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Abstract 

Background: RNA interference (RNAi) is an important tool to determine the role of genes. RNAi has been widely 
used to downregulate target molecules, resulting in the reduction of mRNA for protein expression. Matrix metallopro‑
tease 12A (MMP‑12) is known to have important roles during embryonic development, organ morphogenesis and 
pathological processes in animals. However, MMP‑12 from Haemonchus contortus has not been characterized.

Methods: Haemonchus contortus MMP‑12 gene was cloned and recombinant protein of MMP‑12 (rHc‑MMP‑12) was 
expressed. Binding activities of rHc‑MMP‑12 to goat peripheral blood mononuclear cells (PBMCs) were assessed by 
immunofluorescence assay (IFA) and the immuno‑regulatory effects of rHc‑MMP‑12 on cell proliferation and nitric 
oxide production were observed by co‑incubation of rHc‑MMP‑12 with goat PBMCs. Furthermore, a soaking method 
was used to knockdown the expression of Hc‑MMP12 gene using three siRNA, targeting different regions of the gene 
and infectivity of effective siRNA on the development of H. contortus was evaluated in goat.

Results: rHc‑MMP‑12 was successfully expressed in an expression vector as well as the tissues of the cuticle of adult 
H. contortus worms and a successful binding with PBMCs surface were observed. Increased cellular proliferation and 
nitric oxide production by goat PBMCs was observed in a dose‑dependent manner. Quantitative real time PCR (qRT‑
PCR) results confirmed the successful silencing of Hc‑MMP‑12 gene in siRNA of 1, 2 and 3 treated third‑stage larvae 
(L3) of H. contortus in vitro. The most efficient qRT‑PCR‑identified siRNA template was siRNA‑2, with a 69% suppres‑
sion rate compared to the control groups. Moreover, in an in vivo study, silencing of the Hc‑MMP‑12 gene by siRNA‑2 
reduced the number of eggs (54.02%), hatchability (16.84%) and worm burden (51.47%) as compared to snRNA‑
treated control group. In addition, a shorter length of worms in siRNA‑2‑treated group was observed as compared to 
control groups.

Conclusions: Our results indicate that siRNA‑mediated silencing of Hc‑MMP‑12 gene in H. contortus significantly 
reduce the egg counts, larval hatchability, and adult worm counts and sizes. The findings of the present study demon‑
strate important roles of Hc‑MMP‑12 in the development of H. contortus.
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Background
Haemonchus contortus is an important trichostrongylid 
nematode that affects small ruminants and causes sig-
nificant economic losses due to high mortality and mor-
bidity worldwide [1–3]. This nematode inhabits in the 
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abomasum and has a complex life-cycle with a parasitic 
and a free-living phase [4]. Hosts become infected after 
the ingestion of third-stage infective larvae (L3). Blood-
feeding adult H. contortus can lead to severe hemorrhagic 
gastritis, anemia, hypoproteinemia, edema, and even 
death in acute infections [5–7]. Control of this parasitic 
nematode is based on the application of anthelmintics, 
but excessive usage of these drugs has led to the devel-
opment of anthelmintic resistance [8–11]. Previously, 
partial protection against H. contortus has been reported 
using DNA vaccines including actin [12], disorganized 
muscle family member-1 [13], cysteineprotease [14], 
glyceraldehyde-3-phosphate dehydrogenase [15] and glu-
tathione peroxidase [16]. However, development of more 
effective control approaches is urgently needed.

Life-cycles of many nematode parasites consist of dif-
ferent migratory as well as invasive larval stages in the 
host environment [17]. Infective larvae (L3) of nematodes 
secrete macromolecules that are critical to infection and 
establishment of the parasite in the host [18]. In our pre-
vious study, comparative proteomics between H. contor-
tus L3 and activated L3 was performed in which matrix 
metalloprotease 12A (MMP-12) was identified as one 
of the proteins that is upregulated during L3 exsheath-
ment [19]. This protein belongs to a major group of zinc-
dependent endopeptidases which have ability to cleave 
extracellular matrix constituents [18]. Moreover, matrix 
metalloproteases (MMPS) play important roles during 
embryonic development, organ morphogenesis and path-
ological processes [20, 21]. However, the exact biological 
functions of MMP-12 in developmental stages of H. con-
tortus are not clear.

