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Abstract
Hookworms are blood feeding intestinal nematodes that infect more than 500 million people and cause iron deficiency anemia.

Infected children suffer from physical and cognitive growth retardation. Because of potential anthelminthic drug resistance, the

need for vaccine development is urgent. Numerous antigens have been tested in animal models as vaccines against hookworm

infection, but there is no effective human vaccine. We cloned a cDNA encoding Ancylostoma ceylanicum metalloprotease 6 (Ace-
mep-6). Ace-MEP-6 is a protein with a predicted molecular mass of 101.87 kDa and based on computational analysis it is very

likely to be engaged in food processing via hemoglobin digestion. Groups of hamsters were immunized with an Ace-mep-6
cDNA vaccine, either once or three times. Animals that were administered one dose developed high resistance (80%, p < 0.01)

against challenge infection, whereas triple immunization resulted in no worm burden reduction. These results suggest that DNA

vaccines can be powerful tools in ancylostomiasis control, although the mechanisms through which protection is conferred re-

main unclear.
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Introduction

Hookworms are half inch long blood feeding nematodes that

infect more than 500 million people worldwide (Bethony et
al. 2006), especially in the tropics and subtropical rural re-

gions (Brooker et al. 2004; Bungiro and Capello 2004). In-

fective larvae enter humans by the oral route or via active skin

penetration (Brooker et al. 2004). Necator americanus is the

most prevalent species of hookworm, whereas A. duodenale
occurs in more geographically restricted areas (Hotez et al.
2004). Ancylostoma ceylanicum is considered as a zoonotic

species (Fujiwara et al. 2006), but can cause patent infection

in humans (Ngui et al. 2012). Other species like Ancylostoma
caninum and Ancylostoma brasiliense cause eosinophilic en-

teritis and cutaneous larva migrans syndrome (Hotez et al.
2004) and also cause zoonoses (Fujiwara et al. 2006). Blood

loss caused by one worm has been estimated at 0.2 ml per day

(Pawlowski et al. 1991), and heavy infection results in iron

deficiency anemia. In children, hookworm infection may lead

to physical, mental and cognitive growth retardation (Hotez

et al. 2003). The recommended way of controlling ancylosto-

miasis is through administration of anthelmintic drugs, mainly

benzimidazoles. However, given concerns about decreasing

efficacy (Humphries et al. 2011, 2012; Albonico et al. 2003)

and rapid reinfection after treatment (Albonico et al. 1995;

2003) there is an urgent need for development of an effective

vaccine.

In 1978 Miller reported that irradiated A. caninum L3 lar-

vae induce high protection among dogs (Miller 1978). But be-

cause of veterinarians’ doubts and pet owners concerns that

the 90% protection generated by administration of attenuated

larvae was not sufficient, the vaccine was removed from the

market (Fujiwara et al. 2006a). Similar experiments conducted

by Fujiwara et al. (2006a) showed that vaccination with irra-
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diated L3 larvae induced 53% reduction of worm burden fol-

lowing challenge infection in dogs. Moreover, the worms re-

covered from vaccinated dogs were up to 13% shorter. But

since vaccine comprised of attenuated larvae is unsuitable for

humans because of potential toxicity and ethical concerns,

there has been an extensive search for antigens crucial for in-

ducing protection to accelerate development of a recombinant

vaccine comprised of well characterized antigens.To date, nu-

merous antigens combined with different adjuvants have been

tested with different rates of success (Xiao et al. 2008) 

Hookworms are thought to facilitate feeding by catalyz-

ing hemoglobin degradation (Williamson et al. 2004; Ranjit et
al. 2009) that is why hemoglobinases are in the interests of

scientists (Wasyl et al. 2013; Person et al. 2010). Promising

vaccination with aspartic proteases, the first enzyme in the

cascade of hemoglobin proteolysis (Ranjit et al. 2009) has

raised hopes for successful vaccine development (Loukas 

et al. 2005; Pearson et al. 2009). After digestion by protease, 

hemoglobin is subsequently cleaved by cysteine and metallo-

proteases (Ranjit et al. 2009). It is unknown whether a vac-

cine targeting aspartic proteases is the only way to interfere

with parasite feeding, or if a vaccine aimed at enzymes en-

gaged in subsequent food processing might also work. We

chose to test Ace-MEP-6 as a vaccine antigen and asses the

number of doses necessary for protection. Since IFNγ levels

correlate with protection against adult worms (Quinnell et al.
2004), and this cytokine may be released following cDNA

vaccination, we decided to use a vaccine comprised of Ace-

MEP-6 cDNA with a lipid adjuvant, FuGENE 6 Transfection

Reagent (Roche). Advantages of DNA vaccines include low

cost, simple design/administration, insignificant construct im-

munogenicity and relatively fast production (Wędrychowicz

and Wiśniewski 2003; Abdulhaqq and Weiner 2008). All this

led us to assess the vaccine potential of Ace-mep-6 adminis-

tered as a DNA vaccine.

