Table 2

S. venezuelensis L3 ESTs with significant annotation by homology search against NEMABASE4.
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S. venezuelensis (singleton/contig)

Top hit in Nembase4 (tblastx)

NCBI accession Length (bp) Identifier Organism Clade E-value Associated annotation

HO0652177 601 §5C02297_1 S. stercoralis v 4,00E—87 Proteasome, subunit alpha/beta

H0652179 576 CRC00223_1 C. remanei \Y 5.00E—11 RNA recognition motif, RNP-1

HO0652180 585 55C04545_1 S. stercoralis v 6.00E—45 FMRFamide-related peptide

HO0652192 348 SSC00140_1 S. stercoralis v 3.00E—-27 FMRFamide-related peptide

HO0652206 292 ACC15350_1 A. caninum \ 7.00E—-19 Ammonium transporter

HO0652209 759 HBC05087_1 H. bacteriophora \% 3.00E—83 Cytochrome b/b6

HO652210 406 SRC01426_1 S. ratti v 4.00E-51 Cytochrome P450

HO0652222 427 SSC01666_1 S. stercoralis v 1.00E—48 Hydroxytetrahydrobiopterindehydratase
HO0652225 342 CJC00147_1 C. japonica \ 3.00E—-15 Signal recognition particle, SRP9 subunit
HO652234 761 SRC00984_2 S. ratti v 1.00E—153 Ras small GTPase, Ras type

HO652237 564 SSC03440_1 S. stercoralis v 3.00E—48 LUCT7 related

H0652242 636 MJC01056_1 M. javanica v 2.00E—-17 DNA repair protein (XPGC)/yeast Rad
HO652258 389 CSC00005 1 Caenorhabditis sp. \ 1.00E—09 NAD Hdehydrogenase (ubiquinone)
HO652261 713 SRC00248_1 S. ratti v 1.00E—128 Poly(A)-binding protein

HO0652283 707 SRC07549_1 S. ratti v 1.00E—108 Calcium-binding EF-hand

HO0652285 867 XIC01943_1 X. index I 2.00E—89 beta-1,4-mannosyltransferase activity
HO0652301 574 SRC00826_1 S. ratti 1\ 7.00E—38 Histone H1/H5

HO0652303 620 PTCO1840_1 P. trichosuri v 4.00E—88 NIF system FeS cluster assembly, NifU, N-terminal
HO0652319 687 SRCO1269_1 S. ratti v 1.00E—111 Neural proliferation differentiation control-1
HO0652339 828 SSC00792_1 S. stercoralis v 1.00E—103 Klarsicht/ANC-1/syne-1 homology
HO0652341 817 LSC00488_1 L. sigmodontis n 4.00E—90 Neurotransmitter-gated ion-channel
H0652363 569 PTC00864_1 P. trichosuri v 2.00E-99 Isocitrate lyase and phosphorylmutase
HO652371 689 AYC01701_1 A. ceylanicum \ 1.00E—31 HSP20-like chaperone

HO652385 324 SRC00573_1 S. ratti \" 2.00E—53 Ribosome maturation protein SBDS, N-terminal
HO652387 837 HGC09675_1 H. glycines v 8.00E—90 Peptidase C2, calpain

HO652391 682 SSC00507_1 S. stercoralis v 6.00E—71 Basic helix-loop-helix dimerisation region bHLH
HO652393 304 SRC06206_1 S. ratti v 1.00E—11 Lysosome-associated membrane glycoprotein (Lamp)/CD68
HO0652397 702 SSC03354_1 S. stercoralis v 4.00E—80 Ankyrin

HO0652402 806 SRC01740_1 S. ratti \% 1.00E—105 TRAF-like

HO0652403 702 $SC01995_1 S. stercoralis \% 1.00E—-36 NLI interacting factor

HO652411 638 AAC00359_1 A. cantonensis \ 4.00E-39 Neurotransmitter-gated ion-channel
HO0652429 713 SRC03434 1 S. ratti v 1.00E-96 Alpha/beta hydrolase fold-1

HO0652446 591 PTC02320_1 P. trichosuri v 6.00E—45 Zinc finger, C3HC4 RING-type

HO0652452 642 ACC01684_2 A. caninum v 7.00E—42 Globin-like

HO0652470 681 PTCO1361_1 P. trichosuri v 2.00E—23 Bicarbonate transporter, eukaryotic
HO0652471 586 SRC00877_1 S. ratti v 2.00E—99 NADH:ubiquinone oxidoreductase, 51 kDa subunit
HO0652478 385 SSC01554_1 S. stercoralis v 2.00E—41 Neuroendocrine 7B2 precursor

HO652504 687 CRCO1991_1 C. remanei \ 1.00E—47 Oxysterol-binding protein

HO0652510 481 SSC05747_1 S. stercoralis \% 1.00E—44 Barrier to autointegration factor, BAF
HO0652512 799 SRC00306_1 S. ratti v 1.00E—152 14-3-3 protein

HO652514 263 SRC02616_1 S. ratti v 2.00E—50 (2 calcium-dependent membrane targeting
HO652517 526 $5C02701_1 S. stercoralis v 1.00E-75 Histone H2B

HO0652520 545 CBC03783_1 C. brenneri \% 2.00E—41 Glycosyl transferase, group 1

HO0652521 479 CSC01296_1 Caenorhabditis sp. \ 1.00E-21 RhoGAP

HO0652553 286 $SC00283_1 S. stercoralis v 4,00E-29 Heat-shock protein Hsp90

H0652559 336 $5C02701_1 S. stercoralis v 5.00E—36 Histone H2B

HO0652574 361 SRC08538_1 S. ratti v 9.00E-31 L3Nie Ag (SvL3Nie-2)

HO0652576 666 SSC00003_1 S. stercoralis v 1.00E—86 Astacin-like metalloproteinase

H0652580 406 MHC11486_1 M. hapla v 1.00E—-07 Amino acid/polyamine transporter |
HP429054 589 HBC06265_1 H. bacteriophora \ 3.00E—47 Globin-like protein

HP429057 461 SSC01535.1 S. stercoralis v 3.00E—19 S. stercoralis Hsp20 (SvHsp20-Ss2)
HP429059 565 ASC17349_1 A. suum 1 2.00E-23 A. suum Hsp20 (SvHsp20-As1)

HP429060 508 SSC00303_1 S. stercoralis v 2.00E—-15 Lipase, class 2

HP429061 455 SSC00007_1 S. stercoralis \% 7.00E—68 Aminotransferase, class 1 and Il

HP429062 1558 00C00027_4 0. ostertagi \ 0 Cytochrome c oxidase, subunit |

HP429068 655 SRC08538_1 S. ratti v 7.00E-70 L3Nie Ag (SvL3Nie-1)

HP429076 762 §5C02252_1 S. stercoralis v 1.00E—122 EF-hand

HP429077 441 SRC00553_1 S. ratti v 1.00E-35 Calcium-binding EF-hand

HP429078 524 TLCO0048_1 T. leonina i 3.00E—62 Cytochrome c oxidase, subunit Ill

HP429079 628 SRC00445_1 S. ratti v 6.00E—-97 EF-hand

HP429083 889 SSC00456_1 S. stercoralis v 1.00E-70 Proteinase inhibitor 133, aspin

HP429085 863 CJco1127_2 C. japonica \ 5.00E—45 NADH:ubiquinone/plastoquinone oxidoreductase
HP429086 480 ASC00025_17 A. suum 1] 4.00E-76 Cytochrome ¢ oxidase subunit Il C-terminal
HP429088 417 SRC04160_1 S. ratti v 4.00E—-42 Light chain 3 (LC3)

HP429091 661 SSC01535_1 S. stercoralis v 4.00E—78 S. stercoralis Hsp20 (SvHsp20-Ss1)
HP429092 1322 SSC05809_1 S. stercoralis v 2.00E—62 Methyltransferase type 11

HP429094 277 NAC00065_1 N. americanus \" 3.00E—-16 Cytochrome b/b6, C-terminal

HP429095 589 ASC24228_1 A. suum 1 2.00E—-19 ATPase, FO complex, subunit A

Genus designations used in the table are as follows: A. caninum; Ancylostoma caninum, A. cantonensis; Angiostrongylus cantonensis, A. ceylanicum; Ancylostoma ceylanicum, A. suum;
Acaris suum, C. brenneri; Caenorhabditis brenneri, C. japonica; Caenorhabditis japonica, C. remanei; Caenorhabditis remanei, H. bacteriophora; Heterorhabditis bacteriophora, H. glycines;
Heterodera glycines, L. sigmodontis; Litomosoides sigmodontis, M. hapla; Meloidogyne hapla, M. javanica; Meloidogyne javanica, N. americanus; Necator americanus, O. ostertagi;
Ostertagia ostertagi, P. trichosuri; Parastrongyloides trichosuri, S. ratti; Strongyloides ratti, S. stercoralis; Strongyloides stercoralis, T. leonina; Toxascaris leonina, X. index; Xiphinema index.
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Table 3
S. venezuelensis L3 ESTs with significant annotation against NCBI non-redundant protein database.

