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Animals can be rendered immune to Ascaris parasites by immunization with infectious-stage larvae. The
specific parasite gene products that mediate protective responses in ascariasis are unknown. We have identified
a cDNA encoding Ascaris suum 14-kDa antigen (As14) and evaluated the vaccinal effect of the Escherichia
coli-expressed recombinant protein (rAsl4). GenBank analysis showed that As14 has low similarity at the
amino acid level to a Caenorhabditis elegans gene product and to antigens of the filarial nematodes but not to
other known proteins. In addition, As14 homologues were found to be expressed in human and dog round-
worms. In mice that received intranasal administration of rAsl4 coupled with cholera toxin B subunit
(rAs14-CTB), there was a 64% reduction of recovery of larvae compared with that in the nontreated group. The
vaccinated mice showed a significant increase in the total serum immunoglobulin G (IgG) levels and the
mucosal IgA responses. Elevation of the rAs14-specific IgE response was also seen. Measurement of the IgG
subclasses showed a higher level of IgG1 and a lower level of IgG2a antibody response in the sera of the
immunized mice, suggesting that protection was associated with a type II immune response. As14 is the first
protective antigen against 4. suum infection to be identified. Our immunization trial results in laboratory
animals suggest the possibility of developing a mucosal vaccine for parasitic diseases caused by ascarid

nematodes.

Ascaris roundworms are gastrointestinal nematodes that are
widely distributed in both humans and animals worldwide. It is
estimated that over 1.5 billion people are infected with Ascaris
lumbricoides, mainly in tropical and subtropical areas (6). As-
carids are responsible for significant morbidity and economic
loss in animals (11). One of these roundworms, Ascaris suum,
was originally identified as a ubiquitous, pathogenic parasite of
swine and is biochemically well characterized (46). Studies of
A. suum provide important information about the biology of
other ascarid nematodes, especially human-pathogenic ascar-
ids. A. suum infection is established orally by infective third-
stage larvae (L3) after their development from embryonated
eggs (16). The L3 invade the small intestine of the host, mi-
grate into the liver and the lung, and finally arrive at the small
intestine, where they develop into adult worms. Recent studies
have revealed that 4. suum of swine origin can develop in
humans, indicating its zoonotic importance (2, 39). Since A.
suum embryonated eggs can hatch and their larvae can migrate
into a wide range of hosts, experimental animal-A. suum in-
fection models have been used for immunological and chemo-
therapeutic experiments (10, 24, 25, 45).
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Prior studies have shown that pigs can be rendered immune
to A. suum infection by immunization with radiation-attenu-
ated infective larvae or by chemically abbreviated infection (22,
27, 57). Passive transfer of sera from immune pigs is effective
for killing and stunting larvae in pigs (32). In addition, crude
larval antigens can induce protective immunity (58). Similar
findings were observed in an A. suum-laboratory animal infec-
tion model (28). These data suggest that larvae at various
stages possess antigens that induce protective immunity against
the infection and that the 4. suum-mouse infection model can
be used for identifying immune protective molecules.

Intranasal or oral routes for vaccination are among the con-
venient routes for immunization against pathogenic organisms.
The initial phase of A. suum infection occurs in the mucosal
surface of the small intestine of the host, and this phase is
followed by the tissue migratory phase. It has been shown
elsewhere that local antibodies present at the site where the L3
enter the host can induce partial protection against 4. suum L3
infection in mice (25). Thus, intestinal immunity appears to be
an important primary defense against the invasion of A. suum
L3 into the host, while systemic immunity mediated by serum
antibodies may protect the host against larval migration. Ex-
perimental animal studies have demonstrated that mucosal
administration of several antigens fused to cholera toxin B
subunit (CTB) can induce vigorous mucosal immunoglobulin
A (IgA) and systemic immune responses (33, 59). CTB is a
nontoxic binding moiety of cholera toxin; it is composed of a



7286 TSUJI ET AL.

ring of five identical polypeptides that bind with high affinity to
GM1 and other ganglioside cell surface receptors and promote
the entry of the A subunit into the cell (47, 50). Oral or
intranasal immunization has been shown elsewhere to success-
fully induce protective immunity against a variety of viral,
bacterial, and protozoan infections (29, 31, 39, 42, 49, 61).
More recently, the possibility of using CTB as a mucosal ad-
juvant in humans has been reported (8). Our aim in this study
was to identify vaccine molecules whose mucosal administra-
tion could induce protection against 4. suum infection.

In this study, we isolated a cDNA encoding a 14-kDa antigen
from A. suum L3 (Asl4). We found Asl4-related antigens in a
human roundworm, A. lumbricoides, and a dog roundworm,
Toxocara canis. We performed L3-challenge infection using
CTB as a mucosal adjuvant in a mouse-A. suum model. Mice
immunized with Escherichia coli-expressed recombinant As14
(rAsl4) coupled with CTB showed protection against chal-
lenge infection with A. suum L3; they had mucosal and sys-
temic immune responses and reduced recovery of larvae from
the lung. Based on these data, we suggest that rAsl4 is the
most promising vaccine candidate from ascarid nematodes.