Materials and Methods 

RACE-PCR

Total RNA was isolated form 100 adult Ancylostoma ceylan-
icum using Total RNA PLUS kit (A&A Biotechnology). RNA

was reverse transcribed to cDNA using M-MuLV Reverse Tran-

scriptase (MBI Fermentas) followed by RNaseH treatment and

purification with Clean-Up kit (A&A Biotechnology). The

poly(C) tail was added using Terminal Deoxynucleotidyl Trans-

ferase (MBI Fermentas) according to manufactures protocol 

followed by purification with Clean-Up kit (A&A Biotechnol-

ogy). The total cDNA was amplified using pTBam primer

(CCGCCACGCGTGGATCCGTTTTTTTTTTTTTTTTT) and

polyG primer (GGGGGGGGGGGGGGG). The reaction was

proceeded in total volume of 50 μl (1U Taq, 0.2 mM dNTPs

each, 1.5 MgCl
2,

200 nM of each primer, 1 x buffer for Taq poly-

merase, 60 ng of matrix total cDNA): 94°C – 5 min, 10 x (94°C

– 30 sec, 50°C – 30 sec, 72°C – 5 min), 72°C – 10 min. The

PCR product was used as matrix for cloning of cDNA encoding

Ace-MEP-6. 

Based on sequences of Ancylostoma caninum and

Haemonchous contortus metalloproteases primer for 3`RACE

PCR AcemepL–(GATCAGACTGTAGATCCATGCGAGG)

was designed. The 3` end of Ace-mep-6 cDNA was amplified

using AcemepL and pTBam primers. The reaction was carried

in the total volume of 50 μl as follows: 94°C – 3 min, 35 x

(94°C – 30 sec, 56°C – 30 sec, 72°C – 2 min), 72°C – 10 min

(1 U Taq, 0.2 mM dNTPs each, 1.5 MgCl
2
, 200 nM of each

primer, 1 x buffer for Taq polymerase, 12 ng of matrix DNA).

The amplified band was extracted from the gel, blunt ended

using Pfu polymerase (72°C, 30 min; 1 U Pfu, 200 nM dNTPs

mix, 1 x buffer for Pfu polymerase, 1 μg of PCR product), pu-

rified with Clean-Up kit (A&A Biotechnolgy), digested with

BamHI enzyme, purified with Clean-Up kit followed by liga-

tion with pBluescript digested with BamHI and EcoRV en-

zymes. The insert was cloned and sequenced. Based on the

results of the sequencing the new primer – Acemep5`(AT-

CATGTTGTCAATCGGGGTCCTGG) was designed to am-

plify the 5` end of Ace-mep-6 cDNA. The PCR with polyG

and Acemep5` primers was proceeded in the total volume of

50 μl as follows: 94°C – 3 min, 35 x (94°C – 30 sec, 56°C –

30 sec, 72°C – 1 min), 72°C – 10 min (1 U Taq, 0,2 mM

dNTPs each, 2 mM MgCl
2
, 200 nM of each primer , 1 x buffer

for Taq polymerase, 12 ng of matrix total cDNA).The product

was extracted from the gel, ligated with pCR 2.1 vector (In-

vitrogen), cloned and sequenced.

Computational analysis

The protein parameters (molecular weight, pI, signal peptide,

potential phosphorylation sites) were calculated using EX-

PASY server. To identify potential disulfide bridges 3D struc-

ture was constructed with LOMETS metaserver (Wu and

Zhang 2007). The highest scored structure was chosen, visu-

alized with PyMOL and the number and location of disulfide

bridges were assessed by visual examination of the structure.