S. venezuelensis (singleton/contig) ~ Top hit in the NCBI non-redundant protein database (blastx) Top hit in Nembase4 (tblastx)

NCBI accession  Length (bp) NCBI accession Best identity descriptor Organism E-value Identifier Organism Clade  E-value

H0652462 820 NP_501872.1 hypothetical protein FO1G10.6 C. elegans 3.00E-12 N/F? - - -

H0652207 396 XP_002636737.1  Hypothetical protein CBG23460 C. briggsae 4.00E-15 PTC02337_1 P trichosuri IV 2.00E-21

HO0652218 448 XP_002633793.1  Hypothetical protein CBG03485 C. briggsae 6.00E—22 HCC05184_1 H.contortus V 4.00E-33

HO0652251 849 XP_002632491.1  CBR-CCG-1 protein C. briggsae 2.00E—49 SRC00347_1 S.ratti v 1.00E—140

HO0652337 409 XP_001892281.1  hypothetical protein B. malayi 6.00E—38 PPC05674_1  P. pacificus® V 8.00E—50

HO0652351 463 XP_002631908.1  hypothetical protein CBG07885  C. briggsae 2.00E—37 PTCO0166_1 P trichosuri IV 5.00E-53

H0652377 395 XP_001902589.1  putative salt tolerance protein B. malayi 5.00E—19 PTC04384_1  P.trichosuri IV 4,00E—-61

H0652412 835 XP_002645282.1  CBR-AJM-1 protein C. briggsae 3.00E—-09 SSC03769_1 S stercoralis IV 8.00E—65

HO0652449 581 NP_499054.1 TransThyretin-Related family C. elegans 9.00E—33 SRCO1281_1  S.ratti 1\ 2.00E—-84
domain family member (ttr-5)

H0652459 286 NP_510509.2 hypothetical protein FO9B12.3 C. elegans 1.00E—14 SRC04118_1 S. ratti v 2.00E—-34

HO0652491 650 XP_001902568.1  hypothetical protein Bm1_55555  B. malayi 1.00E—27 SSC01022_1 . stercoralis IV 2.00E—85

H0652499 797 NP_505173.2 hypothetical protein F52E1.13 C. elegans 3.00E—43 (CRC02974_1 C remanei v 5.,00E~20

H0652537 528 NP_499054.1 TransThyretin-Related family C. elegans 2.00E-30 SRCO1281_1 . ratti v 4.00E-78
domain family member (ttr-5)

HO652548 533 XP_002646626.1  Hypothetical protein CBG11056  C. briggsae 8.00E—10 SRC02345_1 S.ratti v 3.00E-57

HP429066 2081 NP_492698.2 hypothetical protein ZC247.1 C. elegans 1.00E-71 SSC03002_1 S stercoralis IV 6.00E—72

HP429084 856 CAR63582.1 Conserved Cystein/Glycine domain ~ A. cantonensis  1.00E—41  SRC00347_1 . ratti v 1.00E—-129
protein

S. venezuelensis L3i ESTs that did not hit in NEMABASE4 or ESTs which had matches to NEMABASE4 ESTs without annotation, were further analysed against NCBI non-redundant
protein database. Sixteen EST were given annotation by this search,

* N/F: no hit in NEMABASE4.

® Pristionchus pacificus.

comprised the unique sequences, which were compared against for Biotechnology Information (NCBI) non-redundant protein data-
NEMBASE4 (http://www.nematodes.org/ nembase4/), using tBLASTX. base using BLASTx (cut-off: E<1e—5), and NCBI EST database using
ESTs that did not hit were further compared with the National Center BLASTn (cut-off: E<1e—10). The sequences of the transcripts in the
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L3Nie
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Fig. 1. Comparison of predicted amino acid sequences between three Hsp20s and two L3Nie antigens. In S. venezuelensis ESTs, three different Hsp20 and two L3Nie were found. In
order to clarify the difference between these ESTs, they were aligned against each other by using the GENETYX-WIN software (GENETYX CORPORATION, Tokyo, Japan), Identical
residues are marked with an asterisk, and conserved residues between two Hsp20s are marked with a dot. SvHsp20-Ss1 showed 40% identity to SvHsp20-Ss2. SvHsp20-As1 was
found to have 29% identity with SvHsp20-Ss2, but no significant similarity with SvHsp20-Ss1. Identity between SvL3Nie-1 and 2 was 56%. Accession numbers for each genes:
SvHSP20-Ss1; HP429091, SVHSP20-Ss2; HP429057, SVHSP20-As1; HP429059, SvL.3Nie-1; HP429068, SvL3Nie-2; HO652574.
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present study have been deposited into the GenBank under accession
numbers HO652177-H0652584 and HP429054-HP429095.

2.5. Reverse transcriptase-polymerase chain reaction (RT-PCR)

RT-PCR was performed with worms of different developmental
stages; infective larvae (L3i), tissue-migrating larvae (L3tm), lung
larvae (LL3), and parasitic adult worms. For RNA isolation, worms
were crushed manually using a freeze-crushing apparatus (SK Mill,
Tokken, Chiba, Japan), followed by isolation with TRIzol reagent. After
treatment with DNase | (Ambion, Austin, TX, USA), concentration of
RNA was measured using a Quant-iT assay kit (Invitrogen). cDNA was
synthesized from 1 pg of total RNA by reverse transcription in 100 pl
reaction using PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio,
Shiga, Japan).

For 63 selected genes, PCR primers were designed to have theoretical
Tm of 57-63 °C and amplicon sizes of 200~500 bp. One microliter of the
prepared c¢cDNA preparation was used for PCR amplification. The
amplification program was as follows; initial denaturation at 94 °C for
2 min, 30 cycles of denaturation at 94 °Cfor 45 s,annealing 58 °Cfor45 s
and elongation at 68 °C for 30 s, followed by a final extension at 68 °C for
7 min. Five microliter of the PCR products was mixed with 1 pl of EZ-
VISION DNA dye/buffer (AMRESCO, Solon, OH, USA ), run on 1% agarose
gel, then visualized by UV transillumination and photographed.

2.6. Real-time PCR analyses

Expression of selected transcripts was analyzed in real-time PCR.
The regions amplified with each primer sets were shown in Table 1.
Total RNA was extracted from different stages of larvae as described
above, and cDNA was generated from 400 ng of RNA using Prime-
Script 1st strand cDNA Synthesis Kit (Takara Bio). Real-time PCR was
then performed with an ABI PRISM 7000 Sequence Detection Systems
and a Power SYBR Green PCR Master Mix (Applied Biosystems).

Table 4
The most abundant transcripts in S, venezuelensis L3i cDNA library.
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Fig. 2. Expression analysis of abundant transcripts in infective larvae. Quantification of
transcripts was achieved by real-time PCR using gene-specific primer sets for the top
8 sequences (Table 4). The gene for a class 2 lipase was the most abundantly transcribed
in L3i, which was followed by novel genes of unknown functions. The target values
were normalized to 185 rRNA expression. Accession numbers for each genes: lipase;
HP429060, FC810578.1; HP429073, SVC L3ist-1; HP429055, SVC L3ist-2; , HP429056,
PTC 00570_1; HP429058, SvHsp20-Ss2; HP429057, Globin-like protein; HP429054,
cytochrome ¢ oxidase; HP429062.

Relative quantification was assessed by normalizing the amount of the
target transcript to 18S ribosomal RNA gene.

3. Results

A cDNA library was constructed from infective larvae of
S. venezuelensis. A total of 500 clones were sequenced producing 408
high quality ESTs (250 bp cut-off) with an average of 490+ 164 bp.
Assembling the 408 ESTs resulted in 42 contigs (288 ESTs) and 120

S. venezuelensis (singleton/contig)

Blast top hit against NEMABASE4

NCBI accession Number of clones Identifier Organism E-value Associated annotation
HP429060 38 SSC00303_1 S. stercoralis 2.00E-15 Lipase, class 2

HP429056 33 Novel® (SVC L3ist-2) - = =

HP429054 29 HBC06265_1 H. bacteriophora 3.00E—47 Globin-like protein

HP429055 27 Novel* (SVC L3ist-1) - - -

HP429057 26 SSC01535._1 S. stercoralis 3.00E—19 S. stercoralis Hsp20 (SvHsp20-Ss2)
HP429073 14 FC810578.1° S. ratti 5.00E—13 None

HP429058 10 PTC00570_1 P. trichosuri 3.00E-29 None

HP429062 8 00C00027_4 0. ostertagi 0 Cytochrome c oxidase, subunit |
HP429064 7 Novel® - - -

HP429079 6 SRC00445_1 S. ratti 6.,00E—97 EF-hand

HP429066 5 $SC03002_1 S. stercoralis 6.00E—72 None

HP429070 5 SRC01349_1 S. ratti 2.00E-19 None

HP429075 5 SSC00031_1 S. stercoralis 5.00E—70 None

HP429076 4 SSC02252_1 S. stercoralis 1.00E—122 EF-hand

HP429085 4 CJCco1127_2 C. japonica 5.00E—45 NADH:ubiquinone/plastoquinone oxidoreductase
HP429072 4 SRC01349_1 S. ratti 2.00E—22 None

HP429067 4 Novel® - - =

HP429069 4 Novel* - - -

HP429059 3 ASC17349_1 A. suum 2.00E—-23 A. suum Hsp20 (SvHsp20-As1)
HP429068 3 SRC08538_1 S. ratti 7.00E—70 L3Nie Ag (SvL3Nie-1)
HP429084 3 SRC00347_1 S. ratti 1.00E—-129 None

HP429081 3 SRC07826_1 S. ratti 4,00E—37 None

HP429074 3 5SC04537_1 S. stercoralis 2.00E—07 None

HP429087 3 Novel? - - =

HP429065 3 Novel® - - -

3 Novel; No hits were found in major public databases.
b All hits shown here were found against Nembase4 except for FC810578.1, which was found a match in NCBI EST database only.
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singletons. tBLASTx analysis against NEMABASE4, a comprehensive
resource for nematode transcriptome analysis holding 679,480 nema-
tode EST, resulted in 114 (70.4%) S. venezuelensis L3i ESTs showing
significant (E<1e—5) matches to nematode EST, in which associated
annotation was given to 68 sequences (Table 2).

S. venezuelensis L3i ESTs that did not hit in NEMABASE4 and the ones
which had matches to NEMABASE4 ESTs without annotation, were
further analyzed by BLASTx against the NCBI non-redundant protein
databases. This search yielded 16 more genes with description (Table 3).
Thusin total, 84 ESTs resulted in significant annotation against the major
public databases. It should be noted that most of the hits in NEMABASE4
were genes of clade IV nematode, and a majority of the clade IV hits were
with genes from Strongyloides (Tables 2 and 3).