MATERIALS AND METHODS

Parasites. The 4. suum used in the present study was originally derived from
infected pigs at a slaughterhouse. Unembryonated and embryonated eggs were
obtained essentially as described elsewhere (11). L3 and lung-stage larvae were
obtained as previously described (16, 56). Excretory and secretory (ES) products
from larval stages and adult worms were collected essentially as described else-
where (14). RNA was isolated from embryonated eggs using an RNA isolation
kit (Clontech, Palo Alto, Calif.). Poly(A)* mRNA was prepared from total RNA
using the Polytract mRNA isolation kit (Clontech), and first-strand cDNA syn-
thesis was performed using a cDNA synthesis kit and an oligo(dT), 5 primer from
Amersham Pharmacia Biotech (Piscataway, N.J.). An L3 cDNA library was
constructed in the UniZap XR vector (Stratagene, La Jolla, Calif.) according to
the manufacturer’s instructions as previously described (56). Adult A. lumbri-
coides and adult T. canis were recovered from a naturally infected human in
Bangladesh and an infected dog in Miyazaki, Japan, respectively. The protein
concentrations of phosphate-buffered saline (PBS)-soluble parasite antigens and
ES products were measured using the Micro BCA (bicinchoninic acid) protein
assay reagent (Pierce, Rockford, IlL.).

Production of rabbit immune sera. The rabbit immune serum was obtained by
inoculating a rabbit with A. suum embryonated eggs as previously described (54).
A Japanese White rabbit was inoculated with 2,000 eggs, followed by repeated
inoculation every 2 weeks for a total of four inoculations. The rabbit was bled 2
weeks after the final inoculation, and the serum was stored at —20°C until use.

Cloning of 4. suum 14-kDa antigen. An L3 cDNA library constructed in the
UniZap XR vector (Stratagene) according to the manufacturer’s instructions was
used for immunoscreening. The library was screened with a 1:200 dilution of the
rabbit immune serum as described by Sambrook et al. (41). Several clones were
obtained by immunoscreening 5 X 10° plaques. The initial cDNA clone obtained
for the A. suum 14-kDa antigen was a partial clone, approximately 800 bp in
length and lacking its 5" end. To obtain the missing 5’ region of the message, the
first-strand 4. suum L3 cDNA was amplified by PCR using the nematode splice
leader sequence (4) as the sense SL1 primer (5'-GGT TTA ATT ACC CAA
GTT TGA G-3’) and an antisense primer (5'-GTG TTC TGG CTT GTC CCA
ATC TTC-3") derived from the initial clone. The PCR fragments were ligated
into pCRII vector (Invitrogen, Carlsbad, Calif.) as described in the manufactur-
er’s protocol.

DNA sequence analysis. The nucleotide sequences of the cDNAs were deter-
mined by the Sanger dideoxy chain termination method using a PRISM Ready
Dye Terminator Cycle sequencing kit (Perkin-Elmer, Branchburg, N.J.). DNA
samples were analyzed using an automated sequencer (373A DNA sequencer;
Applied Biosystems, Foster City, Calif.). The GENETYX-WIN DNA sequence
analysis software system (Software Inc., Tokyo, Japan) and the BLAST (1)
network server of the National Center for Biotechnology Information (National
Institutes of Health, Bethesda, Md.) were used to analyze the nucleotide se-
quence and deduce the amino acid sequences in determining similarities with
previously reported sequences in GenBank. A primary sequence motif was iden-
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tified using the PROSITE (3) network server at EMBL. Analysis of the signal
sequence (37) was performed using SignalP V1.1 at the Center for Biological
Sequence Analysis (http:/www.cbs.dtu.dk/services/SignalP/index.html).