Since Hc-MEP-1 (Gen Bank no CAA99352.1) (Redmond et
al. 1997),  Ac-MEP-1 (Gen Bank No AAG29103.2) (Jones

and Hotez 2002) and Na-MEP-1 (ACB13196.1) (Ranjit et al.
2009) show homology to Ac-MEP-6 and are considered to be

expressed on gut microvilli the structure of those proteins were

modeled with LOMETS and we checked if there are similar-

ities indicating that Ace-MEP-6 may be also associated with

gut microvilli.

Vaccination trials

For cloning Ace-mep-6 in pCDNA 3.1 vector the Acmep6

LpcDNA (AGCTAGCATGGTCTTCAATATCCTT) and

Acmep6RpcDNA (TTCTAGACTCCTGAACCCAAACTGA)

primers were designed. The primers Acmep6RpcDNA and

Acmep6RpcDNA contained sequences recognized by restric-
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tion enzymes NheI and XbaI respectively (underlined). Both,

PCR product and vector were digested with NheI and XbaI,

ligated and the recombinant pCDNA 3.1 vector containing

Ace-mep-6 cDNA fragment (nucleotides 77-2712) was cloned.

The sequence integrity of the construct was confirmed by nu-

cleotide sequence analysis.

The vaccine trials were conducted in 8–10 week old male

Golden Syrian Hamsters. The animals were divided into 5

groups (5–6 animals/group): immunized x 1, immunized x 3,

challenge and two adjuvant control groups. All immunizations

were administered in a total volume of 200 μl. On day 1, 14,

28 of the experiment immunized x 3 group received 50 μg of

pcDNA3.1+/Ace-mep-6 combined with Fugene 6 (Roche) (8:1

v/v) applied intranasally. The appropriate adjuvant control an-

imals received 50 μg pcDNA3.1+ combined with Fugene 6

(8:1 v/v) applied on day 1, 14, 28. On day 28 animals from

immunized x 1 group received 50 μg of pcDNA3.1+/Ace-mep-
6 combined with Fugene 6 (8:1 v/v) and the animals from ap-

propriate control group received pcDNA3.1+ combined with

Fugene 6 (8:1 v/v). On 42 day of the experiment animals from

all 5 groups were challenged with 60 L3 A. ceylanicum larvae

and euthanized 21 days later. Directly after euthanasia the

hematocrit value was determined and the number of worms in

the gut of each hamster was counted. All animals were main-

tained under standard conditions according to local regula-

tions, all experiments were approved by the Third Local

Ethical Committee on Warsaw University of Life Sciences –

SGGW. The study was conducted adhering to the institution’s

guidelines for animal husbandry.

Statistical evaluation

The data were analyzed  for statistically significant differences

between groups using the Kruskal-Wallis test.

Results

RACE-PCR

Sequencing of cloned product resulted in indentifying a novel

2815 bp cDNA sequence encoding A. ceylanicum zinc metal-

loprotease 6 (Ace-mep-6) which was deposited in GenBank

(AY371701.1). 

Computational analysis

All analyses were performed in July 2012. Ace-MEP-6 is a

protein with a theoretical molecular mass of 101.87 kDa with

28 phosphorylation sites of serine (63, 68, 73, 74, 83, 85, 101,

108, 111, 116, 117, 128, 132, 163, 210, 212, 234, 257, 320,

441, 524, 525, 617, 658, 688, 803, 860, 897), 7 phosphoryla-

tion sites of threonine (57, 79, 88, 89, 97, 98, 109, 112, 121,

124, 129, 131, 133, 138, 139, 140, 141, 240, 256, 259, 364,

465, 616, 751, 789, 813, 846) and 14 phosphorylation sites of

tyrosine (157, 164, 166, 172, 188, 338, 427, 500, 546, 622,

627, 638, 677, 695). Amino acids 181 – 897 build M13 con-

served domain (cd08662). The structure is stabilized by 3

computationally defined disulfide bridges (184 – 882, 192 –

842, 764 – 896). Although analysis with signal 4.0 showed no

signal peptide, TMHMM v 2.0 identified transmembrane re-

gion (7 – 29) and indicated that N term of Ace-MEP-6 is on the

cytoplasmic side of the membrane with 0,98 probability. Mo-

lecular modeling showed the presence of 163 amino acid long

peptide with undefined structure (Fig. 1). Similar results were

obtained for Ac-MEP-1, Na-MEP-1 and Hc-MEP-1 that are

associated with gut microvilli (Jones and Hotez 2002; Ranjit

et al. 2009; Redmond et. al. 1997) (Fig. 1). Ac-MEP-1, Na-

MEP-1 and Hc-MEP have computationally defined (respec-

tively 132, 132 and 65 long) amino acid peptidewith undefined

Table I. Nematodes proteins deposited in GenBank identified as similar to Ace-MEP-6