Some S. venezuelensis L3i ESTs shown in Table 2 hit the same sequences
in databases. For example, HP429091 and HP429057 hit S. stercoralis
Hsp20 (SSC01535_1), and HP429068 and HO652574 hit S. ratti L3Nie Ag
(SRC08538_1). Sequence alignment of these ESTs revealed that they
differed significantly from each other (Fig. 1). Therefore, they were
considered as different gene products and designated as shown in Fig. 1.

Of 162 S. venezuelensis L3i ESTs, 47 gave no hits in NCBI databases
or NEMABASE4 in BLASTx and tBLASTX, respectively. We compared
these sequences with NCBI EST division in BLASTn to find 7 more hits
(E<1e—10). Thus of 162 unique sequences, 37 (22.3%) had no hits
against NCBI or NEMABASE4, indicating that these were novel genes.

Matched transcripts with significant annotation (84 sequences)
could be grouped into some categories: genes for proteins involved in

SvHsp20-Ss1

oxidative phosphorylation, structural proteins, heat-shock proteins,
neuromuscular proteins, and immunodominant proteins. Interesting
transcripts were also found such as calpain (H0652387, Table 2),
astacin-like metalloproteinase (HO652576, Table 2), salt tolerance
protein (HO652377, Table 3), DNA repair protein (H0652242,
Table 2), and autophagy-related LC3 (HP429088, Table 2).

The most abundant transcripts in S. venezuelensis infective larva,
estimated from the frequency of clones, contained class 2 lipase,
globin-like protein, and small heat-shock protein 20, SvHsp20-Ss2,
similar to S. stercoralis Hsp20. However, a number of abundant
transcripts had no hits even against NCBI EST using BLASTn (Table 4),
suggesting that infective larvae probably express a number of species-
specific genes. In order to examine the relative amount of expression
of these seemingly abundant transcripts in L3i, we performed real-
time PCR for the top 8 sequences containing 4 unannotated ESTs. We
found that the gene for a class 2 lipase was the most abundantly
transcribed in L3i, which was followed by novel genes and genes of
unknown functions (Fig. 2). Two genes, S. venezuelensis L3i-specific
transcript 1 and 2 (SVC L3ist-1 and SVC L3ist-2), had no hits in
nucleotide databases by BLASTn analysis, indicating that these were
novel genes.

Because infective larvae have to survive stressful environment, we
examined in real-time PCR the gene expression of heat-shock proteins
and energy-related proteins in different developmental stages.
Expression profile of the heat-shock proteins differed from each
other. As shown in Table 2, we obtained one Hsp90 and three Hsp20

SvHsp20-Ss2

Relative expression

SvHsp20-As1
14

L3i L3tm LL3 Adult

1.2
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Fig. 3. Comparison of mRNA expression in developmental stages. Real-time PCR was performed with infective larvae (L3i), tissue-migrating larvae (L3tm), lung larvae (LL3) and
adult female worms. (A) Expression profile of the heat-shock proteins. Hsp90 was evenly expressed through all developmental stages, while the expression of SvHsp20-As1 was
decreased in adult worm. SvHsp20-Ss1 was expressed only in the infective larva stage differed from each other. (B) Gene expression of energy-related proteins. Genes, including
cytochrome c oxidase subunit I, NADH dehydrogenase subunit 6, and cytochrome P450, were most actively transcribed in the infective larva stage. Relative expression of the target
genes was assessed by normalizing to 18S rRNA expression. Gene expression in L3i was defined as 1.0. Accession numbers for each genes: SvHsp20-Ss1; HP429091, SvHsp20-Ss2;
HP429057, SvHsp20-As1; HP429059, Hsp90; HO652553, cytochrome ¢ oxidase; HP429062, NADH dehydrogenase; H0652258, cytochrome P450; H0652210.
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sequences. Since these three Hsp20 (HP429091, HP429057, and
HP429059) differed significantly from each other (Fig. 1), they
were referred to as SvHsp20-Ss1, SvHsp20-Ss2, and SvHsp20-As1,
respectively. While Hsp90 was expressed evenly from infective
larvae to parasitic adult females, the expression of SvHsp20-Asl
decreased when the worms reached maturity. In contrast, SvHsp20-
Ss1 and SvHsp20-Ss2 were expressed only in the infective larva stage
(Fig. 3A).

Genes for spiration-related proteins, including cytochrome c
oxidase subunit I (HP429062), NADH dehydrogenase (H0652258),
and cytochrome P450 (HO652210), were most actively transcribed in
the infective larva stage (Fig. 3B), suggesting that infective larvae are
active in producing ATP by oxidative phosphorylation. In fact,
infective larvae had batteries of well-developed mitochondria
immediately under the muscular layer demonstrated by transmission
electron microscopy (data not shown).

In order to identify L3i-specific transcripts, which could be the
clues to the elucidation of the survival strategy of infective larvae, we
compared the expression pattern along the developmental stages of
62 genes by RT-PCR, containing 57 annotated and 5 non-annotated
but highly abundant genes listed in Table 4. cDNA was prepared from
infective larvae (L3i), tissue-migrating larvae (L3tm), lung larvae
(LL3), and parasitic adult female worms, was amplified in PCR
followed by the examination on agarose gel. PCR products were
successfully obtained for 52 transcripts, revealing 7 transcripts being
specific for infective larva stage (Table 5).

To confirm the stage specificity of these genes, we examined the
expression in real-time PCR. Among 7 L3i specific transcripts listed in
Table 5, the specific expression of SvHsp20-Ss1 and SvHsp20-Ss2, has
been already demonstrated in Fig. 3. As shown in Fig. 4, the expression
of the remaining 5 genes was highly specific as well for infective
larvae. In addition to SvHsp20-Ss1 and SvHsp20-Ss2, L3i-specific
transcripts were astacin-like metalloprotease, SvL3Nie-2, an unanno-
tated gene (PTC 00570_1), and two novel transcripts (SVC L3ist-1 and
SVC L3ist-2). Quite interestingly, SvL3Nie-1, which is similar to
SvL3Nie-2, showed different expression patterns with SvL3Nie-2.
SvL3Nie-1 was expressed constitutively from L3i to tissue-migrating
L3tm stage (Fig. 4).

4. Discussion

Most cases of strongyloidiasis are subclinical, and chronic infec-
tions remain unrecognized for decades [14]. However, it might turn
life-threatening when the patients are on immunosuppressive drugs
[15] or have co-infections with HTLV-1 [16-18]. In severe strongyloi-
diasis, large numbers of infective larvae penetrate skin and intestinal
mucosa causing disseminated infections. Understanding the biology
of infective larvae would lead us to find a novel strategy for the control
of severe infections.

Our present study on transcripts of S. venezuelensis infective larva
revealed interesting features of their biology. First, in the present
cDNA library, clones coding for lipase appeared repeatedly. Repre-
sentation in a cDNA library generally reflects the abundance in the
original transcriptome [19], and the real-time PCR results confirmed
lipase as one of the most actively transcribed genes (Fig. 2). It appears
that infective larvae of S. venezuelensis possibly degrade stored lipid
for energy generation. Because infective larvae do not feed during
wait [20], and express both an autophagosome marker LC3
(HP429088 in Table 2) and a proteasome protein (HO652177 in
Table 2), infective larvae possibly depend on both the ubiquitin-
proteasome system and autophagy processes for the energy sources.
Recent study has revealed that autophagy regulates intracellular lipid
metabolism [21], which is evoked when animals are under starvation
[22-24].

Transcripts for several different heat-shock proteins were found in
S. venezuelensis infective larvae cDNA. Hsp90, an evolutionarily

Table 5
Expression of transcripts along developmental stages.

S. venezuelensis (singleton/contig) Best identity descriptor

Expression NCBI accession
L3i only HO652574 SvL3Nie-2
HO0652576 Astacin-like metalloproteinase
HP429055 Novel® (SVC L3ist-1)
HP429056 Novel” (SVC L3ist-2)
HP429057 SvHsp20-Ss2
HP429058 None (PTC 00570_1)"
HP429091 SvHsp20-Ss1
L3i to L3tm HP429068 SvL3Nie-1
L3ito LL3 HO0652180 FMRFamide-related peptide
HO0652403 NLI interacting factor
HO652411 Neurotransmitter-gated ion-channel
HP429054 Globin-like protein
HP429059 SvHsp20-As1
HP429061 Aminotransferase, class I and 1l
HP429076 EF-hand
HP429077 Calcium-binding EF-hand
HP429088 Light chain 3 (LC3)
L3i to adult HO0652177 Proteasome, subunit alpha/beta
HO0652206 Ammonium transporter
HO0652234 Ras small GTPase, Ras type
H0652242 DNA repair protein (XPGC)/yeast Rad
H0652251 C. briggsae CBR-CCG-1 protein®
HO0652258 NADH dehydrogenase subunit 6
H0652261 Poly(A)-binding protein
HO0652285 beta-1,4-mannosyltransferase activity
HO0652301 Histone H1/H5
HO0652303 NIF system FeS cluster assembly,
NifU, N-terminal
HO0652319 Neural proliferation differentiation control-1
H0652339 Klarsicht/ANC-1/syne-1 homology
HO0652341 Neurotransmitter-gated ion-channel
H0652363 Isocitrate lyase and phosphorylmutase
HO0652371 HSP20-like chaperone
HO0652385 Ribosome maturation protein SBDS,
N-terminal
HO0652387 Peptidase C2, calpain
H0652397 Ankyrin
H0652412 C. briggsae CBR-AJM-1 protein®
H0652449 TransThyretin-Related family domain
family member®
HO652459 hypothetical protein FO9B12.3¢
H0652470 Bicarbonate transporter, eukaryotic
HO0652504 Oxysterol-binding protein
HO0652510 Barrier to autointegration factor, BAF
HO652514 C2 calcium-dependent membrane targeting
H0652517 Histone H2B
H0652520 Glycosyl transferase, group 1
H0652537 TransThyretin-Related family domain family
member®
H0652553 Heat-shock protein Hsp90
HP429060 Lipase, class 2
HP429062 Cytochrome c oxidase, subunit |
HP429073 None®
HP429083 Proteinase inhibitor 133, aspin
HP429084 Putative conserved cystein/glycine domain
protein®
HP429092 Methyltransferase type 11

2 Novel; No hits were found in major databases.

b Hits were found in NEMABASE4 with no associated annotation.