Expression and purification of recombinant A. suum 14-kDa fusion protein. A
partial coding region of As14 cDNA was amplified by PCR as previously de-
scribed (55). A sense primer (5'-CCG AGC TCG AGA CAA GGA CCT CAA
GGA CCA CCA C-3") which contains an Xhol (Promega, Madison, Wis.) site
upstream of the start codon and an antisense primer (5'-CAG CCA AGC TTC
CTA GCC TTG CAT CTC TTT TTG-3') which contains a HindIII (Promega)
site just downstream of amino acid residue 156 were used. The PCR fragments
were digested with X0l and HindIII and ligated into plasmid expression vector
pTrcHisB (Invitrogen), which had also been digested with the same enzymes as
described in the manufacturer’s protocol. The resultant plasmid was transferred
into E. coli strain TOP10F’ (Invitrogen). Transformed cells were grown to an
optical density at 600 nm (ODy) of 1.0 at 37°C in SOB medium supplemented
with 50 pg of ampicillin per ml. Isopropyl-B-p-thiogalactoside (IPTG) was then
added to a final concentration of 1 mM, and the culture was grown for an
additional 4 h at 37°C. The E. coli cells were pelleted and resuspended in lysis
buffer (50 mM NaH,PO, [pH 8.0], 10 mM Tris-HCI [pH 8.0], 100 mM NacCl).
Lysozyme was added to 100 pg/ml, and the cell suspension was incubated on ice
for 20 min. The suspension was disrupted with an ultrasonic processor (VP-5;
TAITEC, Tokyo, Japan) on ice. The lysate was centrifuged at 25,000 X g for 30
min at 4°C. rAs14 protein in the supernatant was purified using metal chelation
chromatography (Invitrogen) under nondenaturing conditions as described in
the manufacturer’s protocol. Protein eluted with imidazole was concentrated
using Centrisart I (molecular weight cutoff, 10,000; Sartorius, Gottingen, Ger-
many) and then dialyzed against PBS in a Slide-A-Lyzer Dialysis Cassette
(Pierce). The purification process was monitored by standard sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (30) and immunoblot-
ting (54) using a T7 Taq monoclonal antibody (Novergen). Protein concentra-
tions were measured with the Micro BCA protein assay reagent (Pierce).

Production of an antiserum against rAsl4. Antiserum against rAsl4 was
prepared by subcutaneous injection of BALB/c mice with 50 g of rAs14 purified
as described above and mixed with TiterMax Gold (CytRx, Norcross, Ga.),
followed by another injection 2 weeks later in the same adjuvant. The mice were
bled 2 weeks after the second injection. The antisera from the mice were mixed
and stored at —20°C until use.

Immunoblot analysis. Immunoblot analysis was performed as previously de-
scribed (55). Parasite antigens or rAsl4 separated by SDS-14% PAGE were
transferred onto nitrocellulose membranes, and the membranes were incubated
for 30 min with 5% skim milk. For detection of parasite-derived Asl4, the
membranes were incubated with the mouse anti-rAsl4. Pig sera from animals
with drug-abbreviated infection or mouse or rabbit sera from animals repeatedly
inoculated with 4. suum embryonated eggs were used for detection of the
antigenicity of rAs14. After membranes were washed with Tris-buffered saline—
Tween 20, they were incubated with alkaline phosphatase-conjugated goat anti-
mouse, anti-pig, or anti-rabbit IgG (ICN Pharmaceuticals, Aurora, Ohio) as a
secondary antibody. After the membranes were washed, the proteins bound to
the secondary antibody were visualized with nitroblue tetrazolium-5-bromo-4-
chloro-3-indolylphosphate (NBT-BCIP; GIBCO/BRL, Rockville, Md.).

Challenge infection and sampling. Six-week-old female BALB/c mice (SLC,
Hamamatsu, Japan) from a pathogen-free colony were used for challenge infec-
tion studies. Mice were divided into four groups of five animals each. For
preparation of conjugation, rAs14 was coupled with CTB (C-9903; Sigma, St.
Louis, Mo.) in darkness at 4°C for 16 h. The immunized group of mice was
inoculated intranasally with 50 pg of rAs14 coupled with 20 pg of CTB under
light ether anesthesia. On day 21, a booster inoculation of 30 wg of rAsl4
coupled with 10 pg of CTB was given. A final boost of 30 pg of rAs14 coupled
with 10 ug of CTB was given on day 35. The second and third groups were
inoculated with the same doses of CTB or rAs14 alone, respectively, on the same
days as the immunized group. The fourth group was given PBS alone. Two weeks
after the final immunization, all animals, including those in the fourth group,
were inoculated orally with 5,000 A. suum infective embryonated eggs. The mice
were euthanatized on day 7, and their sera were collected and stored at —20°C.
Their lungs were removed and minced with a surgical knife, and larvae were
recovered by the method of Baermann (43, 44) and counted under a microscope.
The small intestine was removed and put on an ice pack, and mucous tissues were
removed with a surgical knife. The mucosal tissues were placed in an equal
volume of PBS containing a protein inhibitor cocktail (Complete; Boehringer,
Mannheim, Germany) and vortexed until the tissues were disrupted. The mixture
was centrifuged at 24,500 X g for 60 min at 4°C, and the supernatant was stored
at —80°C. Animal studies were approved by the National Institute of Animal
Health Animal Care and Use Committee.
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Asl4 -MKVLIIFVAIVVIAFAQ---GPQG------------ PPPFLVGAPANVVAEFKQIITGA 44
A.vitae ----NSARAARVSCAFAQQQQQQPOLQOOQQQ- - - -FPVPPFLIGASPKVISEFQQLINSG 52
C.elegans --MCRLAVFALLAVAAVSVYGQPAGGQ----~---- DVPPFLRNATPAQLQSFQQLIQAN 49
O.volvulus MKFVILLTIGLLVVAAIPQRRQQQQQQQQQQORDEREIPPFLEGAPPSVIDEFYNLLKTD 60
W.bancrofti MKYFIFLSIGLIAGALAQREAQIPQS---------- DIPPFLSGAPNHVVKQFFDLLRAD 50
* *kkk K .
Asl4 PDKTDAEIDRDIENWVARQGPKIKTEFNKFKTQMQOQGKARAEAAHRASIAKFSPAAKAAD 106
A.vitae RORTDREMEQAVESWIAQQSQKIQVSFOKFKQOALNALQQAEAQHQASAAKLSPEARRVD 112
C.elegans GHLTETALDGKVQAWVNQOGGKVAADWADFQKFIKGQQGQAEAAHQAAVSNFSPAAKKAD 109
O.volvulus ENKTDQQTEADVEAF INRLGGSYKVRFTQFMEEVKKARADYERIHQQAVARFSPAAKDAD 120
W.bancrofti ESKTDPQTEADIEAFMRRLGGVYQARFEQFKOEMKKQKAQYDKVHQAALSRFSPAARQAD 110
*- .* - *. c-** *- .*

