15. Detection of the cytokine levels by ELISA

The freshly isolated PBMC were resuspended to a final density
of 5 x 10° in complete medium (RPMI 1640 supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-gluta-
mine, 10% FCS). In the test groups, cells were treated with
ConA (10 pg/mi) orrHeo-gal-m/f (20 pg/ml} or bath. The controls
received equal volume of vehicle buffer (PBS/DTT) alone. Then,
the cells were seeded into 24-well plates (1 ml/well) and
cultured for 24 h in 5% CO; atmosphere at 37 °C. Next, the
plates were then centrifuged at 200 xg for 15 min and the
supernatants were collected. The levels of L1, IL4, IL6 and IFNy
in supernatants were determined using commercially available
hovine ELISA kits (Thermo Scientific, USA), which were
reported to be able to cross-reactive with goat cytokines
[26]. The cell viability was assessed by means of the trypan
blue exclusion test before and after 24 h incubation of
activated PBMC with rHco-gal-m/f. Three individual experi-
ments were performed.

2.16. Cell migration assay

The cell migration assay was performed using a Transwell
system (Corning, USA), which allows cells to migrate throughout
an 8 um pore size polycarbonate membrane [27]. The protocol for
each group were as follows: the first group PBMC were incubated
with rHeo-gal-m/f (20 pg/ml) at 37 °C for 15 min, the second
group were incubated with lactose {30 mM) at 37 °C for 15 min,
the third group were preincubated with lactose for 15 min
followed by the treatment of rHco-gal-m/f for another 15 min,
and the control group was treated with an equal volume of PBS/
DTT. After different treatments, 1 x 10° cells of each group were
seeded in the upper chamber and cultured in 5% CO, atmosphere
at 37 °C, respectively. After 2 h of incubation the filters were
removed and the cells that migrated through the membrane into
the lower chamber were counted with a Neubauer counting
chamber in five high-power unrelated fields under a light
microscope (magnification 100x). The results were presented
as percentages of the seeded PBMC. Each experiment was
performed in triplicate.

2.17. Statistical analysis

All data are analyzed by SPSS for Windows version 15.0 (SPSS
inc., Chicago, IL, USA). Student’s t test was used for statistical
analysis. Results are expressed as the mean + SD and p < 0.05
was considered statistically significant.

3. Results
3.1. Purification of rHco-gal-m/f and western blot

After purification, recombinant galectins rHco-gal-m and
rHco-gal-f were viewed as single bands with the molecular
mass around 32.5 kDa on the SDS-PAGE (Fig. 1A). Western
blot analysis indicated that both rHeo-gal-m and rHco-gal-f
could be identified by the antiserum from goats experimen-
tally infected with H. contortus (Fig. 1B).

3.2. Binding of rHco-gal-m/f to PBMC

Goat PBMC were incubated with rHco-gal-m/f and the binding
was investigated by an immunofluorescence approach. As
depicted in Fig. 2, the emission from the Cy3-labeled rHco-gal-m/f
was red, the DAPI-labeled nuclei were blue and DiO-labeled cell
membrane was green. No fluorescence was observed under any
color channel in the unstained background control (not shown).
In the contrel group, no red fluorescence was observed (Fig. 2
lower panel). Intense red fluorescence was observed when the
cells were incubated with rHeo-gal-m/f (Fig. 2 upper panel). The
red color circled around the green one and partially overlapped
with it. It indicated that rHco-gal-m/f could bind to the surfaces of
PBMC.

3.3. Differentially expressed proteins in goat PBMC
Representative 2-DE gel images of control and rHeo-gal-m/f-

treated PBMC are shown in Fig. 3A. After rHco-gal-m/f treatment,
significantly differentially expressed protein spots (p < 0.05) with
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Fig. 1 - Purification of rHco-gal-m/f and western blot.

(A) Purified rHeco-gal-m/f were resolved by SDS-PAGE on 10%
of polyacrylamide gel and stained with Goomassie brilliant
blue R250. M: standard protein molecular marker; lane 1;
tHeo-gal-m; lane 2: rHco-gal-f. (B) Western blot analysis of
purified rHeo-gal-m (lanes 1 and 3) and rHeo-gal-f (Janes 2
and 4). Proteins are recognized by sera from goats as primary
antibody. M: standard protein molecular marker; lanes 1 and
2: sera from goats experimentally infected with H. contortus;
lanes 3 and 4: sera from normal goats. Data are representative
of 4 independent experiments.

atleast 1.5-fold change in volume as observed in all replicate gels
were scored.

Comparing standardized protein abundance data generat-
ed from the reference image, 19 protein spots were differen-
tially expressed as indicated by the spots marked with arrows
and ID numbers in Fig. 3A and by the expanded plots in
Fig. 3B. The average quantity values (%V) and their standard

rHco-gal-m/f DiO

Binding

Control

deviations of the spots, the statistical assay results, and the

fold differences are shown in Table 1,

All of these 19 spots, which represented 16 proteins, were
successfully identified by MS + MS/MS and are listed in Table 2.
Among these 16 proteins, 11 of them were up-regulated while 5
of them were down-regulated in rHco-gal-m/f-treated PBMC.
The result of MALDI-TOF MS/MS analysis of spot 1317 is shown
in Supplementary data, Fig. S2 as an example. The comprehen-
sive peptide evidence for identification and quantification of
goat proteins is provided as Supplementary data, Table §4.

3.4. Bioinformatic analysis

In an attempt to understand the biological functions of the
differentially expressed proteins, each identified known protein
was classified into cellular component, molecular function and
biological process according to its GO functional annotation and
hierarchy using Blast2GO. )

The cellular components ontology refers to the place in the
cell where a gene product is active [28]. Of the differently
expressed proteins, 13 occur in the organelle (GO:0043226), 10
occur in the cytoplasm (GO:0005623), 4 occur in the plasma
membrane (GO:0005886) and 10 occur in the nucleus (GO:0005634)
with the remainder occurring in the mitochondrion (G0:0005739)
and cytoskeleton (GO:0005856) which emphasizes the change of
vitality in the rHco-gal-m/f-treated PBMC.

For the molecular function ontology, activities of binding
(GO:0005488, 15 proteing, 93.8% of 16 annotated peptides) and
catalytic activity (GO:0003824, 9 proteins, 56.3% of 16 annotat-
ed peptides) were the two major molecular function catego-
ries (Table 2). Most of the assigned binding activity could be
assigned to protein binding (G0:0005515), nucleic acid binding
(GO:0003676), nucleotide binding (GO:0000166) and, to a lesser
extent, lipid binding (GO:0008289). The proteins in the catalytic

DAPI Merge 1 Merge 2

Fig. 2 - Binding of rHco-gal-m/f to PBMC. Goat PBMC were left untreated or incubated with rHco-gal-m/f (5 pg/ml) for 1 h at
37 °C. All cells were fixed and incubated with rat anti-tHco-gal-m/f antibody followed by Cy3 labeled goat anti-rat IgG (ved), The
nuclei and membranes of the corresponding cells were visualized by DAPI (blue) and DiO (green) staining, respectively. The
binding of rHco-gal-m/f to PBMC was visualized with a con_focal laser scanning microscopy, Merge 1, overlap of red and green
channels; Merge 2, overlap of red, green and blue r:l.xann.els': Bars are 5000 nm, Data are representative of 3 independent
experiments. S ; '
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Fig. 3~ The proteome maps (2-DE images) of goat PBMC. A, 2-DE images of control (A) and rHco—gal-me-treated (B) PBMC. This is
a representative of silver stained gel image (n = 3 independent experiments). Differentially expressed spots are shown by the
arrows. B, the expanded region of differentially expressed protein spots. The proteins within the circles are the differentially

expressed proteins.

activity group also can be classified into subgroups based on the
specific functions, and hydrolase activity {GO:0016787) is the
major subcategory involving 6 proteins (Table 2).

In the biological process category, the proteins were
involved in cellular process (GO:0009987), metabalic process
(G0:0008152), biological regulation (GO:0065007), response to
stimulus (GO:0050896) and localization (G0:0051179) with
a small portion related to other terms describing signaling
(GO:0023052), death (GO:0016265) and locomotion (GO:0040011).

Simultaneously; the identified proteins were searched
against KEGG metabolic pathway database, which contains
binary relations that represent molecular interactions and

relations. The identified proteins were mapped into 15 pathways
(Supplementary data, Table S5). Based on their close relationship
to cell survival and cytokine production, we focused on cell
cycle (KEGG Pathway ID: ko04110), calcium signaling pathway
(ko04020), nitrogen metabolism (ko00910), phagosome (ke04145)
and oxidative phosphorylation (ko00190). The corresponding
participators: proliferating cell nuclear antigen (PCNA), vimentin
(VIM), voltage-dependent anion-selective channel protein 2
(VDAC2), carbonic anhydras_e 2 (CA2), coronin-1A (CORO1A)
and NADH dehydrogenase [ubiquinone] 1 beta: subcomplex
subunit 7 (NDUFB7), were considered as key players in the
immunomodulation induced by rHco-gal-m/f (Table 1).
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3.5. Real-time PCR analysis of differentially expressed proteins

Six genes corresponding to the protein spots designated 1467,
1317, 1473, 791 (799/790), 1681, 1778, and 1069 were chosen for
quantitative real-time PCR analysis to quantify their transcript
levels (Fig. 4). Four of them were expressed, at increased levels,
namely 1467, 1317, 1473 and 791 (799/790), which had been
identified as PCNA, NPM1, VDAC2 and CORO1A. In contrast, the
two spots, 1681 (CA2) and 1069 (VIM), were down-regulated. The
PCR results were consistent with those of the 2-DE proteomic
studies, and suggested that these proteins identified as differen-
tially expressed were regulated at a transcriptional level,

3.6. Changes of key genes related to signal pathways

Although the differentially expressed proteins identified in this
study would provide an insight into rHeo-gal-m/f regulation of
specific cellular processes, only a few proteins relating to signal
transduction were detected in the proteomic analysis. This
may be explained by the 2-DE bias toward abundant proteins,
Signaling proteins of low abundance, such as kinases and
transcription factors, often cannot be detected by 2-DE [29,30].
So, gene members of candidate pathways were selected on the

basis of relevance to immunomodulation and further analyzed

by real-time PCR.

Following treatment of PBMC with rHco-gal- mlf the tran-
scription of all tested gene members of the VEGF pathway was
inhibited, except MMPS8 (Fig. 5A). Meanwhile, a decrease of free
radical producing genes (CYBA, CYBB, DUOX1, DUOX2, NCF1
and NOS24) at the transcriptional level was observed with an
increase of ARG1 (Fig. SB). In the TLR signaling pathway, the
transcripts of TLR1, 3, 4 and downstrearn members MYD88 and
FADD were up-regulated (Fig. 5C). The expression of DLL4, JAG1

and TBX21, which participate in T cell deve_]opr_héqt .p_ﬁﬂl""-'ﬂ}h_ :
were all decreased (Fig. 5D). Conversely, apoptosis mgnals (EAS,

.

CASPASE 3, 7 and 8) (Fig. 5E), anti-inflammatory cytokines (IL10
and TGFp1} (Fig. 5F), as well as the inhibitor of NF-«xB (NFKBIA)
(Fig. 5G) were found to be more abundantly expressed in
rHeo-gal-m/f-treated PBMC. Cytokines, including IFNv, IL2, L8,
IL8, and TNFa were all down-regulated in mRNA levels (Fig. SF).
(See the full names of the genes in Supplementary data,
Table S6.)

3.7. The alteration of secreted cytokine levels

In the real-time PCR analysis, many cytokine genes were
down-regulated. To confirm the expression changes of these
genes, the protein level of IL1, IL4, IL6, and IFNy in the culture
supemnatants were detected by ELISA {Fig. 6). Since the levels
of these cytokines in the control and rHeo-gal-m/f-treated
cultures were below the detection limit of the ELISA kits, the
difference between these two groups could not be judged.