RNA interference (RNAi) is an important tool to deter-
mine the role of genes in which double-stranded RNA 
or small interfering (si)RNA activates the breakdown 
of homologous mRNA. RNAi has been widely used to 
downregulate target molecules, resulting in the reduc-
tion of mRNA for protein expression. Gene knock-
down by RNAi was first described in a Caenorhabditis 
elegans model [22]. The success of RNAi in C. elegans 
can be attributed to the presence of the RNAi machin-
ery, including the proteins with the ability to culture 
the nematode through generations. A gene knockdown 
technique has been practiced efficiently in parasites by 
the design and delivery of siRNA of target molecules. In 
previous studies, RNAi has been used to evaluate the bio-
logical functions of different genes in different helminths, 
for example paramyosin in Trichinella spiralis [23], type 
V collagen and calcium-regulated heat-stable protein 
in Schistosoma japonicum [24, 25], enolase in Clonor-
chis sinensis [26], and H11 aminopeptidase and DAF-3 
in H. contortus [27, 28]. MMPS play important roles in 
developmental stages [20, 21] and the present study was 

designed to evaluate the biological roles of MMP-12 dur-
ing different developmental stages of H. contortus in goat.

In this study, H. contortus MMP-12 was cloned, 
expressed in pET-32a, purified and confirmed through 
western blotting. Localization of MMP-12 in adult H. 
contortus worms and binding of recombinant MMP-12 
with goat PBMCs were also performed. The modulatory 
effects of rHc-MMP12 on goat PBMCs proliferation and 
nitric oxide production were evaluated. Furthermore, a 
soaking method was used to knockdown the expression 
of the Hc-MMP12 gene using three siRNAs targeting dif-
ferent regions of the gene, followed by the evaluation of 
the efficiency on the development of H. contortus.

Methods
Animals and H. contortus infective third‑stage larva (L3)
Local crossbred goats (n = 20), aged approximately 
6  months, were bought from a farm in Xuyu county of 
Jiangsu Province and kept in the animal house of Nanjing 
Agricultural University under controlled conditions. All 
goats were administered with Levamisole orally (8 mg/kg 
body weight) twice at 2-week intervals to remove natural 
parasitic infections. Microscopical analysis of fecal sam-
ples was performed twice per week for helminth eggs. 
After 25  days of a second deworming, helminth-free 
goats were used in further experiments.

The H. contortus strain was maintained by serial pas-
sage in helminth-free goats at the Ministry of Education 
Laboratory at the Nanjing Agricultural University. To 
collect H. contortus infective L3, two local male goats 
(2-years-old) were raised under nematode-free condi-
tions and dewormed twice at 15 days intervals using Lev-
amisole. Both goats were infected using an oral dose of 
10,000 L3 of H. contortus, and to confirm infection, fecal 
samples were collected and checked twice a week for the 
presence of H. contortus eggs. After confirmation of infec-
tion, infected larvae of H. contortus (L3) were obtained 
through conventional methods [29]. Briefly, feces from 
a H. contortus infected-goat were collected, crushed, 
mixed with water and combined with vermiculite to keep 
the mixture moist. The pan containing the mixture was 
covered with aluminum foil with several holes to allow 
air flow, and placed at room temperature for 10  days. 
To recover the larvae, the mixture was filtered through 
cheesecloth, larvae were examined microscopically, then 
preserved at 4 °C in water with 1% penicillin G until use.

Molecular cloning of Hc‑MMP‑12
Total RNA was extracted from adult H. contortus using 
TRIzol reagent (Invitrogen, Shanghai, China) to clone 
the MMP-12 gene [30]. The cDNA was transcribed as 
per manufacturer’s instructions of the cDNA Kit used 
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(Takara, Dalian, China) and stored at − 20  °C until use. 
Initially, the open reading frame (ORF) of Hc-MMP-12 
was amplified by a reverse transcription-polymerase 
chain reaction (RT-PCR) using specific primers designed 
from the conserved domain sequences (CDS) of H. con-
tortus (GenBank: HF964013.1). The following specific 
primers incorporating BamHI and XhoI digestion sites 
were used: forward primer (5′-CGC GGA TCC ATG 
ATA AGC GCC ACG CTG ATT CTG AT-3′) and 
reverse primer (5′- CCG CTC GAG TCA GAT GTA 
TTG GTA TTG AAA CGT G-3′). PCR reactions were 
performed in a total volume of 25  μl containing 12.5  μl 
2× Taq master mix (Takara), 2 μl of cDNA, 8.5 μl  ddH2O 
and 1 μl (50 pmol/µl) of each primer. PCR amplification 
was performed as follows: initial denaturation (one cycle) 
at 94 °C for 5 min, followed by 35 cycles at 94 °C for 30 s; 
55 °C for 30 s; 72 °C for 2 min; and a final extension step 
at 72  °C for 10  min. EZNA Gel Extraction Kit (Omega 
Bio-tech, Norcross, GA, USA) was used according to the 
manufacturerʼs instructions to purify the PCR products, 
followed by ligation into the cloning vector pMD19-T 
(Takara, Dalian, China). Transformation of the recom-
binant plasmid (pMD19-T/MMP-12) into Escherichia 
coli  DH5α strain (Invitrogen Biotechnology, Shanghai, 
China) was performed and cultured in Luria Bertini (LB) 
medium containing ampicillin (100  µg/ml). The recom-
binant plasmid, pMD19-T/MMP-12, was identified by 
restriction enzyme digestion with BamH I and XhoI. The 
MMP-12 gene was sub-cloned into pET-32a, followed by 
confirmation of successful insertion in the correct read-
ing frame by sequencing (Invitrogen Biotechnology) and 
online BLAST analysis.