¢ Hits were found in NEMABASE4 without associated annotation. Annotation was
given in NCBI NR protein database.

conserved indispensable molecular chaperone, is involved in the
folding, stabilization, activation, and assembly of a wide range of
cellular proteins, playing a central role in many biological processes
[25]. In C. elegans, Hsp90 is upregulated in dauer larvae, to which
infective larvae of parasitic nematodes are often compared [26]. Our
present study demonstrated that Hsp90 is abundantly and constitu-
tively transcribed throughout the life of S. venezuelensis (Fig. 3A). In
spite of a number of similarities between infective larvae and dauer
larvae, recent comparative genomics between C. elegans and
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Fig. 4. Quantitative analysis of mRNA expression for infective larvae (L3i) specific transcripts. Quantitative real-time PCR validated the specific expression of six genes in infective L3
larvae. Relative expression of the target genes was assessed by normalizing to 185 rRNA expression. Gene expression in L3i was defined as 1.0. Accession number for genes analysed
are as follows: Sv-L3Nie-2; HO652574, Astacin-like metalloprotease; HO652576, SVC L3ist-1 (novel gene); HP429055, SVC L3ist-2 (novel gene); HP429056, PTC 00570_1; HP429058,
Sv-L3Nie-1; HP429068, FMR Famide-related peptide; HO652180, Poly (A)-binding protein; HO652261.

S. stercoralis has failed uncover evidence of an L3i/dauer expression
signature conserved between the two species [27].

On the other hand, interesting expression patterns were observed
in small heat-shock proteins, Hsp20. We found that infective larvae of
S. venezuelensis had at least three Hsp20s, which were significantly
different not only in the sequence but in the expression pattern along
the developmental stages as well (Fig. 3A). In mammals, Hsp20
protects cells from the aggregation of denatured proteins, and is
abundantly expressed in smooth muscle cells and cardiomyocytes
[28,29]. In parasitic nematodes, small heat-shock proteins have been
reported to have a role in muscle cells and muscle contraction [30].
Therefore these Hsp20 might be involved in different muscular
functions, or they might have totally different roles in S. venezuelensis.

Upon infection, infective larvae must penetrate skin as quickly as
possible. Infective larvae of S. venezuelensis have a zinc metallopro-
tease activity, which has been assumed to play a major role in skin
penetration [12]. This metalloprotease activity at 40 kDa is presum-
ably a S. venezuelensis homologue of Ss40 of S. stercoralis, a zinc
metalloprotease deployed by infective larvae [31,32]. Recent study
identified an astacin-like metalloprotease transcript in infective
larvae of S. stercoralis, which has been referred to as ‘strongylastacin’
[33], to which one of the transcripts in the present study (HO652576)
is highly homologous. The expression of this transcript is specific for
infective larva stage, which perfectly matches to the metalloprotease
activity previously reported [12].

The most significant results in this study were that the substantial
portion of transcripts of S. venezuelensis infective larvae contained novel
sequences. Especially, novel transcripts, SVC L3ist-1 and SVC L3ist-2,

were abundantly expressed and they were infective larva-specific
(Table 5, Fig. 4). We could not find similar sequences in public
nucleotide databases, even against NEMABESE4, the most comprehen-
sive resource for nematode EST analysis. Because NEMABESE4 contains
EST data on S. stercoralis as well as S. ratti, these two transcripts should
be not only stage-specific but species-specific molecules. Transcriptome
analysis of Ancylostoma caninum has revealed that more than 80% of
infective larva-specific transcripts (66 out of 78) are species-specific
[34]. Comparative genomics among hookworms and Srtongyloides
nematodes, that produce tissue penetrating infective larvae, should be
one of the most exciting issues in the field of parasitology.

Apart from the biology of S. venezuelensis infective larvae, we could
identify transcripts for candidate antigens for immunodiagnosis. We
found two different transcripts homologous to S. stercoralis L3Nie
antigen (SvL3Nie-1 and SvL3Nie-2) and proteinase inhibitor 133,
which is similar to Onchocerca volvulus immunodominant antigen
0Ov33 (HP429083). L3Nie antigen is a member of the Ancylostoma
Secretory Protein family, which was cloned with a patient serum [35],
and has been shown to be useful in the diagnosis of strongyloidiasis
[36]. Ov33, on the other hand, is recognized by more than 90% of
onchocerciasis patient sera and has been used for immunodiagnosis as
a single protein or fusion protein [37,38]. Gold standard for the
diagnosis method for strongyloidiasis is the stool examination,
however, the sensitivity of detecting larvae is not enough especially
for chronic infections in immunocompetent hosts [39,40]. Because
Ov33 homologue and L3Nie antigen appear to be abundantly
transcribed in larvae, the combined use of the two antigens in
immunodiagnosis might improve the sensitivity and specificity
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significantly. Therefore further analysis is required of these antigens
with strongyloidiasis patient sera.

5. Conclusions

A total of 408 EST were obtained from a cDNA library of
S. venezuelensis infective larvae. Most abundant transcripts are those
for lipase, respiration enzymes, and heat-shock proteins, however
they contained 37 novel sequences which cannot be found in public
nucleotide databases. Of seven transcripts which are infective larvae
stage-specific, three have been unannotated and two were novel.
Further research on these novel genes will clarify the biology of the
infective larva.
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Notch receptor-mediated signaling is in-
volved in the developmental process and
functional modulation of lymphocytes, as
well as in mast cell differentiation. Here,
we investigated whether Notch signaling
is required for antipathogen host defense
regulated by mast cells. Mast cells were
rarely found in the small intestine of wild-
type C57BL/6 mice but accumulated ab-
normally in the lamina propria of the
small-intestinal mucosa of the Notch2-
conditional knockout mice in naive sta-
tus. When transplanted into mast cell-

deficient Wsh/W=h mice, Notch2-null bone
marrow-derived mast cells were rarely
found within the epithelial layer but abnor-
mally localized to the lamina propria,
whereas control bone marrow-derived
mast cells were mainly found within the
epithelial layer. After the infection of
Notch2 knockout and control mice with
L3 larvae of Strongyloides venezuelen-
sis, the abundant number of mast cells
was rapidly mobilized to the epithelial
layer in the control mice. In contrast,
mast cells were massively accumulated

in the lamina propria of the small intesti-
nal mucosa in Notch2-conditional knock-
out mice, accompanied by impaired eradi-
cation of Strongyloides venezuelensis.
These findings indicate that cell-
autonomous Notch2 signaling in mast
cells is required for proper localization of
intestinal mast cells and further imply a
critical role of Notch signaling in the
host-pathogen interface in the small intes-
tine. (Blood. 2011;117(1):128-134)

Introduction

Mast cells are important in a wide variety of physiologic and
pathologic processes, including protective immune responses to
parasites and allergic disorders.' In intestinal parasite infec-
tion, mast cells play a central role in the immune response.®
During the induction phase of parasite-induced inflammation,
mast cells move from the submucosa to the tip of the villi,
accompanying the serial changes in the protease expression
pattern. Initially, they are positive for mouse mast cell pro-
tease-5 (mMCP-5) but negative for mMCP-1 and mMCP-2;
eventually, they become positive for mMCP-1 and mMCP-2 but
negative for mMCP-5, demonstrating convergence from connec-
tive tissue-type mast cells (CTMCs) to mature mucosal-type
mast cells (MTMCs).* The parasite-infected mice consequently
experience jejunal mast cell hyperplasia,’ and the serum concen-
tration of mMCP-1, an activation marker of small intestinal mast
cells, is increased by > 1000-fold compared with that in the
naive status.’

In the mammalian immune system, we and other groups have
demonstrated that Notch signaling is involved in the commit-
ment and differentiation of T cells, the development of splenic

marginal zone B cells, and the differentiation and functional
modulation of mature T cells, including T-helper type I (Th1)/
Th2 polarization®’ and differentiation of CD8-positive cyto-
toxic T cells.® Regarding the Notch signaling in mast cells, bone
marrow-derived mast cells (BMMCs) highly express Jagged1?
and Notch2'® among the Notch ligands and the receptors,
respectively. We have previously shown that signaling through
the Notch2 receptor induces mast cell development from
myeloid progenitors by transcriptional up-regulation of hairy
and enhancer of split homolog-1 (Hes-1) and transacting
T cell-specific transcription factor GATA-3 (GATA3)."" Induc-
tion of antigen-presenting potential of mast cells by Notch
signaling is also demonstrated.'? A question yet to be solved is
how Notch signaling affects mast cell properties in vivo.

In this report, we examined the effect of Notch2 signaling in
in vivo mast cells using Notch2-conditional knockout mice.!?
We show that Notch2 signaling is specifically required for
intraepithelial localization of intestinal mast cells and antipara-
site immunity. In contrast, Notch2 is dispensable for either
distribution or development of CTMCs.
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Methods
Mice

The generation of Notch2fe<fox mice was described previously.'> Mx-Cre
transgenic mice!* were crossed with Notch2fox mice (N2-MxcKO mice)
and the progeny were injected with polyinosinic-polycytidylic acid (pIpC;
Sigma-Aldrich) 7 times every other day from 3 days after birth (25 pg/g
body weight) or 3 times between 4 and 6 weeks of age (20 pg/g body
weight). N2-MxcKO mice were further crossed with C57BL/6-Ly5.1 mice
(a kind gift from Dr H. Nakauchi, University of Tokyo) to generate
Ly5.1-N2-MxcKO mice. Notch2 deletion in bone marrow was examined by
polymerase chain reaction and 3% agarose gel electrophoresis'? (supple-
mental Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article). W*/Wh mice were purchased
from The Jackson Laboratory. All experiments were done with approval
from the University of Tsukuba Institutional Review Board.