Number 
of proteins

similar
to Ace-EP-6

Species  Protein name
Gen Bank 
Accession 

number

BLAST 
score

% 
of identity

% 
of similarity

1 Ancylostoma ceylanicum Ace-MEP-7 AAQ75757.1 1036 55 69

1 Necator americanus MEP ACB13196.1 1192 62 78

3 Ancylostoma caninum MEP-1
MENP-1
MEP-2

AAG29103.2
AAK67057.1
AAG29105.1

1014
493
257

54
45
32

69
62
51

5 Haemonchus contortus MEP-3
MEP
MEP
MEP2
MEP4

AAC31568.1
AAC03561.1
CAA99352.1
AAC28740.1
AAD41474.1

834
766
763
577
445

50
48
48
44
44

67
68
68
62
65

3 Ascaris suum Neprilysin-1
Neprilysin-1
Neprilysin-1

ADY44517.1
ADY39823.1
ADY40242.1

526
272
266

47
28
29

63
46
44

2 Trichinella spiralis Pept. fam. M13

Pept. fam. M13

XP_003372438.1

EFV51629.1

263

263

29

29

46

46
29 Caenorhabditisspp.
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Figure 1. Computationally predicted teritary structure of Ace-MEP-6 and proteins showing high level of similarity. Ace-MEP-6 – Ancy-
lostoma ceylanicum metalloprotease 6 (GenBank No. AAQ75756.1), Ac-MEP-1 – Ancylostoma caninum metalloprotease 1 (GenBank 
No AAG29103.2), Na-MEP-1 – Necator americanus metalloprotease 1 (GenBank No.. ACB13196.1), Hc-MEP-1 – Haemonchus contortus
metalloprotease (Gen Bank No. CAA99352.1) Helices are colored with red, sheets are colored with yellow. Green is undefined structure. 
Potential transmembrane region is showed in blue
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Figure 2. Alignment of of Ace-MEP-6 and proteins showing a high level of similarity. Ace-MEP-6 – Ancylostoma ceylanicum metallopro-
tease 6 (GenBank No. AAQ75756.1), Ac-MEP-1 – Ancylostoma caninum metalloprotease 1 (GenBank No. AAG29103.2), Na-MEP-1 –
Necator americanus metalloprotease 1 (GenBank No. ACB13196.1), Hc-MEP-1 – Haemonchus contortus metalloprotease (Gen Bank No
CAA99352.1). Potential transmembrane region is shaded. Amino acids of active site are showed in block. The frame shows the beginning
and the end of M13 domain. Identical amino acids are showed in consensus as “*”, conserved substitutions are showed as “:”, semi-conserved
substitution are showed as “.”. Vertical lines in the sequences are gaps
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structure. Neither of them contained signal peptide but Ac-

MEP-1 and Na-MEP-1 contain transmembrane region (7 – 29,

5 – 27 respectively) (Fig.1, Fig. 2).

BlastP identified 150 proteins (of verbates and inverbates)

which of 44 were nematode proteins, showing homology to

Ace-MEP-6 (Table I). Three of parasitic proteins (Na-MEP,

Ace-MEP-1 and Hc-MEP), well characterized and showing

homology to Ace-MEP-6 were chosen and aligned to Ace-

MEP-6 (Fig. 2). The amino acid in active site shows some

degree variety. The first amino acid of active site of Ace-

MEP-6 is asparagine and in other proteases it may also be

serine. The second amino acid is identical for Ace-MEP-6,

Na-MEP-1 and Ac-MEP-1 (threonine) and different for Hc-

MEP-1 (valine). The similar pattern occurs at 9th amino acid

of active site which is glicine for Ace-MEP-6, Na-MEP-1,

Ac-MEP-1 and alanine for Hc-MEP-1. Other 8 amino acid of

active sites are identical for Ace-MEP-6, Na-MEP-1, Ac-

MEP-1, Hc-MEP-1.

Vaccination trials

Single immunization resulted in an 80% (p < 0,01) reduction

in worm burden and a 33% increase in hematocrit (p < 0,01).