Asl4 AQLTAIADNPNLKGREKQQKITGLLQSLPAAVQAEFQKEMQG-- 146

A.vitae
C.elegans

O.volvulus

AQLSSIAKSVSLTPMOKQEQIDMIISKLPENVKQELQRAIQG-- 152
ADLTAISNDSSLSVQAKGQKIQAYLNSLPANVKAELEKAQGQ-- 151
ARMSATADSPHLTTRQKSQQIQAIMDSLSESVRREIINALSPQE 164

W.bancrofti ARMSAIAESKQLTGKQKTEQIKAIMDSLSESVRKEILEGFNSK- 153

* ---*u-- *- * .-*

-*- *- *.

FIG. 1. Comparison of the deduced As14 amino acid sequence with the amino acid sequences of selected homologous molecules. Sequences
are from A. vitae (AF000609), C. elegans (T15428), Onchocerca volvulus (P36991), and Wuchereria bancrofti (AF098861). Identical residues are
marked with asterisks, and conserved residues are marked with a dot. Gaps, marked by hyphens, have been introduced for better alignment.

Antibody assays. Measurement of mucosal IgA, serum IgG, serum IgE, and
IgG subclass specific antibodies to rAs14 was performed by enzyme-linked im-
munosorbent assay. The wells of polystyrene microplates (AE1640; Sumitomo,
Tokyo, Japan) were coated with 100 pl of 2-pug/ml rAsl4 in 0.1 M carbonate
buffer, pH 9.6. The plates were incubated at 4°C for 16 h and washed three times
with PBS containing 0.05% Tween 20 (PBS-T). The wells were blocked with 100
wl of PBS-1% bovine serum albumin (Sigma) for 1 h at 37°C. After the wells
were washed five times with PBS-T, serial dilutions of the mucosal extract from
the small intestine or the serum were added and incubated for 1 h at 37°C. After
the incubation, the wells were washed five times with PBS-T, and 100 wl of
horseradish peroxidase (HRP)-conjugated anti-mouse IgA or IgG (Bethyl Lab-
oratories, Montgomery, Tex.) diluted 1:10,000 was added to the wells. The plates
were incubated for 1 h at 37°C and washed five times with PBS-T. Detection was
performed at 37°C with 100 pl of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) substrate solution (ABTS; Kirkegaard & Perry Laboratories, Gaithersburg,
Md.), and the coloring reaction was terminated with 100 pl of 1% SDS. Plates
were read at 405 nm in a microplate reader (Spectrafluor; Wako, Tokyo, Japan).

The IgE response was examined using plates coated with rAs14 as described
above. After antigens were bound to the wells, a diluted serum sample and rat
monoclonal anti-mouse IgE antibody (American Research Products, Belmont,
Mass.) diluted 1:10,000 were added and incubated for 1 h at 37°C. After the
plates were washed five times with PBS-T, they were incubated with HRP-
conjugated goat anti-rat IgG (Bethyl Laboratories) at 37°C for 1 h. The plates
were washed five times with PBS-T, and then color development was performed
as described above. IgG subclass responses were detected using plates coated
with rAsl14 as described above. After the antigens were bound to the wells, a
diluted serum sample and rabbit anti-mouse IgG1, IgG2a, IgG2b, or IgG3 (Be-
thyl Laboratories) were added and incubated for 1 h at 37°C. After the plates
were washed five times with PBS-T, they were incubated with HRP-conjugated
goat anti-rabbit IgG at 37°C for 1 h. The plates were washed five times with
PBS-T, and then color development was performed as described above. The
endpoint titer was determined as the reciprocal log, of the last dilution that gave
an OD,ys above the OD,5 of negative control samples from the fourth exper-
imental group.