Staining

Sections, fixed with Carnoid fluid, were stained with 0.5% toluidine blue
(Sigma-Aldrich), pH 0.3, followed by eosin. Small intestine was embedded
in optimal cutting temperature (OCT) compound (TissueTek) and cut with
cryostat (Leica CM1850). The section was fixed with 4% paraformalde-
hyde, washed with phosphate-buffered saline (PBS), blocked in 10% horse
serum and 0.1% Triton-PBS, and then stained with either 1:100 goat
anti-Jagged1 antibody (C-20; Santa Cruz Biotechnology), goat anti-Deltal
antibody (Genzyme Tech), or control goat immunoglobulin G (1gG; Santa
Cruz Biotechnology) overnight at 4°C. The sections were washed with
PBS and stained with anti-goat Alexa 594 (Invitrogen). Sections were
analyzed by fluorescence microscope (Zeiss; Axioplan2), original
magnification X200.

BMMCs

Bone marrow cells from each mouse strain were cultured in RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS), 50 ng/mL stem cell factor (SCF; PeproTech), and 10 ng/mL
interleukin-3 (IL-3; PeproTech) for 4 weeks. Generation of BMMCs was
confirmed by staining with lineage markers, c-Kit and IgE, as previously
described.!! Briefly, the cells were incubated with purified IgE (BD
Biosciences) after blocking the Fcy receptors with purified anti-CD16/32
antibody (BD Biosciences), stained with anti-lgE-fluorescein isothiocya-
nate (FITC; BD Biosciences), anti-Gr-1-phycoerythrin (PE), anti-
Macl-PE (eBioscience), and anti-c-Kit-allophycocyanin (APC; eBio-
science), and then analyzed by FACSCalibur (BD Biosciences).

Peritoneal mast cells

Five milliliters ice-cold PBS was injected into the peritoneal cavity, and
then 3 mL PBS was recovered. c-Kit and IgE receptor (FceRI) expression
was used to define the cells as peritoneal mast cells. Ly5.1 and Notch2 were
stained with anti-Ly5.1-PE (BD Biosciences) or biotinylated anti-Notch2
antibody (clone HMN2-35) followed by streptavidin PE (eBioscience),
respectively.

Bone marrow transplantation

C57BL/6 mice and W¥/W* mice were lethally irradiated with a total dose
of 9.5 Gy and then transplanted with 1 X 107 whole bone marrow cells
from either N2-MxcKO-Ly5.1 mice or Notch2fe*#fex-1y5.1 mice from the
tail vein. Tissues of transplanted mice were assessed at 3 to 4 months after
transplantation. Donor-cell engraftment was assessed by fluorescence-
activated cell sorting (FACS) analysis of peripheral blood, which was
stained by anti-Ly5.2-FITC (BD Biosciences) and anti-Ly5.1-PE.

S venezuelensis infection

Mice were infected by subcutaneous injection of third-stage infective larvae
of Strongyloides venezuelensis. The degree of infection was monitored by
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Figure 1. Mature mast cells were abnormally accumulated in the lamina propria
of the small intestine of Notch2-deficient mice. (A) Sections of the small intestine
of N2-MxcKO or littermate control Notch2fexlex mice, Toluidine blue staining, followed
by eosin. Original magnification x200. (B) The numbers of mast cells per 10 villus
crypt units (vcus) distributing to various layers of the small intestine. Data are
presented as means * SEM; Notch2'>“tex (n = 10) versus N2-MxcKO (n = 8);
P = 000461 (total), P = .000261 (villus, lamina propria), P = .001918 (crypt, lamina
propria), P = .046874 (submucosa).

counting the number of eggs per gram of feces. Mast cells were counted and
presented as the number per 10 villus crypt units. BMMCs were washed
with PBS twice and then cultured with 10 ng/mL IL-4 and 10 ng/mL IL-10
for 3 days. These Th2-conditioned BMMCs were injected at day 3 and day
6 of experiments.! In contrast to the bone marrow transplantation, mice
were not irradiated before BMMC injection.

Statistical analysis

The data for the number of mast cells and the S venezuelensis infection data
were analyzed by the ¢ test. P values < .05 were considered significant.

Results

Notch signaling affects the number and localization of mast
cells in the small intestine

We have previously reported that Notch2 regulates mast cell
differentiation in vitro.!' To examine whether Notch2 controls the
differentiation or development of MTMCs in vivo, we examined
intestinal mast cells by toluidine blue staining in C57BL/6 mice
carrying the Notch2fe¥fex allele with or without the Mx1-Cre
transgene (N2-MxcKO mice or Notch2fe#fox mice, respectively)
after pIpC treatment.'> Mast cells were only sparsely detected in
the small intestine of Notch2fofex mice, mainly within the
epithelium. However, the total number of mast cells in the small
intestine of N2-MxcKO mice was unanticipatedly greater than that
of Notch2fe¥flex mice. Furthermore, those mast cells were mainly
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Figure 2. Localization of intestinal mast cells is abnormal in wild-type mice
transplanted with N2-MxcKO-Ly5.1 bone marrow cells, reminiscent of that in
N2-MxcKO mice. (A) Bone marrow cells from either N2-MxcKO- Ly5.1 mice or
littermate Notch2exex- Ly5.1 mice were transplanted into lethally irradiated (9.5 Gy)
C57BL/6-Ly5.2 mice. Toluidine blue staining, followed by eosin. Original magnifica-
tion x200. (B) The numbers of mast cells per 10 vcus distributing to various layers of
the small intestine. Data are presented as means + SEM; Mast cells in C57BL/6-
Ly5.2 mice transplanted with Notch2foxfox.| y5.1 (n - 3) versus N2-MxcKO-Ly5.1
(n = 3). P = .020594 (total) and P = .030123 (villus, lamina propria).

localized to the lamina propria, and very few mast cells were found
within the epithelium (Figure 1A-B).

Localization of MTMCs is abnormal in wild-type mice
transplanted with N2-MxcKO bone marrow cells, reminiscent of
that in N2-MxcKO mice

Because the Mx-Cre—based conditional knockout system deletes
target genes not only in the bone marrow cells but also, albeit
partially, in the intestinal cells,'* there was a possibility that Notch2
deletion in the intestinal cells was responsible for the distinct
distribution pattern or increased number of mast cells in N2-
MxcKO mice compared with control mice. To exclude this
possibility, we transplanted Notch2-null bone marrow cells carry-
ing the Ly5.1 marker to irradiated wild-type C57BL/6-Ly5.2 mice.
A chimerism of donor-derived LyS.1-positive fraction accounted
for more than 70% in the peripheral blood (data not shown). The
recipients of bone marrow cells from Norch2/“fex mice showed
that the intestinal mast cell distribution was virtually the same as
that in wild-type mice, whereas the recipients of Notch2-null bone
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marrow cells showed an increase in mast cells mainly in the lamina
propria in an indistinguishable manner from the N2-MxcKO mice
(Figure 2A-B). This result indicates that deletion of Notch2 in bone
marrow-derived cells alters the distribution pattern and increases
the number of mast cells in the small intestine.

Notch-ligand expression in the small intestine

Notch signaling is known to be activated through Notch ligand-
receptor binding.'® We examined the expression pattern of Notch
ligands in the small intestine with antibodies against Notch ligands
Jaggedl and Deltal and found that the epithelial layer was clearly
stained with anti-Jagged1 but not with anti-Deltal antibody (Figure
3). The staining with the anti-Jagged1 antibody was confined to the
surface of epithelial cells, especially at their basal side rather than
the apical side (Figure 3). The Jagged| expression pattern suggests
a possibility that Jagged!-Notch2 interaction between the basal
side of the epithelial cells and mast cells has an important role for
mast cell migration from the lamina propria across the basement
membrane toward the epithelium (Figure 3). Furthermore, the
ligand-receptor binding itself might contribute to mast cell-
epithelial cell adhesion to some extent, based on our observation
that Norch2-expressing BMMCs attached to the Jagged1-express-
ing Chinese hamster ovary (CHO) cells, while Notch2-null BM-
MCs did not (supplemental Figure 2).