This result is reasonable because in the absence of mitogen
stimulation, low levels of cytokines would be secreted by the
resting PBMC [31], not to mention the result of the real-time
PCR that rHeco-gal-m/f inhibited the transcription of these
cytokines, However, when ConA was employed in the cell
culture to activate the PBMC, these cells synthesized detect-
able levels of IL1g, IL4, IL6 and I[FNy (Fig. 6) as previously
reported [32,33). rHeo-gal-m/f reduced the secretion of 1L-1p
by 69.80 + 9.37%, IL- -4 by 51.86 x 6.91%, IL- -6 by 42.26 = 9.22%,
IFN-y by 20.61 = 6.70% and TNF-« by 23.93 + 0.59%, respec-
tively (Fig. 6). Meanwhile, the number of living cell ascertained
by trypan blue staining was decreased by 4.67 « 1.65% after
24 h incubation of PEMC with rHco-gal-m/f (not shown).

3.8. Effects on the cell migration

VIM and CORO1A play a critical role in the attachment and
migration of lymphocytes [34-36]. In the proteomic study,

e
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Fig. 4 - Confirmation of transcriptional regulation of
differentially expressed proteins by real-time PCR, Transcript
levels corresponding to spots (ID: 1681, 1069, 791 (795/790),
1467, 1317 and 1473} out of the 16 differentially expressed
proteins were presented relative to those corresponding to
GAPDH. Data represent mean = 5D of three individual
experiments; *p < 0.05 and *p < 0.001 versus the control.

both molecules were detected to be down-regulated (Table 1),
suggesting that the rHco-gal-m/f-treated PBMC had a de-
creased ability to migrate.

To confirm the impact of rHco-gal-m/f-treatment on PBMC
migration, a cell migration assay was performed in a Transwell
systemn. In the control group, 28.65 + 3.65% PBMC migrated into
the lower chambers, the number dramatically decreased to
6.85  1.44% after the treatment of rHco-gal-m/f (Fig. 7). When
PBMC were preincubated with lactose, the inhibitory action of
rHco-gal-m/f on cell migration was disrupted, and the percent-

age of migrated PBMC was up to 27.75 = 4.80% in sugar inhibiting-

group (Fig. 7). No significant difference was observed between
control group and lactose-treated group (31.33 + 4.88%) or sugar

inhibiting group. This result revealed that the rHco-gal-m/f .

induced suppression of cell migration was in accordance with
the down-regulation of VIM and CORO1A.

4, Discussion

The capacity of helminth parasites to modulate the immune
system underpins their longevity in the mammalian hast [37].
There is consequently an intense interest in understanding the
molecular basis of helminth immunomedulation. Galectins have
been recognized as significant immune modulators associated
with H. contortus infection [14-17]. y ;

In this research, rHco-gal-m/f could be recognized by the
serum of goats experimentally infected with H. contortus and
were able to bind to the surface of goat PBMC. When combined
with previous reports, it suggested that Hco-gal-m/f cquld
enter the host tissues and interact with the host immune

system. In the binding assay, however, some cells could not

be labeled with Cy3-labeled antibody. The negative binding

might be due to the lack of specific receptors on these cells. .

Which subpopulation of goat PBMC is the primary target of

rHeo-gal-m/f binding and the identification of ceu.-i_su;fagle:'
receptors for rHeo-gal-m/f still requires further rese.arch._-. G

In recent years, the proteomic approach has been success-

fully applied to the study of host-parasite interactions in mice

and sheep [38-41]. Moreover, the combination of proteormic
analysis with transcriptomic studies have proved to be a
powerful technique for the detection and identification of
more novel modulators related to stimulus response [42]. In
this study, a proteomic analysis was performed to identify the
potential protein regulators that underlie the rHeo-gal-m/f-
induced immunomodulation and 16 differentially expressed
proteins were successfully identified. GO analysis and other
bicinformatic techniques were applied to predict their possible
functions and plausible pathways. Integrated with a series of
transcriptomic studies, the protein and gene profiles revealed
that the mechanisms underlying the immunomodulation
induced by rHco-gal-m/f might be closely related to pathways
as discussed in the succeeding paragraphs.

- During the infectious process, a battle for survival takes
place between the host and the parasites. A directed migration
toward sites of infection is a mandatory process for the efficient
involvement of PBMC in the host defense against pathogen
stimulus. Vimentin (VIM), an intermediate filament protein, has
shovn correlation with type I collagens (COL1A1) and other
proteins in angiogenesis, attachment and cell migration [34-36).
In the proteomic study, VIM was dramatically down-regulated
in rHco-gal-m/f-treated PBMC (Table 1), suggesting that the
treated cells appeared to have a decreased ability to migrate.
Real-time PCR analysis validated the down-regulation of VIM and
COL1A1 (Figs. 4 and 5A) and the Transwell assays additionally
proved the decreased mobility of rHeo-gal-m/f-treated PBMC
(Fig. 7). The decreased capacity of cell migration due to down-
regulation of VIM and COL1A1 induced by rHco-gal-m/f suggested
a mechanism by which parasitic galectins contribute to the
worms evading host immunity.

The VEGF pathway is also known to be associated with
angiogenesis, cell migration and cell survival, The key mem-
bers, VEGFA and MMPs, could work as triggers and promoters of
angiogenesis [43], and the activation of HSP27 and CDC42 were
essential for cell migration and angiogenesis [44-46). Therefore,
several members of this pathway were selected to be analyzed
by real-time PCR. As depicted in Fig. 5A, HSP27, CDC42, VEGFA,
MMP2 and MMP9 were down-regulated following rHco-gal-m/f
exposure, indicating the disruption of VEGF pathway and
potentially contributing to decreased mobility of THeo-gal-m/f-
treated PBMC.

Nitric oxide (NO), produced during the metabolism of
L-arginine by NO synthases (NOS) and synthesized by many
cells involved in the immune response [47], was cytotoxic to
a range of parasites, including H. contortus [48-51]. In addition
to direct toxicity, reactive oxygen species (ROS) or nitrogen
intermediates were able to induce pro-inflammatory cyto-
kines, including TNF-«, IL-1, IL-6, and IFN-y [52]. ROS and
nitrogen intermediates can function as second messengers o
activate nuclear factor kappa-B (NF«B) [53]. On the contrary,
carbonic anhydrases (CA) can protect cells from oxidative
damage by preventing the apoptosis cascade [54,55]. In the
proteomic study, one CA family member, CA2, was down-
regulated. This downregulation implies a defective capacity of
tHco-gal-m/f-treated PBMC to resist ROS and this dysfunction
might be responsible for the apoptosis of goat PBMC induced

by rHeo-gal-m/f. Real-time PCR analysis was additionally

i
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Fig. 5 - Effect of rHco-gal-m/f on the expression profiles of candidate genes belonging to different signal pathways in goat
PBMC. Total RNA was purified from PBMG and genes which were grouped with respect to biological function were assayed by
real-time PCR. (A} VEGF pathway; (B) free radical producing pathway; (C) TLR pathway; (D) T cell development; (E) apoptosis;
(F) cytokines (G) NF-xB pathway. Data represent mean = SD of three individual experiments; "p < 0.05 and *p < 0,001 versus the

control.

conducted to screen the expression changes of more genes
related to free radical production. The results demonstrated
that rHco-gal-m/f treatment decreased the transcripts of
inducible NOS2A, neutrophil: cytosolic factor 1 (NCF1), dual
oxidases (DUOX1 and DUOX2) as well as two components of
the NADPH oxidase complex (CYBA and CYBB) (Fig. 58), which
functioned in the production of ROS. Recently, a similar result
was reported that lec-10, a galectin-encoding gene, showed an
ability to reduce oxidative stress in C. elegans [56].

The activation of pattern recognition molecules such as
TLRs was not only a critical factor in innate immune responses
against invading pathogens, but also directed the type and
extent of ongoing adaptive immune responses {57]. In tumn,
helminths have the ability to subvert the TLR signal pathway to
facilitate the immune evasion [58]. Meanwhile, mammalian
TLRs were implicated in apoptosis [59-62], as well as in the
development of immune responses to a number of parasites
including trypanosomes [63], malaria [64] and schistosomes
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Fig. 6 ~ rHco-gal-m/f reduced the secretion of
pro-inflammatory cytokines. PEBMC were stimulated with
Cona, or tHco-gal-m/f or both for 24 h to determine the levels
of cytokines in culture supemnatants. Cells treated with equal
volume of PBS/DTT were set as control. Levels of these
cytokines in control and rHco-gal-m/f-treated cultures were
below the limit of detection of the ELISA kits. Data represent
mean = 5D of three individual experiments; *p < 0.01 versus
the ConA-treated group,

[65]. Here in this study, the transcripts of TLR1, 3 and 4, as well
as the down-stream members, MYD88 and FADD, which were
required in TLR-induced apoptosis [66], were up-regulated in
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Fig. 7 - Inhibitory activity of rHce-gal-m/f on PEMC migration.
PBMC were treated with control buffer, tHeco-gal-m/f, lactose,
or rHeo-gal-m/f + lactose, respectively. Then the random
migration was determined. The data are presented as
box-and-whiskers blot, with the box containing 50% of the
values, and the whiskers showing the highest and the
lowest values. The median is indicated by the horizontal bar,
the mean value as square. The difference between the mean
values was calculated using ANOVA. Data are representative
of 4 independent experiments; *p < 0.01 versus the control.

rHco-gal-m/f-treated PBMC (Fig. 5C). Coupled with the increased

expression of FAS and CASPASE 3, 7 and 8 (Fig, SE), it seems like

TLR expression was not subverted but activated by rHco-gal-m/f.
The TLR-CASPASE signaling cascades might participate in the
apoptosis induced by rHco-gal-m/f in goat PBMC, In addition,
another apoptosis associated protein, VDAC2, was found to be
up-regulated in rHco-gal-m/f-treated PBMC. VDAC2 has been
demonstrated as a conserved mitochondrial element of death
pathways and played an important role in mitochondria-
mediated apoptosis [67]. It has been reported that the expression
level of VDAC controls life and death of the cell [68]. Overexpres-
sion of a rice VDAC {0sVDAC4) in the Jurkat T-cell line could
induce apoptosis [69].

T cell activation and cytokine secretion plays an important
role in immune responses. CORO1A, which has an established
role during T lymphocyte activation, migration, survival and
calcium signaling [70,71], was up-regulated to the greatest
extent on exposure to rHco-gal-m/f in the proteomic analysis.
Of particular interest, corola-deficient mice have reduced
peripheral T cells due to both an impaired survival of naive
cells and migration defects [70,71]. These findings are consistent
with what we observed in the Transwell assays and establish a
connection between rHco-gal-m/f-induced apoptosis and the
down-regulation of cell migration. Moreover, CORO1A could
inhibit both IL17 and IFNy expression and involved in the
inhibition of the Th1 subset [72]. For further detection of the
impact of rHco-gal-m/f on cellular homeostasis and cytokine
secretion, DLL4, TBX21 and JAG1 as well as 8 cytokine genes were
analyzed. DLL4 and TBX21 were implicated in the development
of Thi cells and the promotion of Th1 cytokines [73,74]. JAG1 was
required for differentiation of naive CD** T cells into Th2 cells
and expression of Th2 cytokines [75]. Though we did not detect
the expression change of IL17, both IFNy and IL6 were down-
regulated (Fig. SF). Correspondingly, the transcription of DLL4,
TBX21 and JAG1 were also decreased {Fig. 5D). The cytokines
profile was consistent with previous report [15] and the inhibitory
effect of tHco-gal-m/f on Th1 (IFNv) and Th2 (IL4 and IL6) cytokine
secretion was subsequently confirmed by ELISA (Fig. 6).