Statistical analysis. The data are expressed as means * standard deviations
for each experimental group. Comparisons between experimental groups were
performed by two-tailed Student’s ¢ test.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper have the DDBJ/EMBL/GenBank accession no. AB057441.

RESULTS

Molecular characterization of the cDNA encoding Asl4.
Several cDNA clones were obtained by immunoscreening 5 X
10° plaques, and their DNA sequences were determined.
BLASTX searches were performed to obtain cDNA clones
with low similarity to mammalian proteins whose sequences
are stored in the current database. A clone designated L2R59
was selected from among these clones for further analysis in
the present study. Sequence analysis showed that L2R59 was
450 bp long and contained an open reading frame coding for 97
amino acids with a complete 3" end but appeared to be lacking
the 5’ end of the sequence. Therefore, the missing 5’ end was
obtained by PCR using the 22-nucleotide nematode spliced
leader (SL1) and an L2R59-specific oligonucleotide as the
primers and A. suum L3 cDNA as the template. A 486-bp
product amplified by the PCR contained the SL1 sequence at
its 5" end. We confirmed the complete overlapping of 294 bp of
the 486-bp PCR product with the 5’ end of the original L2R59.
The composite cDNA, representing an apparently full-length
cDNA for A. suum 14-kDa antigen, was assembled by overlap-
ping the initial clone (L2R59) and the 486-bp SL1-PCR prod-
uct, resulting in a 623-bp-long Asl4 cDNA that contains a
single open reading frame of 436 bases. The ATG initiation
codon is predicted to be at nucleotides 72 to 74 and is followed
by a region encoding a hydrophobic sequence of 16 amino
acids, which may function as a signal peptide. There is one
potential site (residue 108) for N-glycosylation in the putative
polypeptide encoded by Asl4 cDNA. As14 cDNA encodes a
putative polypeptide of 146 amino acids with a molecular mass
of 15,737 Da and a plI of 10.12 (Fig. 1). Removal of the signal
peptide would result in a putative mature protein with a mo-
lecular mass of 14,009 Da and a pI of 10.0.
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A search of the protein database conducted using the infor-
mation obtained from the National Center for Biotechnology
Information revealed that As14 has amino acid sequence sim-
ilarity with a Caenorhabditis elegans gene product and antigens
from filarial parasites. Asl4 shared the highest amino acid
sequence similarity with a RAL-2 homologue from the rodent
filarial parasite Acanthocheilonema vitae (41%) (GenBank ac-
cession no. AF000609). As14 shared 38% similarity with the
amino acid sequence of a C. elegans gene product (T15428).
Asl4 had no significant amino acid sequence similarity with
any known sequence except with those of the C. elegans gene
product and filarial antigens, suggesting that the As14 antigen
predicted by the As14 cDNA sequence is a nematode-specific
gene product.

Characterization of rAs14. The open reading frame of As14
except for the signal sequence was subcloned into the
pTrcHisB protein expression vector (Invitrogen). rAsl4 was
expressed in E. coli and found to migrate as an 18-kDa fusion
protein with a hexahistidine tag by SDS-PAGE. Immunoblot
analysis was performed using T7 Tag monoclonal antibody
directed against the amino-terminal fusion peptide of rAsl4.
The epitope tag fusion peptide in rAsl4 was found to be
approximately 4 kDa in size. Thus, rAs14 has an approximate
molecular mass of 14 kDa, similar to the mass predicted from
the amino acid sequence of Asl4. rAs14 was purified by metal
chelation chromatography under native conditions. One milli-
gram of purified rAs14 was obtained from a liter of bacterial
culture. The rAsl4 was 99% pure as judged by SDS-PAGE
analysis. The purified rAs14 was used for the production of
polyclonal antibodies in mice and for a vaccine trial using the
mouse-A. suum infection model.

Identification of parasite-derived antigen corresponding to
rAs14 in A. suum and an rAs14 homologue in ascarids. The
parasite-derived antigen corresponding to rAs14 was identified
in various developmental stages of A. suum. Expression of the
parasite-derived antigen corresponding to rAs14 was evaluated
by immunoblot analysis using parasite extracts prepared from
embryonated eggs, L3, lung-stage larvae, and female and male
adult worms. Mouse anti-rAs14 serum bound strongly to a
14-kDa parasite-derived antigen in parasite extracts from all
stages and in larval and adult ES products (Fig. 2A). Serum
from a preimmune mouse did not react with any antigens in
the parasite extract (data not shown). These findings suggest
that As14 is ubiquitously expressed in A. suum at all develop-
mental stages and is also released by larvae and adults. In
addition, we performed immunoblot analysis of a human
roundworm, A. lumbricoides, and a dog roundworm, 7. canis,
with mouse anti-rAsl4 serum. The mouse serum immunore-
acted with a 14-kDa PBS-soluble antigen from A. lumbricoides
that was the same size as parasite-derived Asl4. The identical
intensities of the immunoblot bands suggest the presence of an
As14 homologue in the human roundworm (Fig. 2B). A 14-
kDa immunoreactive band was also detected in the PBS-solu-
ble protein from 7. canis. Serum from a preimmune mouse did
not react with any of the antigens present in the parasite
extracts (data not shown).