Notch2is dispensable for the CTMC development and
distribution

We next investigated the roles of Notch2 in the development of
CTMCs. The localization and the number of CTMCs in the skin
and peritoneal cavity were not significantly different between
N2-MxcKO and littermate Notch20¥/1x mice more than 4 weeks
after the treatment with pIpC (data not shown). This observation
might simply indicate that the Mx-Cre system was inefficient in
the tissue-resident mast cells, as a great majority of peritoneal

Immunostaining of small intestine

Control
lgG

Delta1

Jagged1

DAPI

Figure 3. Jagged1 is strongly expressed on the surface of the epithelial cells,
especially at their basal side. A section of small intestine prepared using cryostat
was stained with goat anti-Jagged1 and goat anti-Deltal antibodies followed by
anti-goat Alexa594. Original magnification x200.
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Figure 4. Notch2 is not required for peritoneal mast cell
development. (A) Bone marrow cells from N2-MxcKO-Ly5.1
mice or control Notch2fexflox| y5 1 mice were transplanted into
lethally irradiated Ws"/Wsh mice. Peritoneal mast cells were
stained with anti—c-Kit-APC, IgE, and biotinylated anti-Notch2
antibody (HMN2-35), followed by anti-IgE-FITC and streptavidin-
PE, or they were stained with anti-c-Kit-APC, IgE, and anti-Ly
5.1-PE, followed by anti-lgE-FITC; they were then analyzed by
FACSCalibur (BD Biosciences). (B) The proportion (left) and the
absolute number (right) of peritoneal mast cells were not signifi-
cantly different between Wsh/Wsh mice transplanted with
Notch2-WT bone marrow cells and those transplanted with
Notch2-null bone marrow cells. P = .210642 (mast cell propor-
tion) and P = .196045 (mast cell number).
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mast cells of pIpC-treated N2-MxcKO mice still expressed
Notch2 (data not shown). Therefore, to clarify the requirement
of Notch2 in the CTMC development, we examined peritoneal
mast cells in mast cell-deficient W**/W*" mice after transplantion
of Notch2-null bone marrow cells carrying the Ly5.1 marker. In
this system, mast cells exclusively develop from transplanted
bone marrow progenitors, in which the Cre recombinase under
the Mx-promoter is quite effective !4 (supplemental Figure 1). In
this experiment, we found that the proportion and absolute
number of peritoneal mast cells was not significantly different
between those developed from the N2-MxcKO-Ly5.1 bone
marrow cells and those developed from littermate Notch2foxfox.
Ly5.1 bone marrow cells (Figure 4A-B). Notch2 was not
expressed in the peritoneal mast cells derived from N2-MxcKO-
Ly5.1 bone marrow cells but was expressed in those derived
from littermate Notch2fiexfex-1,y5.1 bone marrow cells (Figure
4A middle), indicating that Notch2 was deleted efficiently.
These results suggest that Notch2 is dispensable for the
development and distribution of CTMCs.

0
N2-MxeKO -Ly5.1 Notch2™*-Ly5.1  N2-MxcKO-Ly5.1

— WAL e WIWATLYS.2

Cell-autonomous Notch2 signaling in mast cells is important
for mast cell migration across the basement membrane in the
small intestine

We then asked a question whether aberrant mast cell migration in
the small intestine in N2-MxcKO mice is dependent on Notch2
signaling in mast cells per se. We intravenously infused Notch2-
null or control BMMCs into nonirradiated W<#/Wsh mice after
S venezuelensis infection, because it is reported that BMMCs could
only transiently reconstitute intestinal mast cells in mast-cell
deficient mice if these recipient mice are in naive status.!” In tissue
sections, we found that the distribution of mast cells in the small
intestine was different between control BMMCs-reconstituted mice
and Notch2-null BMMCs-reconstituted mice; control BMMCs
were mainly migrated into the epithelial layer, while a majority of
Notch2-null BMMCs remained in the lamina propria. This observa-
tion indicates that mast cell-autonomous Notch?2 expression contrib-
utes to mast cell migration across the basement membrane from
lamina propria into the epithelial layer (Figure 5A-B). Even in the
control BMMC-infused mice, however, a substantial proportion of
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Figure 5. Mast cell-autonomous Notch2 expression is required for mast cell
migration toward the epithelium. W"/Ws" mice infected with S venezuelensis were
intravenously infused with Th2-conditioned Notch2-null or control BMMCs on days 3
and 6 of infection. (A) Notch2-null BMMCs poorly migrated toward the epithelium
compared with control BMMCs. Toluidine blue staining followed by eosin staining.
Original magnification x200. (Top) Control BMMCs; (Bottom) Notch2-null BMMCs.
(B) The number of mast cells per 10 vcus in the small intestine on day 12 after
S venezuelensis infection in Weh/Wsh mice, without BMMC infusion, with control
BMMC infusion, and with Notch2-null BMMC infusion. Data are presented as means
+ SEM; n = 3 (control BMMC infusion) and n = 4 (Notch2-null BMMC infusion),
P = 004080 (villus, epithelium) and P — .000020 (crypt, epithelium). Note that mast
cells in WE"Weh mice infused with Notch2-null BMMCs abnormally resided in the
lamina propria, whereas most of those in Ws"/Weh mice infused with control BMMCs
had intraepithelially migrated. (C) Mast cell number in mid to apical side of the
epithelial layer was divided with that in the basal side of the epithelial layer. (D) Time
course of S venezuelensis egg numbers in the stool. The number of excreted eggs
was not significantly different between Ws"/Wsh mice infused with Notch2-null and
control BMMCs. Data are presented as means = SEM.

mast cells still remained in the lamina propria, submucosa, and
smooth muscle layers, and the distribution of mast cells within the
epithelium was confined to the basement membrane side of the
epithelial layer (Figure SB-C). This mast cell localization pattern
was different from that in the Notch2foxfex mice with S venezuelen-
sis infection, in which mast cells were present mainly at the mid to
apical side of the epithelial layer (Figure 5C). The numbers of
S venezuelensis eggs in the stool were virtually the same in the
S venezuelensis—infected W*"/W* mice infused with Notch2-null
and control BMMCs and in the S venezuelensis—infected W/Wsh
mice without any BMMC infusion throughout the period after
infection (Figure 5D).
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Taken together, the BMMC-W*/W transplantation model
demonstrated that Notch2 in the mast cells indeed determines their
intraepithelial migration from lamina propria; nevertheless, this
model was not adequate to examine the physiologic mast cell
distribution pattern and subsequent parasite expulsion that depends
on mast cells.

Notch2 signaling regulates antiparasite immunity of mast cells
in the intestine

The BMMC-W"/Wsh reconstitution model could not completely
reflect physiologic mast cell distribution pattern in the small
intestine. Therefore, to further assess the effect of Notch2 signaling
on the mucosal immune response of intestinal mast cells under a
pathologic condition, N2-MxcKO or control Notch2foxfiex mice
were infected with S venezuelensis. Total mast cell number was
increased in Notch2fo¥fox mice much more than in N2-MxcKO
mice, especially in the epithelium in both crypts and villi 8 days
after infection (Figure 6A-B). Thirteen days after infection, mast
cells in the epithelium in Notch2fe¥fox mice were still more
abundant than those in N2-MxcKO mice (Figure 6C-D), while mast
cell accumulation in the lamina propria in N2-MxcKO mice was
more prominent in both villi and crypt than that in the earlier stage
of infection (Figure 6A,C). In particular, dense aggregation of mast
cells was prominent in the lamina propria of N2-MxcKO mice at
the tip of the villi (Figure 6D). As a consequence, the total number
of mast cells in the intestine of N2-MxcKO mice became equiva-
lent to those of Notch2f*“fex mice 13 days after infection (Figure
6C,E). The number of S venezuelensis eggs in the stool was
gradually decreased during day 8 to 10 in control Notch2fe*flex mice
but not in N2-MxcKO mice (Figure 6F). Furthermore, the worms
were still observed in N2-MxcKO mice but not in Notch2fexfiox
mice 12 days after infection (Figure 6G). These data suggest that
Notch2 deficiency alters the distinct distribution pattern of mast
cells in the small intestine, which is responsible for the defective
eradication of S venezuelensis. '

Discussion

There is a growing body of evidence that Notch signaling
modulates cellular migration and adhesion in endothelial, neural,
and lymphoid lineage cells, as well as cancer cells.'® We have
shown that Notch2 signaling induces the development of mast
cells.'' However, it has remained unclear whether Notch2 signaling
is involved in the distribution of mast cells in the intestinal mucosa
or connective tissues or in controlling the functions of mast cells
against microorganisms. Here, we investigated the role of Notch2
signaling in mast cells in terms of their distribution and functions
using cell-specific Notch2-deficient mice. We found that in N2-
MxcKO mice, mast cells were abnormally accumulated in the
lamina propria of the small intestine, suggesting that Notch2-null
mast cells have some defect in the migration toward the epithelium.
Furthermore, N2-MxcKO mice failed to eradicate S venezuelensis
and exhibited a distinct mast cell migration pattern in the intestine
compared with control mice, suggesting that mast cells regulate the
host-microbial interface in the intestine through Notch2 signaling.

Mast cell number was rather increased in the intestinal mucosa
of N2-MxcKO mice compared with control mice in naive status.
Mast cell progenitors were supposed to reside in the submucosa
and gradually move toward the villi, accompanied by their
differentiation into mature mast cells. Based on our observation in
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Figure 6. Notch2 is essential for antiparasite immunity of
mast cells in the intestine. N2-MxcKO or control Notch2fexiox
mice were subcutaneously injected with third-stage infective
larvae of S venezuelensis. (A) The number of mast cells per 10
veus in the small intestine on day 8 after S venezuelensis
infection. Data are presented as means = SEM. The number of
mast cells was much less in N2-MxcKO mice; n — 3, P - .008592
(total), P = 005695 (villus, epithelium), P = .000715 (villus, lamina
propria), P = .005245 (crypt, epithelium), and P = .045466 (crypt,
lamina propria). Note that mast cells in N2-MxcKO mice were
abnormally clustered in the lamina propria, whereas most of those
in the control Notch2fexlox mice were intraepithelially migrated.
(B) Toluidine blue staining followed by eosin staining of the small
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intestine on day 8; original magnification % 200. (C) The number of
mast cells per 10 vcus in the small intestine on day 13 after
S venezuelensis infection. Data are presented as means = SEM;
n = 3, P = .026076 (villus, epithelium), P = .00194 (villus, lamina
propria), P = .021177 (crypt, epithelium), and P = .019324 (crypt,
lamina propria), P = .047445 (submucosa). (D) Toluidine blue
staining followed by eosin staining of the small intestine on day
13. Original magnification x200. (E) The total number of mast
cells per 10 vcus on day 0, day 8, and day 13 of infection. The total
number of mast cells was significantly lower in N2-MxcKO mice at
the early phase (day 8) and almost equal at the later phase (day
13) to that of control mice. Data are presented as means =~ SEM;
n = 10 and 8 (day 0, Notch2exx and N2-MxcKO); n = 3 and 3
(day 8, Notch2'xex and N2-MxcKO); n - 4 and 4 (day 13,
Notch2extiex and N2-MxcKO). (F) Time course of egg number in
the stool. The number of excreted eggs was significantly greater
in N2-MxcKO mice compared with those in Notch2iox mice.
Data are represented as means ' SEM;n — 4; P ~ .0291 (day 8)
and P = 0219 (day 9). (G) Hematoxylin-eosin staining of the
small intestine on day 12. Original magnification x200. Arrows
indicate worms. Worms were still observed in the villi in the
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jejunum of N2-MxcKO, but not of Notch2exox mice.

infection 0.1

an S venezuelensis—infection model, mast cells increase in number
in the epithelium in control Notch2/*¥!ox mice, while they abnor-
mally aggregate in lamina propria in N2-MxcKO mice, especially
in the later stage of infection. This suggests that mast cell migration
from lamina propria toward the epithelium across the basement
membrane is impaired in N2-MxcKO mice. Consequently, mast
cell turnover might be prolonged in N2-MxcKO mice. Given that
the mechanism of mast cell migration from lamina propria toward
the epithelium is common in naive status and infection status, such
migration defect may also explain the mast cell increase in
N2-MxcKO mice in naive status that we observed.