Expression and purification of recombinant Hc‑MMP‑12
The recombinant plasmid (pET-32a ligated with Hc-
MMP-12) was constructed, transformed into E. coli BL21 
and cultured in LB containing ampicillin (100 μg/ml) at 
37 °C. Protein was expressed by adding 1 mM isopropyl-
β-d-thiogalactopyranoside (IPTG; Sigma-Aldrich, Shang-
hai, China). The recombinant Hc-MMP-12 protein was 
purified according to the manufacturer’s instructions 
using a  Ni2+-nitrilotriacetic acid (Ni-NTA) column and 
refolded by renaturation buffer (20  mmol/l Tris-HCl, 
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 
and 0 M) [31]. The rHc-MMP-12 protein was detoxified 
using Toxin Eraser Endotoxin Removal Kit (GeneScript, 
Piscataway, USA).

Preparation of polyclonal antibodies
Female Sprague Dawley (SD) rats of 150  g body weight 
(n = 6) were purchased from the Experimental Animal 
Center of Jiangsu, PR China (certified: SCXK 2008-0004). 

Rats were randomly divided into two groups, group 1 
(n = 3) and group 2 (n = 3), kept in a sterilized room and 
supplied with food and water ad libitum.

The purified rHc-MMP-12 protein (0.3  mg in 0.5 ml 
PBS) was mixed with 0.5 ml of Freund’s complete adju-
vant and injected subcutaneously to rats of group 1, while 
group 2 was kept untreated. Three more doses of pro-
tein (0.3 mg in 0.5 ml PBS) mixed with 0.5 ml of Freund’s 
incomplete adjuvant were injected with 2 weeks intervals. 
Sera samples from the control group and experimental 
group were collected 10 days after the last immunization 
and stored at − 80 °C until further use.

Western blot assay
Western blotting played a preliminary role in the selec-
tion of the target protein to evaluate the immunogenic-
ity and immuno-reactivity of the antigen [32]. Antigenic 
characteristics of rHc-MMP-12 were also evaluated in 
sera of goats infected with H. contortus as described pre-
viously [33]. First, purified rHc-MMP-12 was separated 
on 12% SDS-PAGE and a semi dry system (NovablotHoe-
fer, San Francisco, USA) was used to transfer onto 
PVDF (polyvinyl difluoride membrane; Millipore, Bill-
erica, USA) with transfer solution (Tris 48  mM, glycine 
39  mM, SDS 0.0375%, methanol 20%). Blocking buffer 
(5% skimmed milk) diluted in TBS-T (Tris-buffered 
saline containing 0.05% Tween-20) was used to block the 
membrane at 37  °C for 2  h. The PVDF membrane was 
washed three times, cut into strips and incubated at 37 °C 
with 1:100 diluted primary antibody (anti-H. cortortus 
goat serum/anti-rHc-MMP-12 polyclonal antibody) for 
2  h. After another three washes with TBS-T, the strips 
were incubated with 1:4000 diluted secondary antibody 
(Horseradish Peroxidase conjugated rabbit anti-goat IgG; 
Sigma-Aldrich, Hilden, Germany). Finally, immunoreac-
tions were observed with the help of chromogenic sub-
strate, 3-diaminobenzidine tetrahydrochloride (DAB; 
Tiangen Biotech, China).

Localization of Hc‑MMP‑12
An immunofluorescence assay was performed accord-
ing to the method stated previously [34]. Adult para-
sites were suspended in Tissue-Tek® O.C.T. compound 
(Sakura, Torrance, CA, USA) after fixation on glass slides 
(poly-l-lysine hydrobromide) with 4% formaldehyde-0.2% 
glutaraldehyde in PBS for 45 min and snap frozen in liq-
uid nitrogen. Worms were cut into pieces (10 µm thick) 
using a cryotome (CM1950; Frankfurt, Germany) and 
washed with PBS. The slides were treated with 5% BSA 
to block any non-specific binding followed by incubation 
with a 1:300 dilution of rat-anti-rHc-MMP-12 antise-
rum (experimental group) and normal rat serum (control 
group) as primary antibody at 37 °C. After 2 h incubation, 
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slides of both groups were incubated in a 1:3000 dilution 
of Cy3-labeled goat anti-rat as second antibody (Beyo-
time, Shanghai, China) at 37  °C for 1  h. DAPI (diamid-
ino-2-phenylindole) was used to stain the nuclei of worm 
cells and anti-fade fluoromount medium (Beyotime) was 
used before observing under confocal laser scanning 
microscope.