Reactivity of rAs14 with pig immune sera. The reactivity of
rAs14 with serum from pigs with flubendazole-abbreviated in-
fection was examined using immunoblot analysis. The serum
reacted with rAs14, suggesting that rAs14 was antigenic in the
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FIG. 2. (A) Identification of parasite-derived Asl4 in A. suum at
various developmental stages. The parasite extract was prepared es-
sentially as described in Materials and Methods. Twenty micrograms of
parasite extract or ES products was separated by SDS-PAGE, and the
proteins were then transferred to a nitrocellulose membrane. Lane 1,
rAsl4 (50 ng); lane 2, L3; lane 3, lung-stage larvae; lane 4, female
worm; lane 5, male worm; lane 6, larval ES; lane 7, female worm ES;
lane 8, male worm ES. The antigen bound to the mouse anti-rAsl4
serum was detected using NBT-BCIP. (B) Expression of As14 homo-
logues in ascarid nematodes. Lane 1, A. lumbricoides; lane 2, T. canis;
lane 3, A. suum; lane 4, rAs14 (50 ng). Forty micrograms of protein
equivalents of each parasite extract was used for immunoblot analysis
with mouse anti-rAs14 serum.

natural host (Fig. 3). Pig preimmune sera did not react with
rAsl4. Sera from repeatedly inoculated rabbits and mice with
A. suum embryonated eggs also reacted with rAs14. Rabbit and
mouse preimmune sera did not react with rAs14.

Intranasal vaccination against 4. suum L3. In our prelimi-
nary experiments, we observed an apparent reduction in re-
covery of larvae from the lung in mice subcutaneously injected
with rAsl4-precipitated Freund’s complete adjuvant (FCA).
Mice which were immunized with rAs14-FCA and which re-

kDa 1 2345 6 7
21 —

14 —
7 —

FIG. 3. Reactivity of recombinant Asl4 with sera from rabbits,
mice, and pigs repeatedly infected with A. suum infective embryonated
eggs. Fifty nanograms of protein was electrophoresed in each lane of
an SDS-12% polyacrylamide gel and blotted onto a nitrocellulose
membrane. The recombinant As14 bound to serum samples was de-
tected using NBT-BCIP. Lane 1, purified Asl4 stained with amido
black; lane 2, immune rabbit; lane 3, preimmune rabbit; lane 4, im-
mune mouse; lane 5, preimmune mouse; lane 6, immune pig; lane 7,
preimmune pig.
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FIG. 4. Number of larvae recovered from mice immunized with
rAsl4. Mice were immunized as described in Materials and Methods.
Data were expressed as the mean value * the standard deviation in
each group of five mice. Stars indicate that the mean value was signif-
icantly lower than that of the group immunized with rAs14 or CTB
alone (P < 0.01).

ceived two booster doses at 2-week intervals showed a 50%
reduction of recovered larvae from the lungs following the
challenge infection, compared to either a nonimmunized
group of mice or mice that had received FCA alone. In addi-
tion, a 99% reduction of recovered larvae was found for a
group of mice orally immunized with A. suum L3, compared
with the number in groups of nonimmunized mice or mice
receiving FCA alone. We therefore tested whether nasal ad-
ministration of rAs14 coupled with CTB would be more effec-
tive. As shown in Fig. 4, a group of mice inoculated intranasally
with rAs14 coupled with CTB showed a significant reduction in
recovery of larvae from the lung compared with the CTB-
control group after A. suum L3 challenge (P < 0.01 by Stu-
dent’s ¢ test). The same level of larval reduction was observed
in three other repeated-challenge experiments.

Immune response to intranasal vaccination. In preliminary
experiments, a significant rAs14-specific IgG titer in serum was
found in the group of mice immunized with rAs14-FCA
(18.2 £ 1.2) and the group immunized with A. suum L3 (13.2 =
2.2), suggesting that protection against A. suum L3 infection
may be immunologically induced. In the present study, we
measured the levels of rAs14-specific antibody responses in the
mucous fluid from the small intestine and in the sera from mice
intranasally immunized with rAs14-CTB. As shown in Table 1,
predominantly rAs14-specific IgA responses were seen in mu-
cosal extracts, while predominantly IgG responses and IgE
responses were seen in serum. No detectable anti-As14 IgA
antibody responses in mucosal extracts, or anti-As14 IgG an-
tibody responses or anti-Asl14 IgE antibody responses, were
seen in sera from mice immunized with rAs14 alone or CTB
alone. Furthermore, we examined rAsl4-specific serum IgG
subclass responses. Mice immunized with rAs14-CTB showed
a significant anti-As14 IgG1 response and weak anti-Asl4
IgG2a, IgG2b, and IgG3 antibody responses (Fig. 5). No de-
tectable IgG subclass anti-As14 antibody response was seen for
mice immunized with rAs14 alone or CTB alone.
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TABLE 1. Antigen-specific serum IgG and IgE and mucosal IgA
antibody titers to rAs14 in mice intranasally immunized with rAs14