Modulations of monocyte/macrophage functions were in-
volved in the establishments of immune regulatory environ-
ments. One of the modulations of macrophages was alternative
activation characterized by high arginase 1 (ARG1) activity, low
NO expression, and high IL-10 production [76]. In this research,
the macrophage might be alternatively activated, since the
transcription of IL10 and ARG1 was increased, while the inducible
NOS2A was decreased (Fig. 5B and F). This would facilitate the
nematode to persist in the host [77]. Furthermore, a regulatory
immune environment due to the activation of Treg cells and
alternative activation of monocyte/macrophage are likely to
assist pathogen persistence. From the result of real-time PCR,
1130 and TGFA1 were more abundantly expressed with the
stimulation of rHco-gal-m/f (Fig. 5F), indicating the activation of
immune suppression Trg cells [78]. Recently, the recombinant
gelectin of T. leoniina (rT1-GAL) was also found to be able to inhibit
Th1and Th2 cytokine production by increasing the production of
IL10 and TGFp1 [11].

In eukaryotic cells, the turnover of intracellular proteins is
mediated primarily by the ubiquitin-proteasome system (UPS)
[79]. The 20S proteasome is a member of ubiquitin-proteasome
proteolytic pathway and impacts cell survival through the
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regulation of several essential cellular processes, including
cell-cycle division, gene repair, differentiation, signal transduc-
tion and the elimination of oxidatively damaged proteins
[80-82]. Proteasome subunit alpha type-1 (PSMA1) is a core
subunit of the 208 proteasome and essential for the proteasome
activity [83]. In this study, the down-regulation of PSMA1
(Table 1) would affect the cell-cycle, gene repairand cell survival
in the rHco-gal-m/f-treated PBMC through ubiquitin-protea-
some pathway.

We also detected the key members of nuclear factor-kappa
B (NF-xB) pathway, whose activation was a hallmark of the
inflammatory response [84]. I«xB protein is an inhibitor of
NF-xB and inhibits its associated gene transcription [85]. After
the treatinent of rHco-gal-m/f, the transcripts for I«B protein
(NFKBIA) were more abundant. This supported evidence in a
previous study where the ES products of helminths inhibited
NF-xB activation and thus decreased inflammation and
facilitated the survival of parasites [86].

Since rHeo-gal-m/f showed an apoptotic effect on goat PBMC
[16], the decreased cytokine production may due to a reduced cell
number. However, the number of living cell ascertained by trypan
blue staining was decreased by 4.67 + 1.65% after 24 h incubation
of PBMC with rHeo-gal-m/f. The drop of living cell was incompa-
rable to that of cytokine production (20.61 + 6.70% ~ 69.80 =
9.37%). Thus, the decreased cytokine productions might be
mainly due to multiple intracellular regulations induced by
rHeo-gal-m/f except for the reduced cell number.

5. Conclusion

In conclusion, our results showed that rHco-gal-m/f could bind to
the surface of goat PBMC and behaved as the suppressors of
inflammatory response to fadlitate the immune evasion of
H. contortus. Recombinant galectins induced the inhibition of ROS
and cytokine production by modulating the free radical produc-
ing pathway, T cell development pathway and NF-xB pathway.
Furthermore, they induced cell apoptosis and decreased the
capacity of cell migration and the turnover of intracellular
proteins through the TLR pathway, CASPASE pathway, VEGF
pathway, and ubiquitin-proteasome pathway. The collective
tesults suggested that rHeo-gal-m/f are multifunctional mole-
cules that can influence many biological processes, especially
those relevant to immune evasion. These findings provided
insight into the interactive relationship between parasitic nem-
atode galectins and host PBMC. It also shed new light on the
molecular mechanisms of helminthic immune evasion. Howev-
er, goat PBMC is a mixture of cells, including T cells, B cells, NK
cells, monocytes and macrophages. Which subpopulation of goat
PBMC is the primary binding target of rHco-gal-m/f and which
molecular is the cell surface receptor for rHeo-gal-my/f require
further research.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.12.017,
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ABSTRACT

Neutrophils play an essential role in the innate immune
response to infection. Neutrophils migrate from the
vasculature into the tissue in response to infection,
Recently, a neutrophil cell surface receptor, CD177, was

shown to help mediate neutrophil migration across the

endothelium through interactions with PECAM1. We
examined a publicly available gene array dataset of
CD177 expression from human neutrophils following
pulmonary endotoxin instillation. Among all 22,214
genes examined, CD177 mRNA was the most upregu-
lated following endotoxin exposure. The high level of

CD177 expression is also maintained in airspace neu-

trophils, suggesting a potential involvement of CD177 in
neutrophil infiltration under infectious diseases. To
determine the role of CD177 in neutrophils in vivo, we
constructed a CD177-genetic knockout mouse model.
The mice with homozygous deletion of CD177 have no
discernible phenotype and no significant change in

immune cells, other than decreased neutrophil counts in

peripheral blood. We examined the role of_- CD'IT? in
neutrophil accumulation using a skin infection model
with Staphylococcus aureus. CD177 deletion reduced
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neutrophil counts in inflammatory skin caused by S.
aureus. Mechanistically we found that CD177 deletion in
mouse neutrophils has no significant impact in CXCL1/
KC- or fMLP-induced migration, but led to significant cell
death. Herein we established a novel genetic mouse
model to study the role of CD177 and found that CD177
plays an important role in neutrophils.

KEYWORDS cDi77, neutrophil, mouse model, genetic
deletion

INTRODUCTION

CD177 s a polymorphic gene that has been linked to several
important clinical diseases including polycythemia vera,
Wegner's granulomatosis, and immune mediated neonatal
neutropenia (Lalezari et al., 1971; Bettinoti et al., 2002;
Caruccio et al., 2006). The NB1/CD177 dlycoprotein was
initially identified in several cases of neonatal neutropenia
(Lalezari et al., 1971), where the maternal antibodies react
specifically with neonatal neutrophil-specific epitope HNA-2a
derived from NB1 glycoprotein. In several cases of transfu-
sion-related acute lung injury, CD177-specific antibodies
from donor blood were identified as the primary cause (Bux
et al.,, 1996). CD177 has been established as a diagnostic
marker for various myeloproliferative diseases including
polycythemia vera, thrombocythemia, and idiopathic myelo-
fibrosis (Stroncek et al., 2004; Sirhan et al., 2005; Martini

et al, 2006; Michiels et al., 2007). This 58-84 kDa
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glycophosphatidylinositol (GPI)-linked N-glycosylated extra-
cellular surface protein (Goldschmeding et al., 1992; Dillon
et al., 2008) is expressed on a subpopulation of neutrophils
(Matsuo et al., 2000). In general, 20%—80% of circulating
neutrophils are CD177 positive, with 3%-5% of population
having no CD177" neutrophils (Matsuo et al., 2000).

CD177 belongs to the uPAR/CD59/Ly6 snake toxin
superfamily and is conserved in many species (Kissel et al.,
2001; Stroncek, 2007). While percentages of CD177" cir-
culating neutrophils are constant in the same individuals
{Goldschmeding et al., 1992; Stroncek et al., 1998), CD177
mRNA and protein expression are increased in response to
inflammatory stimulation. Granulocyte colony stimulating
factor (G-CSF) strongly induces CD177 expression (Stron-
cek et al., 1998). Expression of CD177 is also altered during
pregnancy (Caruccio et al., 2003) and during severe bacte-
rial infections (Gohring et al., 2004). The function of CD177
in neutrophil biology is largely unknown. Recent literature
indicates that CD177 mediates the migration of neutrophils
across endothelial cells via interactions with proteinase 3
(Kuckleburg et al., 2012; Kuckleburg and Newman, 2013)
and PECAM-1 (CD31) (Sachs et al., 2007; Bayat et al,,
2010), as well as the degranulation and superoxide gener-
ation in a Mac-1-dependent manner (Jerke et al., 2011).
These in vitro studies suggest a role for CD177 in neutrophil
transmigration. However, a recent study indicated that
CD177" and CD177" neutrophils accumulate similarly in the
peritoneal cavity of human peritonitis patients (Wang et al,,
2013), suggesting that CD177 expression in neutrophils
provides no transmigration advantage into this site.

Using a murine CD177 knockout model, the present study
demonstrates that CD177 plays a crucial role in neutrophil
viability, but has no impact on chemotaxis.

RESULTS

CD177 mRNA expression is increased in human
neutrophils following pulmonary endotoxin instillation
and in neutrophils isolated from septic patients

To understand how neutrophils respond to bacterial stimulus
at the transcriptional level, we analyzed a published micro-
array dataset (GSE2322) (Coldren et al., 2008) using circu-
lating neutrophils before and after bacterial endotoxin (LPS)
instillation, and neutrophils from bronchoalveolar lavage
(BAL) after endotoxin instillation from human volunteers.
Endotoxin treatment alone did not induce CD177 expression
in purified blood neutrophils in vitro (Fig. 1A). However,
CD177 is the most significantly upregulated gene (13 fold
induction) in circulating neutrophils among all the genes
induced by endotoxin in vivo (Table 1 and Fig. 1A). Another
13 genes were co-upregulated with CD177 with a more than
two fold increase, and P values less than 0.05 (Table 1). The
expression of CD177 mRNA was also high after pulmonary
endotoxin exposure (Table 1 and Fig. 1A). The significant
upregulation of CD177 in both circulating and airway

neutrophils implies an important role for CD177 in neutrophil
function in response to bacterial infection in the lung. As
expected, pulmonary endotoxin exposure leads to signifi-
cantly elevated pro-inflammatory pathways identified by
gene sets enrichment analysis (GSEA) (Subramanian et al.,
2005), including the IL-1R pathway, TH1/TH2 pathway, LPS-
induced inflammatory pathway and other pathways related
to inflammation (Fig. 1B, Tables S1-3).

To examine the influence of bacterial infection on CD177
expression, we downloaded another dataset GSES5772
(Tang et al., 2007) profiling neutrophil transcripts from normal
individuals or septic patients with gram-negative, gram-
positive, or mixed bacterial infections. We found that only
septic patients with mixed bacterial infections exhibited sig-
nificantly increased CD177 expression in their neutrophils;
whereas septic patients infected with either gram-negative or
gram-positive bacteria had a moderate but not significant
increase of CD177 expression (Fig. 1C). These data indicate
that CD177 expression in neutrophils can be induced by
bacterial infection. Induction of CD177, however, is not
necessarily mediated through toll-like receptor-mediated
signaling since in vitro treatment with endotoxin alone failed
to induce CD177 expression.