Separation of PBMCs
PBMCs were separated from collected goat blood using 
the standard Ficoll-hypaque (GE Healthcare, Munich, 
USA) gradient centrifugation method as described previ-
ously [34]. After washing twice with  Ca2+/Mg2+-free PBS 
(pH 7.4), PBMCs were adjusted to the required density 
(1 × 106 cell/ml) in culture medium (RPMI 1640) con-
taining 10% heat-inactivated fetal bovine serum (FBS), 
100 U/ml penicillin or 100 mg/ml streptomycin (Gibco, 
Paisley, UK). Trypan blue exclusion test was performed 
to evaluate the cell viability as described previously [35].

PBMCs binding assay
An immunofluorescence assay was performed to evalu-
ate the binding ability of rHc-MMP-12 to goat PBMCs as 
described previously [30]. Briefly, freshly collected goat 
PBMCs were inoculated with 10  μg/ml rHc-MMP-12 
and 10  μg/ml purified pET32a tag protein separately in 
a 24-well plate (1  ml/well). The plate was incubated at 
37  °C in a humidified atmosphere with 5%  CO2 for 1 h. 
Cells were washed in PBS and let to settle on poly-l-ly-
sine coated glass slides for 20  min and fixed with 4% 
phosphate-buffered paraformaldehyde at room tempera-
ture for 30 min. The slides were blocked with PBS con-
taining 5% BSA at 37 °C for 1 h. Subsequently, the slides 
were incubated with a 1:100 dilution of the primary anti-
body, rat anti-rHc-MMP-12 sera and normal sera (con-
trol slide) for 2 h. After three washes in PBS, slides were 
incubated in the dark with a secondary antibody, goat 
anti-rat IgG coupled with Cy3 (Beyotime; 1:1000 dilu-
tion) for 30 min. DAPI (Sigma-Aldrich) was subsequently 
added and the slides were incubated for 5  min at 37  °C 
in the dark. Finally, after washing slides were covered 
with a coverslip and immersed in anti-fade fluoromount 
solution (Beyotime). PBMCs were observed by confocal 
microscope with laser scanner (PerkinElmer, Waltham, 
MA, USA) at 100× magnification and digital images 
were taken using a Nikon microscope software package 
(Nikon, Tokyo, Japan).

Cell proliferation assay
A cell proliferation assay was performed in triplicate 
using the cell counting kit-8 (CCK-8) assay reagent 
(Beyotime) as reported previously [36]. Briefly, freshly 

collected goat PBMCs (1 × 106 cells/m) were seeded into 
96-well plates and incubated with consecutive concen-
trations of rHc-MMP-12 (10, 20 and 40  μg/ml), conca-
navalin A (ConA), PBS and purified pET-32a tag protein 
(10 μg/ml) at 37 °C in a humidified atmosphere with 5% 
 CO2 for 72  h. Before measuring the absorbance value 
 (OD450) in micro plate reader (Thermo Fisher Scientific, 
Minneapolis, MN, USA), 10 μl of the CCK-8 reagent was 
added in each well for 4 h.

Nitric oxide production assay
Goat PBMCs (1 × 106 cells/ml) were washed twice with 
 Ca2+/Mg2+-free PBS (pH 7.4) and 100  μl of cells were 
incubated respectively with serial concentrations of rHc-
MMP-12 (10, 20 and 40 μg/ml), purified pET-32a tag 
protein and PBS in DMEM medium in a 96-well plate at 
37 °C in a humidified atmosphere with 5%  CO2 for 24 h. 
The nitric oxide (NO) production assay was performed 
in triplicate using a Griess assay as the described in the 
instructions of the Total Nitric Oxide Assay Kit (Beyo-
time). The absorbance values of the colored solution were 
measured using a microplate reader at 450  nm  (OD540) 
and values converted to micro moles per liter (μmol/l) 
using a standard curve obtained by adding 0–80 μmol/l 
of sodium nitrate in fresh culture media. This experiment 
was performed three times individually.