Titer
Antigen
Serum IgG Serum IgE Mucosal IgA
rAsl4 <8 <5 <4
CTB <8 <5 8.8+ 1.5
rAsl4 + CTB 18.6 = 0.55% 10.3 = 1.3x 92+*13

“ Mice were immunized as described in Materials and Methods. The titer
shows the reciprocal log, of the highest dilution of serum that gave an OD s
greater than that seen with control (no serum added to the well). Values are
expressed as the reciprocal log, titer = the standard deviation of the mean for
each group of five mice. Asterisks indicate that the mean value was significantly
higher than that of the rAs14-alone or CTB-alone group (P < 0.001).

DISCUSSION

Numerous reports have shown that protective immune re-
sponses to A. suum infection can be achieved in pigs by immu-
nization with irradiated A. suum L3 or by chemically abbrevi-
ated larval infection (22, 27, 48, 57, 59). These findings suggest
an important role for larval antigens in protective immunity
against swine ascariasis. In order to isolate the immunoreactive
antigens from various larval stages, we used a nonpermissive
host rabbit to raise antibodies against larvae by inoculating the
rabbit repeatedly with A. suum L3. Serum from the rabbit
reacted with several recombinant clones in an A. suum L3
cDNA library. Among the several cDNA clones that reacted
with the rabbit immune sera, clone L2R59 was selected for
further analysis because of its low similarity to mammalian
proteins. An antibody raised in mice against the recombinant
protein produced using a composite cDNA derived from
L2R59 was tested for its ability to bind the parasite-derived
antigen in immunoblot analysis of 4. suum L3 extracts. The
results showed that serum from immunized mice reacted with
the 14-kDa antigen, which is now designated Asl4. Mice im-
munized with rAs14 showed protection against A. suum L3
infection.

Though Asl14 has amino acid sequence similarity with hu-
man and rodent filarial parasite antigens (5, 7) and with a gene
product of the free-living nematode C. elegans, extensive da-
tabase searches failed to detect similarity to any protein of

IgG1 ]
IgG2a
IgG2b
1gG3
7 9 11 13 15 17 19
ELISA Titer

FIG. 5. Serum IgG subclass responses to rAs14. The titer of each
subclass is shown as the reciprocal log, as described in Materials and
Methods. Data were expressed as the mean value * the standard
deviation of the mean for each group of five mice. The star indicates
that the mean value was significantly higher than that of the other
groups (P < 0.001). ELISA, enzyme-linked immunosorbent assay.
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known function. Analysis of developmental-stage-specific ex-
pression of As14 showed that high levels of As14 were released
in the ES products in larval and adult stages. A number of
reports concerning ES products from nematode parasitic
stages showed that they change the host physiology and sup-
presse host immune responses (12, 20, 38). Moreover, some
investigators believe that they may be associated with parasite
survival (21, 60).

Recently, abundant larval transcript (ALT) antigen, a highly
immunoprotective antigen, was identified from the human fi-
larial parasite Brugia malayi (17). A vaccination study demon-
strated that ALT gave the highest protection among recombi-
nant antigens that have been cloned from parasitic filarial
nematodes (18). ALT has no similarity to mammalian proteins,
suggesting that it is a parasite-specific molecule. Parasite-spe-
cific antigens with no similarity to host proteins are desirable as
parasite vaccine antigens because antibodies against them
should not cross-react with host proteins. In the present study,
immunoblot analysis using sera from a variety of hosts immu-
nized against A. suum L3 showed that rAs14 was antigenic. In
addition, As14 homologues were detected in A. lumbricoides
and T. canis, suggesting that ascarid nematodes possess As14-
related molecules. Therefore, we examined whether vaccina-
tion with rAs14 induces protection in a mouse-A. suum model
in order to evaluate rAsl4 as a new vaccine candidate for
parasitic diseases caused by ascarid nematodes.