Generation of CD1M77 genetic knockout mouse madels

To understand the physiological role of CD177 in neutrophils,
we generated a CD777 genetic knockout mouse by deleting:
the whole mouse CD777 gene locus via homologous
recombination (Fig. 2A). We developed a genotyping proto-
col to differentiate wild type (wt, CD177*"*), heterozygous
(he, CD177*"), or homozygous (ko, CD177"") animals
(Fig. 2B). Ly-6G™ neutrophils from CD177" mice lack
mRNA and surface expression of CD177, indicating loss of
CD177 at both the RNA and protein levels (Fig. 2C and 2D,
P2 gate). As observed in human, neither lymphocytes (R1
gate) nor monocytes (P5 gate) expressed CD177 in wt mice
(Fig. 2D). CD177""~ mice were fertile and litters were born at
a normal Mendelian ratio without any discemible phenotype
(data not shown). We collected various tissues from the
CD177"~ mice for histological assessment and found no
gross or fine histological differences between wt, CD177*",
and CD177"" mice (data not shown). Immunophenotyping
of different lineages of immune cells was performed by flow
cytometry. There was no significant difference in Tand B cell
frequencies from all the compartments tested, including
bone marrow, blood, thymus (data not shown), and spleen
(Fig. 3A). We did not see any major defects in myeloid lin-
eages from the different compartments (Fig. 3A-D). We did
observe a significant decrease of CD11b*Ly-6C*Ly-6G* cir-
culating neutrophils from CD177"~ mice relative to WT and
CD177*" mice (Fig. 3B), but no difference could be detected
in the spleen (Fig. 3A), lymph nodes (Fig. 3C), and bone
marrow (Fig. 3D). Our results indicate that CD177 is dis-
pensable for normal neutrophil development in mouse bone
marrow or distribution within secondary lymphoid tissues,
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Figure 1. Pulmonary endotoxin instillation induces CD177 expression in circulating and aitway neutrophils. (A) GEO dataset
GSE2322 was downloaded and analyzed for endotoxin-induced CD177 mRNA expression from purified neutrophils before and after
in vitro endotoxin treatment, circulating neutrophils before in vivo endotoxin treatment, or circulating neutrophils and airway
neutrophils after in vivo endotoxin treatment. n = 14 for circulating neutrophils prior to endotoxin treatment: n = 17 for circulating
neutrophils post endotoxin treatment; n = 17 for airway neutrophils post endotoxin treatment. (B) Gene Set Enrichment Analysis
(GSEA) was performed to compare biological pathways that are different between circulating neutrophils before and after endotoxin
instillation, or between circulating neutrophils before endotoxin instillation and airway neutrophils after endotoxin treatment. Both
distinct pathways and common pathways are summarized in supplemental Tables 1-3. Common pathways are shown including IL-1R
signaling, LPS8-induced inflammatory pathway, and live Porphyromonas gingivalis-induced inflammatory pathway. (C) GEO dataset
GSES772 was downloaded including 17 non-infected normal controls, 25 septic patients infected with gram-negative bacteria, 18
septic patients infected with gram-positive bacteria, and 12 septic patients with both gram-negative and gram-positive bacterial
infections; CD177 expression is in log,. (A and C) P values are shown; (B) Both P values and false discovery rate (FDR) are shown.

which agrees with the observation that up to 5% of individ- days after infection, but the difference was not statistically |
uals have normal neutrophil counts and function with no significant between infected WT or D177~ mice (Fig. 4A).
detectable CD177 expression (Matsuo et al., 2000). After seven days of infection when the wound was already

recovered, there was no difference in neutrophil counts
between the two groups (Fig. 4A). We also observed a sig-
nificant decrease of CD11b*Ly-6C*Ly-6G" monocytes in the

~‘wounded skin of CD177" mice at day one after infection
To examine the role of CD177 in a bacterial infection model, (Fig. 4B) and there was no difference after 3 or 7 days of

we used a mouse model of Staphylococcus aureus skin®  infection’ (Fig. 4B), which may reflect the importance of
infection. WT and CD177'~ mice were infected with bacteria neutrophils in initial recruitment of monocytes. In the same
at day 0. Skin was collected from infected mice, and  model, we did not identify any significant difference in wound
CD11b™Ly-6C*Ly-6G" neutrophils were quantitated by flow healing (Fig. 4C) and body weight recovery (Fig. 4D) after .
cytometry at different days after infection. We found an initial infection. |
significant decrease of neutrophils in wounded skin of Since it was reported that CD177~ and CD177* neutro-
CD1777" mice at day one after administration of Staphylo- . phils accumulate similarly in the peritoneal cavity of human
coccus aureus (Fig. 4A). The trend was maintained at three peritonitis patients (Wang et al., 2013), we included a

CD177-deficiency leads to decreased neutrophil
accumulation early after infection
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Table 1. Genes were induced by pulmonary endotoxin treatment
Probe_ID i Gene symbol Blood Neu after/before endotoxin BAL Neu/Blood Neu
Fold change P value Fold change P value

219669 _at CD177 12.98 411 x 1073 20.34 434 % 1073
203021_at SLPI 3.48 1.28 x 107 9.1 1.49 % 107°
207500_at CASPS 3.25 598 x 1073 15.66 1.29 x 107*
204860_s_at NAIP 3.05 8.37 x 107 4.03 1.33 x 1072
209369_at ANXA3 297 271 x 107 448 6.84 x 10°°
208771_s_at LTA4H 2.58 6.06 x 107 420 179 % 1078
200985:5:312 CcD59 2.55 7.02 x 1072 3.94 3.44 % 1075
210166_at TLR5 2.55 2.80 x 107 299 467 % 107
200984 _s_at CD59 2.53 1.40 x 1073 3.60 248 x 107%
203233 _at IL4R 251 1.28 x 107 2.34 6.66 x 107
201554_x_at GYG1 245 1.49 x 1073 3.60 2.60 x 1077
217823 _s_at UBE2J1 2.27 7.10 x 107 2.30 1149 % 107%
200835_x_at CD44 222 253 x 1073 21.42 531 % 107°
208697_s_at- HPR 244 811 % 107 261 2.89 x 1072
212135_s_at ATP2B4 2.09 4,05 % 107° 2.29 1.78 x 107°
204232 _at FCER1G 2,05 6.75 x 107 4.07 147 x 1077
212136_at ATP2B4 2.01 3.80 x 107 2.32 5.98 x 107

GEO dataset GSE2322 was downloaded including transcripts from circulating neutrophils and bronchoalveolar lavage neutrophils obtained
from human volunteers before and after endotoxin instillation. Genes that were significantly induced by endotoxin treatment are listed, with at
least two-fold change and P values lfess than 0.05. n = 14 for circulating neutrophils prior o endotoxin treatment; n = 17 for circulating
neutrophils post endotoxin treatment; n = 17 for airway neutrophils post endatoxin treatment.

thioglycollate-induced peritonitis model to examine the effect
of CD177 on neutrophil accumulation into the peritoneal
cavity. Congruently, we did not find a significant difference in
total peritoneal CD11b*Ly6C'Ly6G” neutrophils or
CD11b*Ly6C*Ly6G™ monocytes between WT and CD177 "
mice (Fig. 5A and 5B), confirming that CD177 has no role in
peritoneal accumulation of neutrophils in peritonitis.

CD177-deficiency leads fo increased neutrophil cell
death

Since CD177 is reported to be involved in neutrophil che-
motaxis and transmigration, we examined the impact of
CD177 on neutrophil chemotaxis and found that CD177-
deficiency have no significant impact on CXCL1- and fMLP-
induced chemotaxis when using naive bone marrow cells
(Fig. 6A), or.using activated neutrophils present in thiogly-
colate-induced peritoneal exudate cells (Fig. 6B).

To identify the potential reason why CD177-deficiency
resulted in signiﬁcantiy fewer neutrophils in the skin eary
after bacterial infection, .we searched GEO profiles and
found that deletion of [KKB led to a significant increase in
CD177 expression from neutrophils (Fig. 6C). IKKB is a well-
known factor whose inactivation leads to neutrophilia in the
mouse and fiuman due to increased neutrophil survival (Hsu

et al., 2011). Curiously, we found that CD177-deficiency led
to increased cell death of bone marrow neutrophils when
cultured ex vivo (Fig. 6D), suggesting that CD177 could be
the downstream effector of IKKB deletion leading to
increased neutrophil survival.

DISCUSSION

Here we established a novel CD177 genetic deletion model
to study its role in neutrophil biology. We found that CD177 is
only expressed on neutrophils but not monocytes or lym-
phocytes (Fig. 2), similar to the expression patterns in
human. Although CD177 had been suggested to serve as an
adhesive molecule mediating migration towards chemokine
gradients in human neutrophils (Sachs et al., 2007; Bayat
et al., 2010; Jerke et al., 2011), we did not find any role for
CD177 in promoting mouse neutrophil migration in response
to CXCL1 and fMLP, Instead, we found decreased neutrophil
counts in blood and infected skin from the CD177 ko ani-
mals. The CD177-deficiency led to decreased survival of
bone marrow neutrophils ex vivo, which could potentially be
used to explain the decreased neutrophil phenotype in
CD177 ko mice. Among the many factors that have been
shown to be involved in neutrophil death, IKKB has attracted
attention given its role in inflammatory diseases and cancer
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Figure 2. Genetic deletion of CD777 in mice. (A) Schematic depiction of the CD177 targeting construct. The entire CD777 locus
was replaced by LacZ and Neomycin by homologous recombination. (B) Image representative for genotyping CD177 genetic knock
out mice. Genomic DNA was purified from tail clips and amplified with specific primers listed in the Materials and Methods. he:
heterozygous knock out; ko: homozygous knock cut; wt: wild lype. (C) mRNA expression.of CD177 in bone marrow cells from WTor
CD177"" mice, analyzed by real-ime PCR, n = 3. (D) Surface expression of CD177 in blood and bone marrow cells from WT or
CD177"" mice. Blood and bone mamow cells (mamow) were collected and stained with anti-Ly-6G-FITC, and ant-CD177-PE

antibodies, followed by flow cytometry, n = 3.

(Hsu et al., 2011). However, one of the common complica-
tions for IKK@ inhibition in patients is neutrophilia (Hsu et al.,
2011), which is also observed in mice when IKKB is deleted
in the myeloid lineage. The IKKB deletion was found to
increase neutrophil life span by inducing pro-survival mole-
cules (Hsu etal., 2011). CD177 is upregulated in neutrophils
with IKKB deletion and at the same time is involved in neu-
trophil survival (Fig. 6), suggesting that CD177 could be one
of the factors mediating IKKB-inhibition-induced survival and
neutrophilia.

Anotherinteresting observation is that CD177-deletion only
impacts neutrophil numbers in blood and bacteria-infected

skin, but not in bone marrow or secondary lymphoid tissues,

These results suggest that the role of CD177 in neutrophil

survival depends on the context where neutrophils are located

and if other survival signals exist. It is known that neutrophils
are adhesive and interact with many cell types (Geering etal.,

2013). Some of the cell-cell interactions provide strong sur-
vival signal for neutrophils (Geering et al., 2013). Upon infec-
tion, however, neutrophils are recruited from the bone marrow
microenvironment and lose these pro-survival signals.
Importantly, certain infections lead to an upregulation of
CD177 on human neutrophils (Fig. 1), leading to potentially
prolonged neutrophil survival for efficient clearance of the
bacteria. ltis worth noting that CD177 may facllitate but is not
required for survival, since there are still significant numbers of
neutrophils in the blood of CD177 ko mice. Human CD177-
negative neutrophils may also utilize alternative survival sig-
nals since 3%-5% of individuals who lack CD177 expression
on their neutrophils have normal neutrophil counts and a
normal defense towards bacteria (Stroncek et al., 2004). An
interesting future avenue would be if the deletion of CD177 in
I_1um‘an CD177-positive neutrophils has an impact on their
survival under physiological or pathological conditions.
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Figure 3. Normal development of myeloid cell lineages in CD1777 mice. (A) Splenic cells from seven-week-old mice were
stained with anti-CD45, anti-Ly-6C, anti-Ly-8G, anti-CD11b, anti-CD11c, anti-CD3, anti-CD4, anti-CD8, and anti-B220 antibodies,
followed with flow cytometry (17 = 4-5). (B-D) Seven-week old mice were euthanized and different organs were collected. Single cell
suspensions were prepared for immunclabelling with different antibodies and analyzed with flow cytometry. Blood cells (B), single
cells from lymph nodes (C), or bone marrow cells (D) were labeled anti-CD45, anti-Ly-6C, anti-Ly-6G, anti-CD11b, anti-CD11c,
followed with flow cytometry. CD45°CD11b"Ly-6C"Ly-6G* cells are defined as neutrophils; CD45"CD11b*Ly-6C*Ly-6G™ cells are

defined as monocytic cells. n = 4-5. *FP < 0.05.