Although vaccination with the pcDNA3.1+ vector alone in-

duced a 53% (p < 0,05) worm burden reduction, it was not as-

sociated with an improvement in hematocrit (Fig. 3).

Discussion

Ace-MEP-6 is potentially highly phosphorylated, and similar

to orthologus metalloproteases from parasitic nematodes (Na-

MEP-1, Ac-MEP-1, Hc-MEP) contains the M13 domain with

an 11 amino acid active site. Results of Jones and Hotez

(2002), Redmond et. al. (1997), Ranjit et al. (2009) showed

that Ac-MEP-1, Hc-MEP and Na-MEP-1 are associated with

gut microvilli. Here we computationally identified trans-

membrane peptide in Ace-MEP-6, Ac-MEP-1, and Na-MEP-

1, which may indicate that Ace-MEP-6 is anchored in the cell

membrane like Na-MEP-1 (Ranjit et. al. 2009) and is engaged

in hemoglobin digestion. The important role of this protein

in parasite physiology may be confirmed by the results of pre-

sented vaccine trials. However, gut associated metallopro-

teases are not the only class of hookworms metalloproteases.

Hookworms express astacin like metalloproteases (Zhan et
al. 2002; Mendez et al. 2005; Feng et al. 2007; Bąska et al.
2013). Immunization with Ace-MTP-1 (Mendez et al. 2005)

and Ac-MTP-1 (Hotez et al. 2003) resulted in no statistical

significant worm burden reduction but diminished fecal egg

count was observed after immunization with Ace-MTP-1

(Mendez et al. 2005). But since belonging to different group

of metalloproteases and different antigen delivery those re-

sults cannot be directly compared to ours.

Here we show that targeting other enzymes (metallopro-

teases) likely to be engaged in hemoglobin digestion is also

effective, and should be explored further. The significant

worm burden reduction and increasing hematocrit values ob-

served in immunized hamsters after a single vaccination sug-

gests that administration of cDNA encoding a protein antigen

is very effective. Moreover, the stability of DNA is an advan-

tage of this approach compared to protein vaccines. Purifica-

tion of recombinant plasmid is less time consuming than

expressing and purification a recombinant protein from eu-

karyotic expressing systems, whereas expressing in E. coli

Fig. 3. Worm burden and hematocrit after vaccination with Ace-mep-6/pcDNA3.1. The vertical line among groups shows median.  The ani-

mals were immunized on day 28 (mep6 x 1) or on day 1, 14, 28 (mep6 x 3) using pcDNA3.1+/Ace-mep-6 combined with Fugene 6. The an-

imals were  also  immunized with pcDNA3.1+ combined with Fugene 6 on day 28 (pcDNA x 1), on day 1, 14, 28 (pcDNA x 3). The number

of worms in the groups was compared to animals not immunized and infected with A. ceylanicum (challenge). The p value for each compar-

ison is shown on the figure. The statistically not significant differences are marked as “ns”
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may result in inclusion bodies formation and the need for pro-

tein refolding (Pearson et. al. 2009). 

Hiszczyńska-Sawicka et al. (2010) reported that sheep im-

munized with a cDNA vaccine against toxoplasmosis secreted

different amounts of IFNγ, depending on time after immu-

nization and transfection agent administered. Our experiments

additionally showed that differences depend on the number of

immunizations. Single immunization in our case resulted in a

greater worm burden reduction than three doses, which is de-

sirable due to easier vaccine administration. The mechanism

of lower efficacy after 3 immunizations is unknown, but may

be caused by induction of immune tolerance or immunosup-

pression induced by the vaccine construct. Current human

hookworm vaccine development has been hampered by aller-

gic complication (Zhan et al. 2012). The vaccine trials of lead-

ing vaccine candidate for ancylostomiasis were held due to

unacceptable toxicities, including generalized urticarial reac-

tions in several volunteers (Bethony et al. 2011). The risk of

an allergic reaction seems to be lower in the case of DNA im-

munization. 

In conclusion: based on our computational predictions we

hypothesize that Ace-MEP-6 is an M13 domain containing

protein engaged in food processing via hemoglobin digestion.

Our experiments indicate that Ace-MEP-6 is a promising vac-

cine antigen working with highly efficient manner when ad-

ministered as a single cDNA dose.

This research was supported by a grant from the Polish

Ministry of Science and Higher Education (Project No. 3

P06K 024 24) and a Clinical Research Grant from the March
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