siRNAs knockdown of Hc‑MMP‑12
Three specific small interfering (si)RNAs were designed 
using the siRNA Design Tools program (https ://rnaid 
esign er.therm ofish er.com) based on the gene sequence 
of Hc-MMP-12, and chemically synthesized by Ribo-
bio, Guangzhou, China (Additional file  1: Table  S1). 
To knockdown Hc-MMP-12 gene expression, soak-
ing method was used [25]. Initially, activated (sodium 
hypochlorite treated) H. contortus L3 were cultured in 
RPMI-1640 (supplemented with penicillin (500 units/ml) 
and streptomycin (500 mg/ml)) with siRNA-1, siRNA-2, 
siRNA-3, snRNA and PBS in 12-well culture plates (500 
L3/500 μl) at 37 °C with 5%  CO2. After 36 h incubation, 
20% FBS was added. After another 24 h incubation, TRI-
zol reagent (Invitrogen, Shanghai, China) was used to 
extract total RNA from PBS, snRNA and siRNA treated 
L3 according to the manufacturer’s instructions. Subse-
quently, cDNA was synthesized as per the manufactur-
er’s instructions of the Takara cDNA kit and qRT-PCR 
was performed as described previously [34] to evaluate 
Hc-MMP-12 gene transcription. β-Actin was used as 
reference gene using specific primers (Additional file  1: 
Table S2). The most effective qRT-PCR identified siRNA 
(siRNA-2) was selected for further experiments.

https://rnaidesigner.thermofisher.com
https://rnaidesigner.thermofisher.com
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Infectivity of soaked siRNA‑2 treated L3 in vivo
To evaluate the effects of soaked siRNA-2 treated L3 on 
production of H. contortus eggs and worms, 20 helminth-
free goats were divided into four groups (n = 5 for each 
group). Group 1, Group 2 and Group 3 were infected orally 
with 8000 activated L3 treated with PBS, snRNA (RNAi 
control) and siRNA-2, respectively. Group 4 was kept 
untreated as a control. Fecal samples were collected from 
all groups at 7, 14, 21, 23, 25, 27, 29, 31 and 35 days post-
infection (dpi). McMaster egg count was performed for 
fecal samples as descripted previously [37]. Additionally, 
the hatchability percentage of eggs was estimated at 29, 31 
and 33  dpi. Finally, at 35 dpi the goats of groups treated 
with soaked siRNA-2, PBS and snRNA were humanely 
euthanized, the abomasum immediately opened and the 
presence and length of adult worms were recorded.

Results
Molecular cloning, sequence analysis and western blotting 
of Hc‑MMP‑12
The amplified PCR products of the Hc-MMP-12 gene 
were obtained from cDNA of H. contortus using a specific 
pair of primers and a correct fragment size of 1275  bp 
encoding a protein of 424 amino acids was detected 
(Fig. 1a). The recombinant plasmid of Hc-MMP-12 (pET-
32a/Hc-MMP-12) induced with IPTG and expressed 
in Escherichia coli BL21 cells showed a His6-tagged Hc-
MMP-12 protein on SDS-PAGE after Coomassie blue 
staining (Fig.  1b) that was purified with a denaturation 
procedure followed by  Ni2+ affinity chromatography and 
a single band was detected with a calculated molecular 
weight of c.64 kDa (Fig. 1c). Moreover, western blot analy-
sis showed that rHc-MMP-12 protein could be recognized 

by serum from a goat experimentally infected with H. con-
tortus (Fig. 1d, Lane 1) and naive protein could be recog-
nized by anti-Hc-MMP-12 polyclonal antibodies (Fig. 1e, 
Lane 1). However, no protein was detected with normal 
goat or rat sera (Fig. 1d, e; Lane 2). The results indicated 
that Hc-MMP-12 had good antigenicity and could be rec-
ognized by the immune system of the host.

Localization of Hc‑MMP‑12 in adult male/female H. 
contortus worms
An immunofluorescence assay was performed using 
partial body sections of H. contortus male and female 
worms to localize the Hc-MMP-12. Nuclei were stained 
with DAPI (blue) and target protein with Cy3 (red). The 
results indicated that Hc-MMP-12 was prominent in 
muscles of adult female and male nematodes (Fig. 2) and 
might be localized on the outer and inner surfaces of the 
cuticle. No protein was observed in the control group.

Effects of rHc‑MMP‑12 on different functions of goat 
PBMCs
An immunofluorescence assay was performed to confirm 
the binding of rHc-MMP-12 with goat PBMCs. Con-
focal microscope imaging revealed that rHc-MMP-12 
protein could bind on the surface of goat PBMCs. As 
indicated in Fig.  3a, nuclei and cells were stained with 
blue fluorescence and target protein with red, whereas 
there was no fluorescence observed in the control sec-
tion. Moreover, the effects of rHc-MMP-12 on cell prolif-
eration were measured by the cell counting kit (CCK-8). 
Results highlighted that proliferation was significantly 
increased (ANOVA: F(4, 25) = 95.98, P < 0.001) by the 
PBMCs incubated with 10  μg/ml, 20  μg/ml and 40  μg/