The skin infection model clearly shows that CD177 ko
mice have an early decrease in neutrophils in infected skin,
but the initial neutrophil defect has no significant impact on
bacterial clearance as reflected by the normal wound size
and body weight recovery (Fig. 5). It has been acknowledged
that neutrophils, and as well as other leukocytes, need to
maintain a critical threshold concentration for efficient
clearance of infection (Li et al., 2002, 2004). This could
explain the normal recovery in CD177 ko mice where
reduced neutrophil numbers are still in sufficient quantity to
eliminate Siaphylococcus aureus.

A role for CD177 in neutrophil survival could be depen-
dent upon particular physiological or pathological conditions.
Ramirez-Velazquez et al. showed that CD177" neutrophils
co-expressing IL-17 are increased in moderate to severe
allergic asthma (Ramirez-Velazquez et al., 2013). Our ana-
lysis based on published datasets demonstrated that CD177
expression is increased in circulating and BAL neutrophils
when human volunteers: were instilled with endotoxin
(Fig. 1), a condition mimicking bacterial infection. All toge-
ther, we believe that in certain respiratory diseases, espe-
cially those that can be exacerbated by secondary bacterial

infection and involve neutrophilic inflammation (Simpson
et al., 2007; Simpson et al., 2008; Essilfie et al., 2011),
CD177 could be a potential contribution to the accumulation
of neutrophils in the lung airway. This process, if uncon-
trolled, could lead to tissue damage and more severe dis-
ease. Thus CD177 may provide a target to treat respiratory
diseases that are worsened by uncontrolled neutrophilic
inflammation.

MATERIALS AND METHODS
CD177 knockout mice construction

All animals were maintained under specific pathogen-free conditions
according to the IACUC guidelines. The CD177 knockout mouse
strain used for this research project was created from ES cell clone
(12120a-B11), obtained from the KOMP Repository (www.komp.org)
and generated by Regeneron Pharmaceuticals, Inc (Valenzuela etal.,
2003). We purchased mouse sperm carrying the CD177 deletion allele
from the UC Davis KOMP Repository and sent it to Jackson Labora-
tories for in vitrofertilization. Seven mice were obtained with 3 carrying
a heterozygous deletion of CD177. Mice were backcrossed to C578L/
6 for 6 generations. Genotyping of the CD177 knockout mice was
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Figure 4. CD177 deficiency leads to decreased neutrophil accumulation in infected skin. (A) CD45"CD11b*Ly-6C*Ly-6G*
neufrophils in the wounded skin of Staphylococcus Aureu-infected mice at different days. (B) CD11b*F4/80* macrophages in the
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Figure 5. CD177 deficiency has no impact on peritoneal accumulation of neutrophils in thioglycolate-induced peritonitis,
(A) Schematic showing flow cytometry to determine néutr’c’:_}:ihit numbers. Peritoneal cells were stained with antibodies, followed by
flow cytometry to determine the total numbers of neutrophils and monocyles. (B) CD45*CD11b*Ly -6C"Ly-6G* neutrophils were
counted and graphed. (C) CD45'CD11b*Ly-6C*Ly-6G" monocytes were gijaphed.'n =6 in WT group and n = 8 in CD1777"- group,
P values were indicated. izl L g

performed through standard PCR procedures. Primers used for  AGC-3" mutant aliele (563 bp): forward primer 5-ATTCGGCTATGA

22 CTCGGCACS' and reverse primer 5-TGAATCGAGAAAAGCGGC
CTCAGGACAG-3'and reverse primer 5-CACCTGTGGGTGTAGET  CA3. -
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Figure 6. CD177 deletion leads to neutrophil cell death.
(A and B} CD177 did not impact chemotaxis ex vivo. Bone
- marrow - cells' (A) or thioglycolate-induced peritoneal cells
(B) were isolated from WT or CD177™" mice. These cells were
measured for their transmigration in response to 10 nmol/L of
CXCL1/KC or 100 nmol/L of fMLP at the indicated time points.
Ly-6G'Ly-8C" neutrophils counts were determined by fiow
cytomelry. n = 3-4 mice per group. (C) GEO dataset
GSE25211 was downloaded and analyzed for CD177 mRNA
expression from purified neutrophils with (WT) or without IKKB-
deletion (lkkB™"). n = 2 per group. (D) Primary bone marrow
cells from WT or CD177™" mice were collected and cultured in
medium. At the indicated time points, cells were stained with
propidium iodide, and dead cells were enumerated by flow
cytometry at each time point. n = 4 mice per group. *P < 0.05.

Flow cytometric analysis

Single-cell suspensions were prepared from spleen, bone marrow,
thymus and blood, and red blood cells were lysed with red blood lysis
buffer containing 155 mmollL NHCI, 12 mmoll NaHCO; and
0.1 mmol/L EDTA. Cells were stained with different isotype controls or
antibodies with different fluorophores, supplemented with CD16/CD32
FeR blockers. After being stained for 30 min, cells were washed twice
and fixed in PBS containing 1% paraformaldehyde. Labeled cells were
collected on a FACS Canto Il (BD Biosciences) or LSR [l (BD Biosci-
ences) using Diva acquisition software, and analyzed using FlowJo
(TreeStar, Stanford, CA, USA). The following antibodies were used:
anti-CD3 (145-2C11, Ebiosciences), anti-CD4 (GK1.5, Ebiosciences),
anti-CDB (53-6.7, Ebiosciences), anti-B220 (RA3-6B2, Ebiosciences),
CD45 (30-F11, Ebiosciences), Ly-6C (HK1.4, Ebiosciences), Ly-6G
(1A8, BD Pharmingen), CD11b(M1/70, Ebiosciences), and the rat anti-
mouse CD177 mAb was developed in our own Iaboratory.

Thioglycollate-induced peritonitis

Eight-week old WT or CD177”'~ mice were injected i.p. with 1 mL of
4% sterile thioglycoliate. Four hours later, mice were anesthetized

and peritoneal cells were recovered using 10 mL of ice cold PBS and
stained with an antibody cockiail including anti-CD45, anti-CD11b,
anti-Ly-6C, anti-ly-6G antibodies o quantitate  peritoneal
neutrophils.

Transmigration assay

Bone marrow cells or peritoneal cells harvested after thioglycollate
stimulation were seeded into the top chamber of a modified Boyden
chamber with 0.5 pm pore size filter. The lower chamber included
medium containing 10 nmol/L of CXCL1/KC or left untreated. Three
hours later, all cells were collected and stained with anti-CD11b, anti-
Ly-6C, anti-Ly-6G antibodies to quantitate neutrophil migration info
the lower chamber by flow cytometry. Random neutrophil transmi-
gration was subtracted from the CXCL1-ireated chambers.

Staphylocaccus aureus skin infection model

A USA 100, methicillin sensitive, spa type 002 Staphylococcus
aureus clinical isolate (347) was grown in TSB medium (1.7%
enzymatic digest of casein, 0.3% enzymatic digest of soybean meal,
0.5% NaCl, 0.25% K;HPO,, 0.25% dextrose, pH 7.3) overnight at
37°C at 200 rpm. Mid-logarithmic phase bacteria were obtained after
2.5 h subculture of a 1:100 dilution of the overnight culture, Bacterial
cells were pelleted and resuspended in PBS, Spectrophotometric
readings of absorbance at 600 nm were used to estimate bacterial
concentration, and 20 pL of Staphylocaccus aureus at 5 x 107 col-
ony forming units was used for inoculations. Mice were anesthefized
with Isoflurane, abdominal skin was shaved with Accuedge micro-
tome blades (CardinalHealth, Dublin, OH) and exposed skin was
gently stroked 15 times with 200 grit sandpaper. 20 JL of bacterial
suspension or PBS was applied to this surface and a gentle stream
of air was aimed at the inoculation site until the inoculum suspension
on the skin was dry. Finally, infected skin sites were covered with a
Band Aid for 1 h.

The lesions and weight were recorded at day 0, 1,3, 7, 10, 14
and 21 after infection. Digital photos of skin lesions were recorded
and analyzed for lesion area using the Image J Software. Skin
lesions were then carefully excised. Single-cell suspensions from
infected skin were prepared by incubating with 0.6% trypsin for
90 min at 37°C. Trypsin-digested skin was then chopped into small
pieces and incubated with 500 pg/mL collagenase type Il (Gibco
BRL, Grand Island, NY, USA) for 80 min at 37°C and dissociated by
passing through 16, 18 and 20 gauge needles. The resulting cell
suspensions were incubated for an additional 90 min at 37°C to
allow for recovery of surface antigens. All samples were passed
through a 70 pm filter and single cells were stained with a cocktail of
antibodies including anti-CD45, anti-CD11b, anti-Ly-6C, anti-Ly-6G,
anti-F4/80 antibodies and analyzed by flow cytometry. The total cell
recovery of various populations was divided by the area of lesion
skin and the resulting quotient was represented as cellsicm?.

Microarray analysis

GEO datasets GSE2322 (Coldren et al,, 2008) and GSES5772 (Tang
et al., 2007) were downloaded. Expression levels of CD177 were
analyzed and compared in different patient groups. GSE2322 con-
tains 58 samples representing transeript profiles from neutrophils
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under different in vitro and in vivo treatments. GSE5772 has 94
samples of neutrophil transcripts from patients without sepsis, or
patients with infections of gram-negative, gram-positive or mixed
bacterial infections.

Statistics

Statistical significance was determined using non-parametric Two-
tailed Mann-Whitney test without assuming Gaussian distribution,
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Abstract

In the present study, 'the'r’n_icroneme 5 gene of Eimeria acervulina (E. acervulina)

(EaMIC5) was cloned and characterized. Specific primers for the rapid amplification £
of cDNA ends (RACE) were designed based on the expressed sequence tag (EST,
GenBank Accession No. EH386430.1) to amplify the 3'- and 5'-ends of EaMIC5. i
The full length cDNA of this gene was obtained by overlapping the sequences of 3'-

and 5'-extremities and amplification by reverse transcription PCR. Sequence

analysis revealed that the open reading frame (ORF) of EaMIC5 was 336 bp and

8 kDa. The ORF was inserted into
Using western blotting assay, the
ized by the sera of chicks

encoded a protein of 111 amino acids with 12.1
PET-32a (+) to produce recombinant EaMIC5.
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Introduction

E. aceryulina is one of the seven Eimeria spp which infect the chicken. This
parasite infects the intestinal epithelial cells of chicken and can cause intense
damage to duodenum, result in malabsorption and poor feed utilization, and
reduced body weight gain [1-3]. Chicken coccidiosis exists worldwide and is
economically the most important parasitic disease of the poultry industry. So far,
the main measures of controlling Eimeria infection are applications of anti-
coccidial drugs and live vaccines. However, the emergence of drug resistance, the
potential reversion to virulence and high production expenses of live vaccines
have driven the developments of new control strategies [4].

Recent efforts are committed to find recombinant antigen or DNA vaccines
against coccidiosis [3-7]. Some studies have proved that the recombinant antigen
or DNA vaccines can induce both humoral and cell-mediated immune responses
[8-10]. Meanwhile, cytokines as adjuvants have been considered to enhance the
potential of DNA vaccines or recombinant antigen to induce broad and long-
lasting humoral and cellular immunity [11,12].

Microneme organelles are present in all apicomplexan protozoa and contain
proteins critical and multifunctional for parasite motility and host cell invasion
[13]. So far, nine microneme proteins have been reported in Eimeria. They are
microneme protein 1-7 (MIC1-7) and apical membrane antigen 1, 2 (AMA1,2)
[14]. The functions of MICs during host cell invasion suggest they might be
potential candidates for vaccines development against the infection of Eimeria.
The gene sequences of E, tenella MIC1 (AF032905.1), MIC2 (KC333870.1), MIC3
(AY512382.1), MIC4 (AJ306453.2), MIC5 (AJ245536.1) and AMA1 (JN032081.1),
E. maxima MIC2 (FR718971.1), MIC3 (FR718972.1), MIC5 (FR718974.1) and
MIC? (FR718975.1) and E. necatrix MICS (EU335049.1) were published in
GenBank.