The defect of mast cell migration toward intraepithelium of the
small intestine in N2-MxcKO mice is very similar to that in integrin
B6-deficient mice,' in which activation of transforming growth
factor (TGF)-p signaling is impaired.?® A crosstalk between Notch
signaling and TGF-@ signaling might occur in intestinal mast cells
as well as the cases of other cell types.?! Alternatively, Notch
signaling might directly regulate a downstream target of TGF-B1 in
intestinal mast cell migration (eg, the induction of integrin aE
expression).'®?2 Integrin o E, forming an integrin «EB7 complex on
mast cells, binds to E-cadherin on epithelial cells and is involved in
mast cell localization in the epithelium.?? The expression level of
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integrin «ER7, measured by flow cytometric analysis, however,
was not affected by Notch-ligand stimulation in BMMCs (unpub-
lished data).

In the previous paper we showed that Notch signaling facilitates
mast cell lineage development at the expense of granulocyte/
macrophage development from both common myeloid progenitors
(CMPs) and granulocyte-macrophage progenitors (GMPs) in vitro.!!
Mast cells, however, were not depleted in N2-MxcKO mice in
naive status in vivo, but rather slightly increased in the small
intestine of N2-MxcKO mice. This clearly indicates that Notch2
signaling is dispensable for steady-state mast cell generation in
vivo. However, the dynamic increase of mast cells during the early
phase of intestinal parasite infection was markedly impaired in
N2-MxcKO mice. The mechanisms underlying the Notch2 signal-
ing requirement only in parasite-infected mice remain to be
clarified. Nevertheless, rapidly increasing intestinal mast cells have
to be supplied by mast cell progenitors. The pathways and
mechanisms responsible for mast cell progenitor recruitment and
trafficking are likely to be dynamic and susceptible to modification
during inflammation.! Such a modulation of the mast cell genera-
tion pathway during intestinal infection might underlie the require-
ment of Notch2 only during parasite infection. This is similar to



From www.bloodjournal.org at MIYAZAKI UNIV on March 1, 2011. For personal use only.

134  SAKATA-YANAGIMOTO et al

IL-3—deficient mice. IL-3 is essential for mast cell differentiation in
vitro; however, IL-3—deficient mice have the normal number of
mast cells at the steady state, whereas mast cell hyperplasia is
impaired upon intestinal parasite infection.??

Our data showed that parasite expulsion was impaired in
N2-MxcKO mice. We could not exclude the possibility that the
Notch2 deletion in immune cells other than mast cells modulate the
response against the nematode infection. If we could show that
Th2-conditioned wild-type BMMCs successfully eradicate S ven-
ezuelensis in W*'/W" mice and that Notch2-null BMMCs do not, it
would be clearer that Notch2 signaling in mast cells per se but not
in other immune cells should be critically important for defense
against S venezuelensis infection. The failure of rescue experiments
may be caused by the abnormal mast cell distribution pattern of
wild-type BMMCs in W*/W*" mice. Nevertheless, the result of this
experiment supported the previous finding that the proper epithelial
migration of mast cells is required for efficient expulsion of
§ venezuelensis** and thus provides an insight that the impaired
S venezuelensis expulsion in N2-MxcKO mice is attributed to the
mast cell-autonomous deletion of Notch2.

In conclusion, our data clearly indicate that Notch2 receptor
signaling is specifically required for proper intestinal mast cell
distribution in a cell-autonomous manner. Furthermore, involve-
ment of Notch2 signaling in mucosal immunity was proven,
particularly for eradication of infected parasites, although whether
this is due to the Notch2 signaling in mast cells is yet to be
elucidated.
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A female of Onchocerca sp. was found to be the probable causative agent of a subcutaneous nodule in the left
knee of a 70-year-old man in a rural area of Hiroshima Prefecture, Honshu, the main island of Japan. We
compared the characteristics of the agent with the features of the four previously suspected species found in
cattle and horses in various parts of the world, as well as 0. lupi and 0. jakutensis that were suspected or
proved, respectively, in zoonotic cases in Europe. In addition, the morphologic characteristics of this parasite
were compared with those of the four Onchocerca species found in wild animals in Japan. Based on such
characteristics as the large triangle ridges, the considerable distance between any two adjacent ridges, and

Keywords:
Zoonotic onchocerciasis
Onchocerca dewittei japonica

Filarioidea the absence of inner cuticular striae in the longitudinal sections, we found the causative agent in the present
Cuticular characteristics case to be identical to the female of Onchocerca dewittei japonica. All five previous cases of zoonotic
Wild boar onchocerciasis in Japan had been found in Oita, Kyushu, the main southern island. This human case caused by
Japan 0. dewittei japonica suggests that zoonotic onchocerciasis is liable to occur in rural areas in Japan where wild

boar, Simulium vectors, and humans overlap.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Zoonotic filariasis is an infection found in humans which is caused
by filarioids of animals [1]. Numerous human cases caused by
members of the genus Dirofilaria have been found throughout the
world [2]. In contrast, human cases caused by Onchocerca species
parasitic in animals are rare; the first of 15 cases known to date was
reported in Ukraine in 1965. Five human cases in Europe, five in Japan,
four in North America, and one on the Arabian Peninsula have been
discovered worldwide [3-18].

In zoonotic onchocerciasis, the causative agents suspected are
0. gutturosa Neumann, 1910 from cattle and O. cervicalis Railliet and
Henry, 1910 from horses [3-8,13]. Much more recently, in Japan,
Onchocerca dewittei japonica Uni et al., 2001;[19] from wild boar was
identified in four of the most recent five cases in Oita, Kyushu, the main
southern island of Japan [9,12,14,15]. In retrospect, O. lupi found from
dogs was suspected to be responsible for subconjunctival infections

* Corresponding author. Tel.: +81 6 66453760; fax: +81 6 66453762.
E-mail address: uni@med.osaka-cu.ac.jp (S. Uni).

1383-5769/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi;10.1016/j.parint.2010.05.006 :

[3.11] in which the causative agent could not be unambiguously
determined in Europe [20]. Finally, Onchocerca of the red deer, O.
jakutensis (Guvanov, 1964) was identified in a patient in Austria [17].

Here we present a new case of a zoonotic onchocerciasis found
from a patient living in a rural area of Hiroshima Prefecture in Honshu,
the main island of Japan.

2. Case study

The patient, a 70-year-old man living in Fuchu City, Hiroshima
Prefecture, found a nodule on the left knee in the beginning of the year
2009 and reported feeling pain in the nodule in May 2009. The nodule,
2 cm in diameter, was surgically removed from the subcutaneous
connective tissue at the knee at the Shobara Red Cross Hospital in
Hiroshima Prefecture in July 2009. The mass excised (1x2 cm) was
fixed in 4% paraformaldehyde for 24 h and embedded in paraffin, a
routine process. The sections were stained with hematoxylin and
eosin. Histologic sections examined: $3-1, $3-2, S3-4, and §7-9.

A coiled worm was found in the nodule and several longitudinal,
oblique, and transverse sections of the main part of the body (midbody)
of the worm were examined with a microscope (Fig. 1; 1-5). The worm
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was a female with its uteri in which microfilariae or embryos were not
seen (Fig. 1; 1 and 4). In addition, a section of the thin anterior part,
83 um wide, with the esophagus and a section of the posterior part of the
worm, 125 pm wide, were found. Thus, this nodule was occupied by one
female adult.

In the longitudinal sections of the worm (Fig. 1; 2), the external
transverse ridges were salient on the cuticle and the distance between
two adjacent ridges in the main body is shown in Table 1. Our ex-
amination revealed two adjoining ridges of one side indicated by two
arrows; an arrowhead indicated a small overlapping ridge of the
other side (Fig. 1; 2). The distance between the ridges was therefore
measured on the ridges of the one side. The ridges formed a sharp
triangle (Fig. 1; 3). The cuticle was divided into two main parts of
equal thickness and no inner striae were found on the middle line
(Fig. 1; 3).

In the transverse sections of the main body, the cuticle was composed
of four layers, the muscle cells were 42-52 in number, and the two

lateral chords were large. No inner projections of the cuticle were found
at the lateral chords. The transverse sections of the midbody were round
and lateral thickening of the cuticle was not seen (Fig. 1; 4). The
differences of the thickness of the cuticle can be seen at the ridge in Fig. 1;
5.The difference (30 pm) between the thick cuticle (55 pm) and the thin
cuticle (25 pm) corresponded to the height of the ridges of O. dewittei
japonica (Table 1).

Regarding the histologic reaction of the host, the worm was
surrounded with eosinophilic exudate in the center of the granuloma
while away from the center, macrophages, neutrophils, eosinophils,
and lymphocytes had infiltrated the granulomatous tissue (Fig. 1; 1).
Macrophages and eosinophils intensively accumulated around some
sections of disintegrating parts of the worm (Fig. 1; 5) but neutrophils
were very scarce.