Fig. 1 Cloning, expression, purification and western blot analysis of Hc‑MMP‑12. a Agarose gel electrophoresis of the PCR products. Lane M: DNA 
molecular marker; Lane 1: the PCR generated fragment of MMP‑12 gene with molecular size of 1275 bp. b SDS‑PAGE. Lane M: standard molecular 
weight protein marker; Lane 1: expression before IPTG induction; Lanes 2–6: expression after IPTG induction at different time points; Lane 7: pET32a 
protein before purification; Lane 8: purified pET32a protein. c Purification of recombinant MMP‑12. Lane 1: recombinant MMP‑12 protein before 
purification; Lane 2: recombinant MMP‑12 protein after purification. d Western blot analysis of rHc‑MMP‑12. Lane 1: serum sample from H. contortus 
experimentally infected goat; Lane 2: serum sample from normal goat. e Western blot analysis of naïve protein. Lane 1: serum sample from SD rats 
containing polyclonal antibodies against rHc‑MMP‑12; Lane 2: serum sample from normal SD rats
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ml concentration of rHc-MMP-12 as compared to the 
control group. No significant difference was observed 
between the control and purified pET32a protein groups 
(Fig.  3b). Furthermore, the total nitric oxide assay kit 
used to evaluate the effect of rHc-MMP-12 on nitric 
oxide production by PBMCs revealed that goat PBMCs 

incubated with 10  μg/ml, 20  μg/ml and 40  μg/ml con-
centration of rHc-MMP-12 showed a significant increase 
(ANOVA: F(4, 10) = 242.50, P < 0.001) in NO production as 
compared to the control group. However, no significant 
difference in NO production was observed between PBS 
(control) and purified pET32a protein groups (Fig. 3c).

Fig. 2 Localization of Hc‑MMP‑12 protein in adult H. contortus worm by immunofluorescence assay. Nuclei were stained with DAPI (blue) and 
target protein with Cy3 (red). a1 Targeted Hc‑MMP‑12 protein localized in the tissues of female worms. b1 Targeted Hc‑MMP‑12 protein localized in 
the tissues of male worms. c1 No fluorescence was observed in control. a2, b2, c2 Micrographs with bright field. Scale-bars: 90 μm

Fig. 3 Influence of rHc‑MMP‑12 on different functions of goat peripheral blood mononuclear cells (PBMCs). a Binding of rHc‑MMP‑12 with 
PBMCs. PBMCs were cultured with rHc‑MMP‑12 (10 μg/m) and without protein as control at 37 °C and 5%  CO2. After 2 h incubation of PBMCs 
with rHc‑MMP‑12, rat anti‑rHc‑MMP‑12, or negative rat IgG (as first antibody) was added, followed by staining with Cy3‑conjugated secondary 
antibody and DAPI. Red fluorescence on surface of cells shows target protein staining (Cy3) and cell nuclei were visualized by DAPI (blue). 
No red fluorescence was observed in control groups. b Influence of rHc‑MMP‑12 on PBMCs proliferation. Cells were incubated with different 
concentrations of rHc‑MMP‑12, purified pET32a protein and PBS (control) at 37 °C and 5%  CO2 for 72 h. Cell proliferation index was calculated 
considering the optical density (OD 450) values in PBS control as 100%. c Influence of rHc‑MMP‑12 on nitric oxide production by PBMCs in vitro. 
Cells were incubated with PBS, pET32a and serial concentrations of rHc‑MMP‑12 protein for 24 h in 37 °C and 5%  CO2. The nitrate concentration in 
the PBMCs was measured by using the Griess assay. Statistically significant differences between the means of three independent experiments were 
assessed using a one‑way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001; ns, no significant difference)
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Transcriptional level of Hc‑MMP‑12 in siRNA‑treated L3 in 
vitro
Infective H. contortus L3 were treated with siRNA-1, 
siRNA-2, siRNA-3, control siRNA and PBS for 60  h 
to knockdown Hc-MMP-12 gene expression using the 
soaking method. Transcriptional levels of Hc-MMP-12 
in siRNA-treated L3 were evaluated using qRT-PCR to 
assess whether Hc-MMP-12 was successfully silenced. 
qRT-PCR analysis revealed a significant reduction 
in Hc-MMP-12 transcript levels in L3 larvae treated 
with Hc-MMP-12 siRNA-1 (48 ± 0.79%), siRNA-2 
(69 ± 0.57%), and siRNA-3 (62 ± 1.04%) compared 
with snRNA template and PBS control (ANOVA: F(4, 

10) = 118.30, P < 0.001). The most significant suppres-
sion in transcription level of Hc-MMP-12 mRNA was 
observed in siRNA-2-treated L3 (Fig. 4). There was no 
significant difference in transcription level observed 
between the snRNA and the PBS-treated L3 group. The 

most efficient qRT-PCR-identified siRNA (siRNA-2) 
which was selected for further experiments.