The EtMICS5 is a micronemal glycoprotein and has eleven cysteine-rich
receptor-like regions with striking similarity to the Apple domains (A-domains)
of the binding regions of blood coagulation factor XI (FXI) [15] and plasma pre-
kallikrein (PK) [16]. When sporozoites were in contact with host cell, EtMICS was
secreted by the sporozoite [17]. Saouros et al [18] demonstrated the C-terminal
region of TgMICS, the MICS of Toxoplasma gondii, was responsible for inhibition
of TgSUBI, while Periz et al [19] suggested EtMIC4 and EtMIC5 formed an
oligomeric, ultrahigh molecular mass protein complex that interacted with target
host cells during invasion,

Until now, few genes of E. acervulina have been reported and tested for their
immunogenicity, and no MIC of it is reported and characterized although there is
EST in GenBank.

In this study, the gene of EaMIC5 was obtained, characterized and the
immunogenicity of the recombinant protein of EaMIC5 was checked through
chicken challenge experiments.

PLOS ONE | DOI:10.1371/joumal.pone.0115411 December 22, 2014 2719
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Materials and Methods

Animals and parasites

New-hatched Chinese Yellow chickens were reared in clean brooder cages under
coccidian-free conditions and were screened periodically for their Eimerig
infection status by microscopic examination of feces. The birds were provided
with coccidiostat-free feed and water ad libitum. The birds were shifted to animal
containment facility prior to challenge with virulent oocysts. The study was i
conducted following the guidelines of the Animal Ethics Committee, Nanjing :
Agricultural University, China, All experimental protocols were approved by the |
Science and Technology Agency of Jiangsu Province. The approval ID is SYXK '

(SU) 2010-0005.

E. acervulina ]S strain was propagated and maintained in the Laboratory of
Veterinary Parasite Disease, Nanjing Agricultural University, China. Sporulated
oocysts of E. acervulina JS strain were stored in 2.5% potassium dichromate
solution at 4°C and passed through chickens every 5 months interval,

Sporozoites from E. acervulina oocysts were purified on DE-52 anion-exchange
columns using a protocol described previously [20]. E. acervulina merozoites were
harvested from the duodenal loops of chickens 54 h post-infection (p.i.) and

purified using standard methods [21,22] before being pelleted and frozen in
liquid nitrogen,

Soluble antigens of E. acervulina
A total of 5 x 10° E. acervuling Sporozoites were washed three times by
o = -_‘:ﬁﬂ_t:iﬁigaﬁonmith_ﬂ.LIvLEBSleH-Z.z)—at-2000-- & for-10-min-at4C. “Thepellet
o was dissolved respectively in 2 ml of PBS and PBS containing 0.5% TritonX-100
and was disrupted by ultrasound in ice bath (200 W, work time 5 s, interval time |

Fig. 1. The ORF of E?_WE?S PCR. (Lane M) DNA Mark (ordinate values in bp); (Lane 1) the ORF of EaMIC5. .
doi:10.137tfoumal pone. 0116411.g001 _ ‘
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10's, 50 cycles). After high-speed centrifugation, the supernatant proteins were
separated and estimated spectrophotometrically, adjusted to 1 mg/ml with PBS
and stored at —20°C until to be used.

The soluble antigen dissolved by PBS containing Triton X-100 was used for
western blot to analyze the native protein of the EaMICS.

Cloning of EaMIC5 gene

RNA extraction

Total RNA was extracted from E. acervuling sporozoites using TRIZOL reagent
(TaKaRa) according to the manufacture’s instructions. RNA samples were
resuspended in diethyl pyrocarbonate (DEPC) treated water in the presence of
ribonuclease inhibitor (TaKaRa). All RNA samples were treated with RNase-free
DNase I (TaKaRa) before processing reverse transcription to eliminate genomic
DNA contamination. The quantity of RNA was estimated by measuring the
optical density at 260 nm (OD,g) using a spectrophotometry and the quality was
determined by OD,gp/OD,g ratio. The samples with ratio ODy60/0OD,g between
1.9 and 2 were used.

3'- and 5'-rapid amplification of cDNA ends

A 3'-end of the cDNA was amplified by 3'-full RACE kit (TaKaRa Biotech,
Dalian, PR China) using the forward gene specific primers EaMIC5-3-F1 and
EaMIC5-3-F2 (Table 1) designed based on EaMIC5 EST (GenBank Accession
No. EH386430.1) in combination with the 3’outer and 3'inner primers provided
in the RACE kit (Table 1). The primary PCR system and condition were set as the
manufacturer’s protocol described. The EaMIC5 3’-end fragment was then
obtained and sequenced.

The 5'-end of the cDNA was amplified by 5'-RACE PCR using the same
method as the 3'-RACE PCR. The primary PCR was performed using EaMIC5-5-
Rl and 5" outer primer, with EaMIC5-5-R2 and 5’ inner primer in the Nest PCR.

Both of the products of the second PCRs for 3’-end and 5'-end were cloned
into the pMD18-T vector (TaKaRa Biotech, Dalian, PR China) and sequenced by
Invitrogen Biotech (Shanghai, PR China).

All oligonucleotides used in this research were synthesized by Invitrogen
Biotechnology Co. Ltd. (Shanghai, PR China).

The amplification of the EaMIC5 ORF

The complete sequence of the EaMIC5 cDNA was deduced from the overlapping
sequences of both 3'-end and 5'-end amplification products using BioEdit
Version 7.0.1 (T.A. Hall, North Carolina State University, USA). Open Reading
Frame Finder (ORF Finder) was used to predict the ORF of MIC5. The ORE was
amplified from cDNA of sporozoites by PCR with the following restriction
enzyme-anchored (underlined) and protective bases-anchored primers (EcoRI
anchored forward primer, 5’-CCGGAATTCGAGCTCTGCTACAAACACCCG—3’,

PLOS ONE | DOI:10.1371/journal.pone.0115411 December 22, 2014 4119
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Table 1. Oligonucleotide primer sequences used for PCR in this research.

-

EaMIC5-3-F1 ATCCAGATACTTTGCCTTGTTTTT
'EaMIC5-3-F2 ACATCGGGTGTTTGTAGCAGA
S'outer pimer  TACCGTCGTTCCACTAGTGATTT
“3'inner primer cGCGGATCCTCCACTAGTGAWTCACTATAGG
EaMIC5-5-R1 AACCTCCTTCAAGACTATTCCG

EaMICE-5-R2  ATGCGAATACGAGAGCAACTG

S'outer primer  CATGGCTACATGCTGACAGCCTA

Bfinner primer CGCGGATCCACAGCCTACTGATGATCAGTCGATG -end of EaMIC5 in second PCR (in _R'A‘C_E Kit) !
EaMICSF CCGBAATTC GAGCTCTGCTACAAACACCCG '

Forward primer containing an EcoR[ site for cloning into pETﬁZé—EaMIC'_E- i
_EaMIC5SR. CCCAAGCTTGCCGTTATTAAATGCATGCG . i:'Reverse primer containing a Hindlll site for cloning into pET32a-EaMiC5

Forward primer specific for 3'-end of EaMIC5 in primary PCR
-~ Forward primer specific for 3"-end of EaMIC5 in second PCR - S
Reverse primer for 3'-end of EaMIC5 in primary PCR (in RACE kit)
- Reverse primer for 3'-end ofEaMIC5 in second PCR (in RACE kif) e A
Reverse primer specific for 5-end of EaMIC5 in pﬁmary PCR

Reverse primer specific for 5'-end of EaMIC5 in second PCR : i
Forward primer for 5

-end of EaMIC5 in primary PCR (in RACE kit)
Fon_vard primer for 5

doi:10.1371foumal pane.0115411.4001

HindIII anchored reverse primer, 5'-

CCCAAGCTTGCCGTTA’I‘I‘AAATGCATGCG&'J. PCR products were cloned
into pMDI18-T vector (TaKaRa Biotech, Dalian, PR China) and transformed into
E. coli (DH5a) competent cells (Invitrogen). Recombinant pMDI18-T-MICS clone

was identified by PCR amplification and endonuclease digestion. Three positive i

clones were further confirmed by sequence analysis. The complete nucleotide i:

(BLAST) (hrtp:;‘fu-'wu-'.ncbi.nhn.nih.go‘v‘fBLASTf).

All oligonucleotides used in this research were synthesized by Invitrogen i
Biotechnology Co. Ltd. (Shanghai, PR China). |

Seq'ueﬁc_:e: anai"ly's_'is :

Sequence similarity was studied using the BLASTP and BLASTX (http:/fwww.
ls.!ast.’ncbi.n}m.nih.srov!Blachgi). Microneme protein sequences were aligned
using CLUSTALW1.8. The signal peptide, secondary structure and protein motifs
were predicted using approaches accessible on the Internet: SignalP ( http:/fwww.
f:bs.dt'u‘dI{;’serviées!SianalP!), TMHMM (hltg:ffmv\-\acbs.dul.dkfservices!
TMHMMY/), GPI Modification Site Prediction (http://mendel.imp.ac.at/sat/epi/
gpi_server.html), PSIpred {http:a’;"‘.vww.bioinf-i.cs.uci.ac.uk:3000ipsipred}),
Motifscan _(ﬁttp:’";‘!f«fww.n'whits‘.i‘sb-sib.chx’cgibin:‘motif scan),

respectively,

Expression and purificatio
PET-32a protein
The identified recombinant plasmid PMDI8-T-MIC5 was digested with EcoR I
And: Hfg;dﬂ_l._ Thetarget fragment of MICs was purified and cloned into frame of
dige_stéd_?KP?QS??QI*!_;.V;???U:I- PET-32a (+) (Novagen, USA) to generate plasmid pET-
32a-MIC5. -’I‘h_ei:'__r'e_g:meinant plasmid was sequenced to confirm that the MIC5
g frame. The correct recombinant pET-32a-MIC5

n of MIC5 recombinant protein and

insert was in the proper readin

PLOS ONE | DOI:10.1371/journal.pone.0115411 December 22, 2 5719
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plasmid was transferred into competent E. coli BL21 (DE3) cells and the
recombinant protein expression in E.coli was induced by addition of 0.8 mM
Isopropyl-B-D-thiogalactopyranoside (IPTG;Sigma—-Aldrich, USA) to the cell
culture after the ODggy of the culture reached 0.6 at 37°C. The cells were incubated
at 37°C for 5 h and harvested by centrifugation after the addition of IPTG. The
cell pellet was lysed using lysozyme (10 pg/ml) (Sigma-Aldrich, USA) followed by
sonication and then the cell lysates were analyzed by 12% (w/v) sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

The recombinant protein was purified by Ni**-nitrilotriacetic acid (Ni-NTA)
column (GE Healthcare, USA) according to the manufacturer’s instructions.
Purity of the protein was detected by 12% SDS-PAGE and refolded by
renaturation buffer (20 mmol/L Tris-CL,500 mmol/L NaCl,1 mmol/L
GSH,0.1 mmol/L GSSG,pH 8.0) containing different concentrations of urea (8, 6,
4, 2, 0 mol/L). The concentration of refolded protein was determined according
to the Bradford procedure [23], using bovine serum albumin (BSA) as a standard.
The protein was stored at —20°C for later use.

The pET-32a protein was obtained by induction of E. coli BL21 transformed
with pET-32a (+) plasmid using the same methods to the recombinant protein.

Antisera against recombinant MIC5 protein and against
E. acervulina
To generate polyclonal antibodies, about 0.3 mg of the purified recombinant
MICS protein were mixed with Freund’s complete adjuvant as a 1:1 mixture and
injected into SD rats (Qualitied Certificate: SCXK 2008-0004; Experimental
Animal Center of Jiangsu, PR China) subcutaneously in multiple places. Two
weeks later, a booster was given in the same conditions by using protein which
was mixed with Freund’s incomplete adjuvant as a 1:1 mixture. And then, the rats
were re-boosted three times at intervals of 1 week. Finally, the serum was collected
and stored until used. Sera collected before protein injection were used as negative
sera [24].