When A. suum L3 are orally administered to mice, the larvae
penetrate the gastrointestinal tract after approximately 24 h,
and the administered larvae reach the lungs, where they cause
pulmonary hemorrhage after 72 h (45). Mice vaccinated orally
with A. suum L3 were found to be protected against verminous
pneumonitis after challenge infection (19). These results show
that A. suum L3 vaccination results in a protective immune
response associated with a reduction in the number of larvae
reaching the lung. In the present study, we performed chal-
lenge infection in BALB/c mice after oral administration of 4.
suum L3. The mice immunized with A. suum L3 showed a 99%
reduction in the number of larvae recovered from the lung.
Therefore, we examined the protective efficacy of rAs14 ad-
ministration in BALB/c mice against challenge infection using
A. suum L3 in the present study. The number of larvae recov-
ered from the lung was reduced by approximately 63% com-
pared to that recovered from the control group, suggesting that
nasal immunization with rAs14 prevents the migration of lar-
vae to the lung.

The generation of protective immune responses at the mu-
cosal surface by nasal or oral administration is a critical goal in
the development of a vaccine against intestinal pathogens.
Since the mucosal surface of the small intestine is the initial
site of the A. suum infection, it is important to establish pro-
tective immunity there (27). It has been reported elsewhere
that administration of A. suum L3 to animals results in induc-
tion of an A. suum L3-specific IgA response in the small in-
testine (25). However, a major problem with the delivery of
antigens to the intestinal mucosa is that oral administration of
soluble proteins gives rise either to no immune response or to
the development of tolerance (59). In contrast, numerous re-
ports have demonstrated that CTB induces both mucosal and
systemic immunity after oral or nasal immunization (40, 53). In
the present study, we performed nasal immunization with CTB
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as a mucosal adjuvant in a BALB/c mouse-A. suum model. The
number of larvae recovered from the lungs of the vaccinated
mice was significantly lower than that for the parenterally im-
munized group using FCA alone and lower than that for a
nontreated group. In addition, we found that mice vaccinated
with rAs14-CTB had high titers of rAs14-specific mucosal IgA
and IgG in serum, suggesting that As14-CTB induced both
local and systemic protective immune responses against A.
suum. In fact, the degree of protection in mice immunized with
rAs14-CTB was higher than that in mice parenterally immu-
nized with rAs14 plus FCA (data not shown). It is also worth
noting that elevation of the rAs14-specific IgE titer was seen in
mice vaccinated with rAs14-CTB. It has been shown elsewhere
that Ascaris-specific IgE is associated with protection against
Ascaris infection (34). The mechanism by which rAs14 antigen
induces protective immunity against A. suum infection was not
determined in the present study.

Mice immunized with rAs14 coupled with CTB had a high
level of anti-rAs14 IgG1 antibody and a low level of anti-rAs14
IgG2a antibody. CTB used as a mucosal adjuvant induces
antigen-specific IgG1 and IgG2 responses, suggesting that
CTB activates a type II immune response in mice (36, 52, 53).
Protective immunity to A. suum infection in mice may be
associated with type II immune responses (35). Recently, it was
reported that type II cytokine responses against adult A. lum-
bricoides were predominantly noted in human ascariasis (9).
Further analysis of cytokine profiles may reveal whether type I
or type II immune responses predominate. On the other hand,
the life cycle of ascarid nematodes involves two different
phases that proceed in internal and external environments.
Particular events in these two phases may provoke different
host immune responses against the larval stages in the tissues
and the adult worms in the small intestine of the natural host.
The development of A. suum in mice includes passage through
larval stages before the development of adult worms. Recently,
it was demonstrated that immunization against the parasite in
the migratory phase that occurs between L3 and the larval
stage resulted in protective immunity against A. suum infec-
tion, but not against adult worms, in pigs (26). Further analysis
of mice immunized with As14-CTB may provide insight into
the immunological mechanisms that function in host resistance
against infection with ascarid larval-stage parasites. In fact,
immune responses against tissue helminths are different from
those against gastrointestinal parasites (15, 23).

Recombinant parasite antigens have been identified as vac-
cine candidates for a variety of helminths. Recent studies dem-
onstrated that CTB fused with Schistosoma mansoni 28-kDa
glutathione S-transferase, which is a candidate vaccine antigen
for schistosomiasis, suppressed pathological lesions caused by
parasites and reduced animal mortality, not merely by inducing
protection against the parasite infection but also through ther-
apeutic effects (51). In addition, the number of infective-stage
larvae administered to the host may be an important factor
when candidate molecules are evaluated for their vaccine ef-
fects against parasitic challenge infections. In fact, animals
vaccinated with Trichinella spiralis antigen showed reductions
of worm fecundity and worm size (13).

In conclusion, we have cloned a novel 14-kDa immune pro-
tective antigen from A. suum that is the first recombinant
protective antigen to be identified from ascarid nematodes. In



VoL. 69, 2001

addition, protection against A. suum infection was achieved by
mucosal administration of this antigen. One of the current
goals in the field of human vaccines is the development of a
noninvasive and practical route of administration via mucosal
surfaces. Further analysis of mucosally administered Asl4
should expand our understanding of the induction of protec-
tive immunity against parasitic infections caused by ascarid
nematodes.
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