Effects of Hc‑MMP‑12‑knockdown on egg production 
and hatchability in vivo
Suppression of Hc-MMP-12 mRNA in H. contortus was 
performed by soaked siRNA-2. To evaluate the effects of 
soaked siRNA-2-treated L3 on H. contortus egg produc-
tion, the McMaster technique was performed using fecal 
samples collected at different dpi from goats infected 
with soaked siRNA-2, PBS and snRNA-treated L3. 
Goats infected with soaked siRNA-2-treated L3 showed 
a significant reduction in the number of eggs per gram 
as compared to goats infected with PBS- and snRNA-
treated L3 (ANOVA: F(2, 21) = 5.31, P = 0.014; Fig. 5). No 
eggs were detected in fecal samples of all groups collected 
at 7 and 14 dpi and also of the control groups. Addition-
ally, reduced hatchability rate of eggs collected from 
the soaked siRNA-2 treated group was observed com-
pared with PBS- and snRNA-treated groups (ANOVA: 
F(2, 6) = 6.86, P = 0.028; Fig.  6). Moreover, no signifi-
cant difference in eggs per gram and hatchability rate 
was observed between PBS-treated and snRNA-treated 
groups.

Infectivity of Hc‑MMP‑12‑knock down on worm burden 
and morphology in vivo
Necropsy was performed to evaluate the effects of Hc-
MMP12 on worm burden. Worm count results showed 
that female worms were significantly reduced in goats 
infected with soaked siRNA-2 treated L3 compared to 
PBS-treated and snRNA-treated goats (ANOVA: F(2, 

12) = 6.61, P = 0.012). Moreover, the number of male 
worms collected from the siRNA-2-treated group 
was non-significant compared to the number of male 
worms collected from PBS- and snRNA-treated groups. 

Fig. 4 Transcription level of Hc‑MMP‑12 in soaked siRNA‑treated 
Haemonchus contortus L3. Infective H. contortus L3 were treated 
with siRNA‑1, siRNA‑2, siRNA‑3, negative control siRNA (snRNA) and 
PBS. Statistically significant differences between the means of three 
independent experiments were assessed using a one‑way ANOVA 
(***P < 0.001; ns, no significant difference)

Fig. 5 Effect of siRNA mediated knockdown of Hc‑MMP‑12 on eggs per gram feces. Fecal samples were collected from goats infected with L3 
treated with siRNA‑2, snRNA and PBS. a Eggs per gram at different days post‑infection. b Total egg count of different groups. Significant reduction in 
average EPG was observed in the siRNA‑2‑treated group compared to PBS group
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Ordinary siRNA-2 treated goats showed 56.41% and 
51.47% reduction rate in total worm count when com-
pared with PBS- and snRNA-treated groups, respectively 
(Fig.  7). In addition, female worms in the Hc-MMP-12 
siRNA-2-treated group were smaller compared with the 
PBS- and snRNA-treated control groups (body length: 
ANOVA: F(2, 42) = 81.76, P < 0.001), and there was no dif-
ference in worm length between the two control groups. 
Similarly, the length of male worms in the Hc-MMP-12 
siRNA-2-treated group as compared to PBS- and 
snRNA-treated control groups was shorter (ANOVA:F(2, 

42) = 33.70, P < 0.001), and there was no difference in 
worm length between the two control groups (Fig. 8).

Discussion
Gastrointestinal parasitic infection is one of the major 
health problems in the world that causes huge economic 
loss in livestock production [38]. Several broad-spectrum 
anthelmintics are used to control these parasitic infec-
tions, but anthelminthic resistance of nematodes in small 
ruminants is becoming a serious threat in some countries 
[8–11]. Therefore, development of more effective control 
approaches is urgently needed.

ESPs are molecules secreted in vivo or in vitro by the 
worms and are involved in complex functions of host 
parasite interactions [29]. In the present study, MMP-
12 was detected with H. contortus infected goat sera that 
confirmed it as one of the H. contortus ESPs. In addition, 
rHc-MMP-12 was also detected by anti-Hc-MMP-12 rat 
sera when native protein was loaded in SDS-PAGE. In 
our previous proteomic analysis, MMP-12 was found at 
adult and late adult developmental stages of H. contor-
tus in vivo [29]. In the present study, MMP-12 was local-
ized immunohistochemically in both female and male 
adult H. contortus worms. These results indicated that 
MMP-12 is one of the excretory and secretory products 
of H. contortus that may play an important role during 
H. contortus development. In previous studies, immuno-
regulatory roles of ESPs have been reported in different 
cellular processes such as cell adhesion and cell prolif-
eration [39]. Cell proliferation is very important for the 
development of immune responses and tissue regenera-
tion. Cell proliferation is regulated by both T cells and 