The antisera against E. acervulina (chicken antisera) were collected from
chickens experimentally infected with E. acervuling 1 week post-infection.

Immunoblotting analysis for the recombinant and native EaMIC5
Samples including crude somatic extracts of E. acervuling sporozoites and the
recombinant protein of MIC5 were separated by SDS-PAGE. Then the proteins
were transferred to nitrocellulose membrane (Millipore, USA). After being
blocked with 5% (w/v) skimmed milk powder in TBS (Tris-buffer saline)-Tween
20 (TBST), the membranes were incubated with the primary antibody (rat
antisera and chicken antisera, respectively) for 1 h at 37°C (dilutions 1:100 to rat
antisera, 1:100 to chicken antisera). Then the membranes were washed 3 times
and were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rat
IgG and HRP-conjugated donkey anti-chick IgG (Sigma, USA) at 37°C for 1 h,

PLOS ONE | DOL:10.1371/journal.pone.0115411 December 22, 2014 619
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Table 2. Effects of recombinant EaMICs protein against E. acervulina challenge on different parameters.

Unchallenged
control

PET-32a protein controf 68.95+4.51¢

140.07 +1.272

100° 200

98.57° 5.4340.02° 1.26° 82.64
PBS control 68.24+4.61° 101.8° 5.43+0.02° 1.50° 81.03
* Recombinant MIC5 121.5542,815 - . ABRBT. L At Camauppeeers 72268
el : ; L
Challenged control 67.27 +4.37° 104.4° i 5.44 +0.03° 0.00° 79.86

Note: in each column, significant difference (p<0.05) between means and ranks with different letters and no significant difference (p>0.05
and ranks with the same letter; the oocyst output was zerg (designated as "—*

) between means
) in the unchallenged contro| group,

doi:10.1371/journal. pone.011541 11002

respectively. Finally, the bound antibod
dine tetrahydrochloride (DAB
manufacturer’s instructions,

¥ was detected using 3,3"-diaminobenzi-
) kit (Boster Bio—technology) according to the

Expression analysis of EaMIC5 in sporozoite
E. acervulina by immunofiuorescence

Purified sporozoites and merozoites were smear.
lysine treated glass slide before fixation, Sporoz
with 4% paraformaldehyde in TBS for 10 min
TritonX-100 in TBS for 10 min, washed 3

and merozoite of

ed and air-dried on a poly-L-
oites and merozoites were fixed
at RT, permeabilized with 1%
times in TBS containing 0.05% Tween-
ining 5% (w/v) BSA for 2 hat 37°C.

Immunization and challenge infection

Two-week-old chickens were randomly divided into five groups of 30 each as
shown_iq_T&ble.- 2 according to i

same amount of components
injection, the chitkens_ in each
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challenged orally with 1.2 x 10° sporulated oocysts of E. acervuling. Unchallenged
control chickens were given PBS orally. All of the chickens were euthanized
following protocols approved by the Animal Care and Ethics Committee of
Nanjing Agricultural University to determine the effects of immunization on the
6th day post-challenge.

Evaluation of immune protection

The efficacy of immunization was evaluated on the basis of lesion score, body
weight gain, oocyst output, oocyst decrease ratio and anti-coccidial index (ACI)
(25, 26]. Body weight gain of chickens in each group was determined by weighing
the chickens at the end of the experiments subtracting the body weight at the time
of challenge. Lesion scores were observed and recorded according to the system
described by Reid and Johnson [27]. The duodenal content for each group was
collected separately and oocysts per gram of content (OPG) were determined
using McMaster’s counting technique. Oocyst decrease ratio was calculated as
described by Rose and Mockett [28] and Talebi and Mulcahy [29] as follows: (the
number of oocysts from the challenged control chickens — vaccinated chickens)/
the challenged control chickens x 100%.

ACI was a synthetic criterion for assessing the protective effect of a medicine or
vaccine and calculated as follows: (survival rate + relative rate of weight gain) —
(lesion value + oocyst value). Whereas, survival rate was estimated by the number
of surviving chickens divided by the number of initial chicken. Relative rate of
weight gain of the chickens in each group was determined by subtracting the body
weight of the chickens at the time of challenge from the body weight at the end of

the experiments. Lesion score of the chickens from each group was investigated
according to the method of Johnson and Reid [27] and oocyst value was
calculated using the formula described by Peek and Landman [30,31]. According
to Merck Sharp & Dohme Company Ltd (32], ACI value of =180 was considered
high performance, ACI value of 160-179 was considered as effective, and ACI

value of <160 was considered as ineffective.

Determination of serum antibody level and cytokine concentration
Preparation of the serum

Two-week-old chickens were randomly divided into three groups of 10 chickens
each. The chickens in groups were respectively immunized with 200 ng
recombinant protein of EaMIC5 without any adjuvant, pET-32a protein and the
same PBS volume. One week later, a booster immunization was given with the
same amount of components as the first immunization. After 10 days of booster
immunization, the blood sample was collected, incubated at 37°C for 1 h and
centrifugated at 5000 rpm for 5 min at 4°C to isolate the serum. The sera were
used for the detection of antibody, cytokines and serum CD4, CDS.

PLOS ONE | DOI:10.1371/journal.pene.0115411 December 22, 2014 8/19
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Determination of serum antibody leve] by enzyme-linked immunosorbent assay
(ELISA)

The IgG antibody levels against EaMIC5 in the serum samples were determined by
ELISA as described previously [33]. Briefly, flat-bottomed 96-well plates (Marxi-
Sorp, Nunc, Denmark) were coated overnight at 4°C with 100 ul solution per well
of recombinant EaMIC5 (50 pg/ml) in 0.05 M carbonate buffer, pH 9.6. The
plates were washed with 0.01 M PBS containing 0.05% Tween-20 (PBS-T) and
blocked with 5% skim milk powder (SMP) in PBS-T for 2 b at 37°C. The plates
were incubated for 2 h at 37°C with 100 pl of the serum samples diluted 1:50 in
PBS-T with 1% SMP in duplicate. After three washes, the plates were incubated
for 1 h at room temperature with 100 pl/well of horseradish peroxidase-
conjugated donkey anti-chicken IgG anti-body (Sigma) diluted 1:1000 in 2% SMP
in PBS-T. Color developmentwas carried out with 3,3’,5,5'-tetramethylbenzidine
(TMB) (Sigma), and the optical density at 450 nm (ODysp) was determined with a
microplate spectrophotometer. All Serum samples were investigated by ELISA at
the same time under the same conditions and were included on one plate.

Determination of serum CD4, CD8 and cytokine concentrations

The concentration of soluble cluster of differentiation 4 (sCD4), soluble cluster of
differentiation 8 (sCD8), interferon-y (IFN-y), interleukin-4 (IL-4), interleukin-
10 (IL-10), interleukin-17 (IL-17), and tumor growth factor-p (TGF-B) in serum
were detected by utilizing an indirect ELISA with the “chick cytokine ELISA
Quantitation Kits” (catalog numbers: CSB-E13114C, CSB-E14317C, CSB-
E08550Ch, CSB~E06756Ch, CSB-E12835C, CSB-EO467Ch, and CSB-E09875Ch
for sCD4, sCDg, IEN-y, IL-4, IL-10, IL-17 and TGE-B respectively; CUSABIO,
China) in duplicate, according to manufacturer’s instructions,

Statistical analysis :

One way analysis of variance (ANOVA) with Duncan’s multiple range tests were
used for the determination of statistical significance by using the SPSS statistical
package (SPSS for Windows 16, SPSs Inc,, Chicago, IL, USA) after all data in this
paper was test by Levene (F)-Test by using SPSS. Differences among groups were
tested and p<<0.05 was considered to indicate a significant difference,

Results

Cloning and Sequence analysis of EaMIC5

By overlapping the 3'- and 5'-RACE fragments, a transcript of 877 bp was
obtained, which have been submitted to NCBI (GenBank Accession

No. KF922373). A 178 bp 5'-untranslated region (5'-UTR) was detected before
the ATG initiation codon and a 336 bp open reading frame (ORF) (Fig.1) was
found that terminated with the TAA stop codon, On the 3'-end, the cDNA had a
363 bp 3'-UTR in the frame., By analysis with the sequence, the ORF was found to
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Fig. 2. The phylogenetic tree of amino acid sequences between EaMIC5 and those of MIC5 from other
species.

doi:10.1371fjournal pone.0115411.g002

theoretical pl of the protein was 9.44. No signal peptide, GPI anchor and
transmembrane domain were found in the deduced protein, but one O-
glycosylation site and twelve phosphorylation sites could be detected. The protein
had six hydrophilicity regions including 7—17, 24—35, 38—56, 59—76, 82—90
and 96—111, and four high antigenic index and consecutive regions including
9—23, 2557, 69—77 and 83—111. It also contained two Apple Factor XI like-
regions.

EaMIC5 multiple sequence alignment and cladogram

When compared with the known microneme nucleotide and protein sequences on
the NCBI database @rtp:fh—mw—:blast.ncbi.nlm.nih.aov!blast.gi__fj and on the
GeneDB database (http:/iwww.genedb.ore/ blast/submitblast/GeneDB
Eacervulina), the identity of EaMIC5 nucleotide sequence was 99% to E.
acervulina hypothetical protein (EAH_00034850.1) and 60% to E. acervulina
hypothetical protein (EAH_00013920.1) in GeneDB, and was lower than 15% to
any other nucleotide sequence in NCBI. The amino acid sequence of EaMIC5 had
100% homology to the C-terminus of E. acervuling hypothetical protein
(CDI78535.1) in NCBI. It also had 89% identity to E. acervulina hypothetical
protein (EAH_00034850.1) in GeneDB, 42% identity to E. necatrix microneme
protein 5 (ABY53156.1) and 40% identity to E. tenella microneme protein 5
(CAB52368.1) in NCBL The phylogenetic tree of amino acid sequences was built
by using MEGA4.0 and the result of clado gram (Fig.2) showed that the kinship of
EaMIC5 protein between Eimeria spp was highly related when compared with
other species (Neospora caninum, Babesia bovis, Plasmodium cynomolgi,
Toxoplasma gondii) of apicomplexan parasites.
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@'PLOS ] ONE

Fig. 3. A: SDS-PAGE of recombinan
MICS protein; B: i

Expression, purification
SDS-PAGE s_h"o__w_ed; that the r,
sonicated :'bac:tei_:'_i_a':"in(:_lu's'ion bodies.
by chtomatbg:;ap_hy_gf;' the Ni-NTA

single band with the molecular mass

t protein pu
mmunoblof for the recombin
(Lane 1) Recombinant protein MICS probed by
acervulina as primary antibody; (Lane 2) Reg

ant EaMICS, (Lane M) profein

and renaturation o
ecombinant protein w

2 d by the serum
ho 'éd\f'tha_t-fx‘at' anti-
about 14 kDj in

rified. (Lane M) protein Mark {ordinate values in kDa); (Lane 1)
Mark (ordinate values in kDa};

f recombinant Eamics
as mostly found in the
After purification from the inclusion bodies
and renaturation, the protein was seen as a
30 kDa on the SDS-PAGE gel (Fig.34).

in the vector, the recombinant protein

the deduced size of 12.18 kDa.

of normal chickens (Fig.3B). Western
EaMIC5 antiserum reco

gnized the native
the somatic extract of E. acervuling
an the deduced one,

11/19




@' PLOS | one

The Microneme 5 of Eimeria acervulina

Fig. 4. Expression of EaMICS protein in E. acervulina sporozoites by immunofluorescence assay

( x 100 magnification). Panel A: E. acervulina sporozoites. The white arrows indicate sporozoites. (A1)
Differential interference contrast (DIC). (A2) Immunofluorescence localization using Cy3. {A3) DIC and
Immunofluorescence combined. Panel B:Negative control, the sporozoites were probed by serum of normal
rat without immunizing as primary antibody. (81) DIC. (B2) Cy3. (B3) Combined.

doi:10.137 1fjoumnal.pone.0115411.004

Expressions of EaMIC5 in Sporozoites and merozoites

Using anti-rEaMIC5 serum, EaMIC5 protein expression was investigated in
sporozoites (Fig.4) and merozoites. The results showed that greater staining
intensity was seen in sporozoites but in case of the merozoites the staining

intensity was weak. No staining was seen in the negative control sections.