The patient, a farmer, lives in a rural area near mountains inhabited
by wild boar. He has never been outside Japan and had not visited Oita,
Kyushu, within the past several years. He has not raised pets such as

Fig. 1. Histologic sections of a female Onchocerca dewittei japonica, found in a nodule excised from the left knee of a 70-year-old man. The sections are stained with hematoxylin and
eosin. Bars, micrometers. 1. A coiled female with transverse ridges (arrows) on the cuticle and the uteri (U) in the pseudocoelom. 2. The salient transverse ridges (arrows) of one side
and a small ridge (an arrowhead) of the other side (semicircular ridges are overlapping at the lateral field, see text). 3. The triangle ridge in the longitudinal section: height (H) and
width (W), and the lack of the inner striae at the dotted line with an arrow in the cuticle. 4. The transverse section at the midbody with thick cuticle, muscle cells, and two large lateral
chords (arrows). Two empty uteri (U) and intestine (1) in the pseudocoelom. 5. In the transverse section, a thick portion of the cuticle indicates the ridge (an arrow). The section is

intensively surrounded by macrophages (*).
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Table 1
Comparison of histologic characteristics of Onchocerca sp. found from a human nodule with females of Onchocerca species known in Japan.
Onchocerca sp. 0. gutturosa 0. lienalis 0. skrjabini 0. eberhardi 0. suzukii 0. dewittei
(present study) Jjaponica
Body width at midbody 270-310 170-250**, 140- 180-200**,180-220****, 170-300 60-170 228-430 180-310
225***, 200-300*****  150-220*****
Distance between 2 210-280 50-75**, 70-80***, 30-40**, 48-55 25-40 No ridges 185-290
adjacent ridges 87-166""**" 25-45****, 60*****
Shape of ridges (H/W)* in Triangle Rounded ridges Small, rounded ridges ~ Small ridges Small, rounded  No ridges Triangle
longitudinal sections (13-25/23-28) (5/12**, 4-5/5-10"**,  (3/15-23"*"*") (6/12) ridges (3/8) (8-23/23-30)
10-13/26****")
Thickness of cuticle 30-40 30**, 25-35*** 12-17%***,10"**** 20-30 28-32 15-50 10-32
without ridges
Number of inner None 3%, 48", 24 DR, HRSE eaeRt 3-4 2 None None
striae between 2
adjacent ridges
Size of lateral chords 13-25/42-55 13/54**** 16-21/52-63""** 15-25/50-88 10/38 5-37/125-132 10-18/45-63
(H/W)* in transverse
sections
Number of muscle cells ~ 8-15 2-4"*** LRy At 2-3 1-2 8-13 8-22
per quadrant
Height of muscle cells 38-43 40%*** E } i 25-40 15-18 30-38 45-50
Diameter of intestine 15-18 20-34*"** 267 38-68 15-20 20-48 15-17
Host(s) Human Cattle Cattle Deer and serows Deer Serows Wild boar
Histologic sections Sections (S3-1,§3-2, **[5]; ***[22]; ****[23]; **[5]; ****[23]; ***** Sections (YG2-31) Sections Sections Sections
and references $3-4, 57-9) from rer24) [24]; *****[14] from a serow (S57-F3) from  (YG2-35) from (B57-1) from a
a human a deer a serow wild boar

Dimensions in micrometers.
"H/W: height/width.

dogs and cats. Immunologic deficiency was not found in his laboratory
examination at the hospital.

3. Discussion

In the longitudinal sections, the presence of the transverse ridges
on the cuticle of the worm appeared to be typical of a female of the
species among the genus Onchocerca: 28 species and one subspecies
(0. dewittei japonica) with the ridges on the cuticle of the female
worms and three species without the ridges [21].

The present causative agent can be distinguished from O. gutturosa
and 0. lienalis, the two species found in cattle. In these species, the ridges
(evident in the posterior part in O. lienalis) are rounded, not triangular;
the distance between adjacent ridges is smaller; and the females possess
inner striae in the cuticle (Table 1), [5,22-24]. In addition, the female of
0. lienalis has fine, irregular longitudinal striations on the outer surface
[23]. The females of O. cervicalis and O. reticulata from horses have
the inner striae in the cuticle and shorter distance between adjoining
ridges than that of the causative agent [22]. These four Onchocerca
species from domestic animals can therefore be excluded from con-
sideration as the causative agent in this case.

The present agent was distinguished from O. lupi and O. jakutensis
in such characteristics as the distance between ridges, the shapes of
the ridges, and the inner striae [20,25].

To compare the causative agent with the Onchocerca species
already found from wild ungulates in Japan, we used portions of the
collections of the histologic sections made from females of Onchocerca
species in the Department of Medical Zoology, Osaka City University
Medical School (Table 1) and published descriptions of these species.
In Table 1, O. skrjabini Rukhlyadev, 1964, taken from a serow, is
distinguished from the present human-case causative agent, owing to
great differences in such principal characteristics as the distance
between adjacent ridges, shape of the ridges, and the inner striae in
the cuticle [26,27]. Onchocerca eberhardi Uni et al., 2007 taken from a
sika deer differs from the causative agent in the diameter of the
midbody as well as such characteristics as the distance between the

ridges, the shape of ridges, and the inner striae [21). In O. suzukii Yagi
et al., 1994 taken from a serow, the transverse ridges are absent on
the cuticle [27].

On the contrary, O. dewittei japonica taken from a wild boar was
found to be identical to the present human-case causative agent in
the distance between adjacent ridges, the shape of the ridges, the lack
of inner striae in the cuticle, and other dimensions such as the body
width, number of muscle cells, and size of lateral chords (Table 1)
[19]. Therefore, comparison of the causative agent of the human case
with the Onchocerca species, either outside Japan or present in Japan,
indicated that the agent was a female adult of O. dewittei japonica.

Detailed examinations of the histologic sections of O. dewittei japonica
found both in a human (the present study) and from wild boar now allow
us to identify retrospectively this species as the causative agent of the
first human case in Japan [7,8] which had been suspected as O. gutturosa
or 0. cervicalis. Uni et al. [19] described the ridges of O. dewittei japonica
female as semicircular, with double thickness of the cuticle on the
transverse sections. Thus, the difference in the cuticular thickness has a
specific value to suggest the presence of salient ridges in transverse
sections. In the slightly oblique section shown in their Fig. 3 of the first
human case [7], it is our consideration that the difference (24 pm)
between the thick cuticle (36 pm) (with the transverse ridge) and
the thin cuticle (12 pm) (without ridges) corresponds to the height
(8-23 pm) of ridges on O. dewittei japonica rather than that (4-13 um)
of those on O. gutturosa (Table 1). The difference in the cuticular
thickness therefore indicates that the causative agent in the first human
case found was O. dewittei japonica also, but this species had not yet
discovered from wild boar at that time.

Wolbachia bacterial endosymbionts were found in O. dewittei japonica
(28, Casiraghi et al, ongoing work]. It is indicated that (1) Wolbachia
stimulate neutrophil infiltration in onchocercomata caused by Wolbachia-
positive filariae and that (2) eosinophils accumulate to kill the parasites
after elimination of the Wolbachia by antibiotics [29,30]. Histologic
examination showed that, rather than neutrophils, macrophages and
eosinophils were abundant around the sections of the worm. The
endosymbionts appear to have been destroyed in the altered parts of
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the worm; the neutrophils appear to have already been replaced with
eosinophils in the course of the death of the parasite in the immunological
environment.

Until now, all four known cases of zoonotic onchocerciasis caused by
0. dewittei japonica parasites found in wild boar (plus probably an
earlier case, examined in retrospect) were limited only to Oita, Kyushu.
However, the present findings indicate that zoonotic onchocerciasis has
occurred in at least one other island of Japan as well. The prevalence of
0. dewittei japonica in wild boar, as measured by the presence of
microfilariae in skin snips, was high in and near Hiroshima Prefecture:
78% (31/40) of wild boar were found to harbor this filarioid in Shimane
Prefecture adjoining Hiroshima Prefecture, examined between 2005
and 2006, and was close to the prevalence of the parasites (40/45, or
89%) in wild boar in Oita, Kyushu, in 2003. In Wakayama Prefecture,
located in the west-central part of Honshu, 77% (23/30) of wild boar
harbored this filarioid in 2007. Thus, as in Kyushu, almost all wild boar
over one year old in the western part of Honshu examined, were found
to harbor O. dewittei japonica (Uni et al., unpublished data).

Having obtained experimentally the infective larvae of O. dewittei
Jjaponica from several kinds of black flies [31], and having identified as
0. dewittei japonica the larvae from black flies caught in Oita, Fukuda et
al. suggested that Simulium bidentatum is a vector in the transmission of
the zoonotic onchocerciasis caused by O. dewittei japonica in Oita [32].
The black fly inhabits Honshu and Shikoku as well as Kyushu and bites
both animals and humans. In the present case, DNA sequences of the
mitochondrial CO1 gene obtained from the causative agent, embedded
in paraffin for histologic examination, showed high similarities to those
of O. dewittei japonica [33, Fukuda et al., in preparation].

In Japan, the habitat of the wild boar (estimated population:
several hundred thousands) has recently broadened in the western
part of Honshu, Shikoku, and Awaji-shima Island as well as Kyushu,
because the annual snowfall has decreased, rice fields left unused by
migration of segments of the work forces away from rural areas are
favorable habitat for wild boar, and the population of hunters has
largely decreased [34]. Therefore, the present human-host case
caused by O. dewittei japonica suggests that zoonotic onchocerciasis
is now liable to occur in other rural areas in Japan, or wherever wild
boar and humans are in close proximity and the Simulium vectors are
known, as well as in Oita.
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