Fig. 6 Effect of siRNA‑mediated knockdown of Hc‑MMP‑12 on the 
total hatchability rate of different groups. Statistically significant 
differences were assessed using a one‑way ANOVA (*P < 0.05; ns, no 
significant difference)

Fig. 7 Effect of siRNA mediated knockdown of Hc‑MMP‑12 on adult H. contortus worm burden. a Male and female worm count. b Total worm 
count. Goats were examined at 35 days post‑infection and adult worms were collected and counted. Statistically significant differences were 
assessed using a one‑way ANOVA (*P < 0.05; ns, no significant difference)
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antigen-presenting cells (APCs) [40] and increases the 
number of immune effector cells. In the present study, 
it was identified that goat PBMC proliferation increased 
at a significant level which ultimately showed constant 
apoptosis of PBMC in response to rHc-GDC treatment. 
The proliferation results of the present study are in line 
with the results of the previous study [5]. In contrast, cell 
proliferation was suppressed after PBMCs were treated 
with rHcARF1 [41]. Specific immuno-regulatory proper-
ties of antigen might be the possible explanation for these 
differences.

Nitric oxide (NO) has been documented as an impor-
tant immunomodulator in various infections including 
H. contortus by mediating host protection, parasite kill-
ing or suppressing their growth. Previously, it was doc-
umented that NO had been involved in a non-specific 
defense mechanism against H. contortus and various 
other parasites [42]. In the present study, immunomodu-
latory effects of the rHc-GDC on NO production by goat 
PBMCs were evaluated. Cells incubated with different 
concentrations of MMP-12 significantly increased the 
NO production in a dose-dependent manner. A constant 
increase in NO production indicated that MMP-12 was 
involved in the immunomodulatory regulation of NO on 
goat PBMCs. A previous study supports these results in 
which one ESP, recombinant Galectin domain containing 
protein, was used [34]. Insights into the mechanisms of 
NO production are still lacking.

RNAi technology is an interesting method and has 
been widely used as an important method to study 
gene function in molecular biology. It is also intensively 
applied in studying parasite gene function identification, 

including nematodes [23, 24, 43]. In parasitic nema-
todes, this technique was successfully performed in 
Nippostrongylus brasiliensis [44]. In the present study, 
infective H. contortus L3 were treated with siRNA-1, 
siRNA-2, siRNA-3, control siRNA and PBS to knock-
down Hc-MMP-12 gene expression by using the soaking 
method in vitro. Transcriptional levels of Hc-MMP-12 
in siRNA-treated L3 were evaluated using qRT-PCR to 
assess whether Hc-MMP-12 was successfully silenced. 
qRT-PCR analysis confirmed the successful knockdown 
of the MMP-12 gene in H. contortus L3 in vitro. Previ-
ously, successful silencing of the DAF-3 gene by siRNA 
in H. contortus was reported which is in line with find-
ings of the present study [28]. To evaluate the effects of 
Hc-MMP-12 siRNA-2 in vivo, a further experiment was 
performed whereby goats were infected with soaked 
siRNA-2-treated L3, snRNA-treated L3 and PBS-treated 
L3. Effects of soaked siRNA-2-treated L3 on H. contortus 
egg production, eggs hatchability at different dpi and on 
worm burden were evaluated. Results revealed that goats 
infected with siRNA-2-treated L3 showed a significant 
reduction in egg production, hatchability and worm bur-
den when compared to goats infected with PBS-treated 
L3. Furthermore, the length of H. contortus adult worms 
collected from siRNA-2-treated group was shorter when 
compared to the worms from snRNA-treated groups. 
These findings indicate that silencing of Hc-MMP-12 
gene by siRNA has the potential to reduce infectivity of 
H. contortus. Collectively, these results provide evidence 
that Hc-MMP-12 may play a role in the development of 
H. contortus and will help to further understand the host-
parasite interaction.

Fig. 8 Effect of siRNA mediated knockdown of Hc‑MMP‑12 on the length of adult H. contortus worms. Goats were examined at 35 days 
post‑infection and adult worms were collected, and length was measured. Statistically significant differences were assessed using a one‑way 
ANOVA (***P < 0.001; ns, no significant difference)
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Conclusions
This study revealed that rHc-MMP-12 is an important 
active protein of H. contortus ESPs that may play a crucial 
role in the immune regulation and developmental stages 
of the parasite. The results indicated that the interaction 
of rHc-MMP-12 with host cells increased the production 
of nitric oxide and cell proliferation in a dose-dependent 
manner. siRNA-mediated knockdown of Hc-MMP-12 
also significantly reduced egg burden and hatchability, 
and adult worm burden and size.
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