Protective effects of vaccination on E. acervulina challenge

The immunization efficacies of EaMIC5 are described in Table 2. No chicken died
from coccidial challenge in any group in this study. Body weight gains were
significantly reduced in challenged control group, PBS control group and pET-32a
protein control group compared with unchallenged control group (p<0.05).
Chickens immunized with recombinant EaMIC5 protein displayed significantly
enhanced weight gains relative to chickens in challenged control group, PBS
control group and pET-32a protein control group (p<<0.05). The oocyst counts of
EaMIC5 immunized chickens were significantly lower than that of challenged
control group, PBS control group and pET-32a protein control group (p<<0.05).
Significant alleviations in duodenal lesions were observed in EaMIC5 immunized
chickens compared to that of challenged control group, PBS control group and
PET-32a protein control group (p<0.05). Group of chickens immunized with
recombinant protein resulted in ACI more than 160. '

PLOS ONE | DOI:10.1371/jounal.pone.0115411 December 22, 2014 12119




@'PLOS ] ONE

The Microneme 5 of Eimeria acervulina

serum lgG CD4 concentration

OD{450nm) .

PBS PET32af4)  ExMIcs

|
!
IL<4 cancentration i

1530

S
PET-12a(+}  EaMics

PES.pETIN  Eaklics P85

IL-17 concentration

 pplmit

S5 =
PET32a(}  EaMics

» CDB and cytokine levels in chickens,

PET-32a protein (pET-32a control),

CDB8 and cytokine are expressed as

30 _ ance at 450 nm. One star on the bar is slightly different from others, and

two stars are significantly different (P<0.05), otherwise no different (p=>0.05), A: 19G; B: CD4; C: CD8. D- IL-4;
F: IL-17; G: TGF- B and K- IFN-y,

rs and the concentration CD4,

- 40i:10.1371/joumal pone.0115411,4005

13/19




@° PLOS |one

The Microneme 5 of Eimeria acervulina

IgG titers and concentrations of cytokines, CD4 and CDS8 in sera of
immunized chickens

As depicted in Fig.5A, serum from chickens immunized with recombinant
EaMIC5 protein showed significantly high level of IgG antibody (p<<0.05)
compared to that of controls, whereas IgG antibody of chicken immunized with
PET-32a protein and PBS was not significantly induced (p>0.05). Meanwhile
significantly higher levels of sCD8 (Fig.5C) and IL-4 (Fig.5D) were observed in
chickens immunized with recombinant EaMIC5 protein compared to the control
groups (p<<0.05). There were no significant differences of the sCD4 and other
cytokines between the immunized and control groups.

Discussion

So far, complete sequences of MICS of E, tenella [17], E. necatrix and E. maxima
[34] have been published in NCBI, but none of E. acervuling has been reported. In
this research, we successfully obtained the complete sequence of MIC5 of E,
acervulina and some characters of the protein were clarified.
In our current research, a nucleic acid sequence of 877 bp was obtained by

' RACE using the primers based on the EST of EaMIC5 in GenBank. This sequence
contained a 336 bp open reading frame (ORF). The molecular mass of the
deduced translation product of the ORF was about 12.18 kDa. The ORE included
the start codon at the site 179—I181 and the stop codon at the site 512—514. -
Compared with the sequences of MIC 5 of other Ejmeria spp, the product was
found to have 42% identity to E. necatrix MIC 5 (ABY53156.1) and 40% identity
to E. tenella MIC 5 (CAB52368.1). The phylogenetic analysis of amino acid
sequences indicated that this protein was highly related to the MIC 5 of Eimeria
when compared with that of Neospora caninum, Babesia bovis, Plasmodium
cynomolgi, Toxoplasma gondii. Compared to the EtMIC5 sequences published
[17], we found that there were no transmembrane region and signal region for
GPI anchor attachment in EaMIC5 sequences. BLASTP analysis revealed two
Apple Factor XI like regions in the EaMICS5, which were similar to the eleven
cysteine-rich receptor-like regions with striking similarity to the Apple domains
(A-domains) of the binding regions of blood coagulation factor XI (FXI) [15] and
plasma pre-kallikrein (PK) [16] in EtMICS. According to Brown et al [17] and
Saouros et al [18], EaMICS, similar to EtMIC5 and TgMICS5, was located mainly
at the apical tip of the sporozoite. In the current research, immunofluorescence
analysis using serum against the recombinant protein showed that the native
protein of EaMICS also mainly located at the apical end of the sporozoite. All of
the above results suggested that the gene we obtained should be the MICS of E.
acervulina. However, we found that TgMICS, EtMIC5, EmMICS and EnMIC5
were larger than EaMICS5 in size and, compared to TgMIC5, the MIC5 proteins of
Eimeria had no leader peptide. This indicated that MIC5s of different species
might be different in size.
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We found that EaMIC5 also had 100% homology to the C-terminus of E,
acervulina hypothetical protein (CDI78535.1). However, the relationship between
EaMICS and this hypothetical protein and whether the MIC5 was truncated from
the same gene to the hypothetical protein in E. acervulina need to be further
researched.

In this study, the sera against recombinant EaMIC5 recognized a band of about
14 kDa in the somatic extract of E. acervulina sporozoites. It indicated that the
native EaMIC5 was 14 kDa in size. Comparison of the native EaMIC5 with the
deduced one suggested that the native EaMICS was slightly larger than the
deduced one of 12.18 kDa. It might be resulted from post-translational
modification, such as glycosylation and phosphorylation. The sequence analysis
indicated that there were glycosylation and phosphorylation sites in EaMICS.

In this study, western blot assay revealed that recombinant EaMIC5 could be
detected by the sera of chicken experimentally infected with E. acervuling, It
indicated that EaMIC5 could be recognized by host immune system and induce
the antibody response.

~ Identification of genes expressed in the life cycle of coccidian is very critical to
understand the developmental biology of these parasites and MIC proteins
including MICS5 are generally considered to be involved in cellular invasion. In
this research, we demonstrated that MIC5 could be detected in sporozoite and
merozoite stages of the life cycle. However, in sporozoite and merozoite the
location of EaMICS5 differs. EaMICS is located mainly at the apical tip of the
sporozoite and is similar to EtMIC2 in E. acervuling sporozoite [35], while in the
merozoite EaMICS5 is diffused and located mainly at both poles. The reason for
this difference maybe because the protein is confined to an intracellular location
in resting sporozoites but is translocated to the parasite surface when it comes in
contact with the cells [17].

This result proclaimed that the protein was conserved in the life cycle of this
parasite, but the expression of this protein in other stages of E. acervuling and its

 detailed localization are worthy of further researches,

IL-4 is known to be a marker cytokine for Th2 cells, and it can promote B cell
generation, differentiation, maturation, CD4* cells differentiation to Th2 cells and
the production of antibody [36]. In this study, EaMIC5 was found to be able to
induce significant release of IL-4 and high levels of IgG antibody, indicating that
EaMIC5 could enhance humoral response.

CD4" and CD8" cells have been shown to release a soluble forms known as
sCD4 and sCD8 [37] and the sCD8 has long been used as a marker for the
iden_tiﬁcat_ion'ofacti_ve Cytotoxic and suppressor cells | 38]. The levels of sCD4 and
sCD8 in serum are consistent with the count of CD4" and CD8" cell [39]. In this
study, the concentration of sCD8 was significantly increased suggesting that

165/19
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significant IFN-y was detected. The inconsistency of sCD8 with IFN-y need to be
further researched. In this study, it was also found that the concentrations of sCD4.
did not differ significantly between EaMIC5 group and control groups. This als
needs to be further investigated.

Zhu et al [9,41] reported that antigen cSZ-JN1 could induce significant level o
IL-4 and TGF-B, and cSZ-JN2 could stimulate significant level of IL-2 10 days
post second injection. They also found neither €SZ-JN1 nor ¢SZ-JN2 could incite
significant level of the IFN-y at the same time point. In our study, we measured
the level of cytokines at 10 days post booster injection and found that EaMIC5
could induce significant level of IL-4, but not incite significant level of the IFN-
at the time point. These were consistent with Zhu’s results. In addition, our results
showed that EaMIC5 could not resulted in significant level of IL-10, [L-17 and
TGF-B. Song et al (8] indicated none of pVAX-LDH, pVAX-LDH-IFN-y and
pVAX-LDH-IL-2 could induce the increment of CD4* and CD8* at 7 days post
primary and booster immunization. But we found EaMICS5 could incite &
significant level of sCD8 while the level sCD4 could not be promoted 10 days post
booster. Moreover, Qi et al [42] found that EtMICI induced significant level of
the IFN-y transcript profiles at first immunization (at days 14), and reached the
peak at third immunization (at days 28). All of the above results indicated that
different antigens might induce different cytokine and CD4* or CD8* cells at
different time points. Thus, the profiles of cytokines and T cells stimulated by
EaMICS at different time points should be further investigated. :

In our research, recombinant EaMICS resulted in an ACI more than 160 in the '_
animal protective experiment, suggesting that EaMIC5 might be an effective '
vaccine candidate against E. acervulina. Recent reports demonstrated that DNA
vaccine or co-delivery of cytokines as adjuvants could enhance the efficiency of
vaccines to induce strong humoral and cellular immune responses [43, 44]. So the
possibilities of the DNA vaccine of EaMIC5 or co-delivery with cytokines and
other molecular adjuvants to enhance the immunity of EaMIC5 is worthy of
further researches.

In recent studies, dual immunofluorescence staining of EtMIC3 and EtMIC5 on ;
fixed and permeabilized sporozoites of E. tenella and the parasites apically
attached to host cells showed that EtMIC3 located mainly at the apical tip of the
sporozoite, whilst the majority of EtMICS labeling was detected just posterior to
this region [43]. EtMIC3 could bind to sialic acid-bearing molecules on the
epithelial cell surface of the host, and played key roles in the invasion of the
sporozoite [45,46]. However, it was reported that the eleven cysteine-rich
receptor-like regions similar to the Apple domains of EtMICS was associated with
the parasites membrane and provided a crucial link between cytoskeletal elements
of the parasite and receptors on the surface of the host cell [47]. TgMICS5 was also
retained on the parasite plasma membrane via its physical interaction with the
membrane-anchored toxoplasma subtilisin 1 (TgSUBL) and directly regulated
MPP2 activity or influenced MPP2’s ability to access substrate cleavage sites on
the parasite surface [48]. In our current research, we demonstrated that EaMIC5
was located mainly at the apical tip of the sporozoite and could be translocated to
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the merozoite surface, and EaMIC5 could induce partial protection against the
challenge of E. acervulina. All of these results suggested that EaMIC5 might also be
involved in the cell invasion of E. acervuling. However, the exact role of EaMIC5
during cell invasion is still unclear and need further investigation.

- In conclusion, we successfully obtained EaMICS full sequence based on the EST
published on GenBank by the method of RACE. This protein was expressed in
sporozoite and merozoite stages of the coccidian and could stimulate humoral
~and cellular responses to induce partial protection against the challenge of E,
“acervulina. Its location on sporozoite and merozoite and its protective function
“also indicated that EaMIC5 might be involved in the cell invasion. However, the
_exact roles of EaMIC5 in cell invasion need to be further studied.
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