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Insertion sequences (ISs) are the simplest transposable elements and are widely distributed in bacteria; however, they also play
important roles in genome evolution. We recently identified a protein called IS excision enhancer (IEE) in enterohemorrhagic
Escherichia coli (EHEC) O157. IEE promotes the excision of IS elements belonging to the IS3 family, such as 18629, as well as sev-
eral other families. IEE-mediated IS excision generates various genomic deletions that lead to the diversification of the bacterial
genome. IEE has been found in a broad range of bacterial species; however, among sequenced F. coli strains, IEE is primarily
found in EHEC isolates. In this study, we investigated non-EHEC pathogenic E. coli strains isolated from domestic animals and

found that IEE is distributed in specific lineages of enterotoxigenic E. coli (ETEC) strains of serotypes 0139 or 0149 isolated
from swine. The iee gene is located within integrative elements that are similar to SpLE1 of EHEC 0157. All iee-positive ETEC
lineages also contained multiple copies of IS629, a preferred substrate of IEE, and their genomic locations varied significantly
between strains, as observed in O157. These data suggest that IEE may have been transferred among EHEC and ETEC in swine
via SpLE1 or SpLE1-like integrative elements. In addition, 1S629 is actively moving in the ETEC 0139 and 0149 genomes and, as
in EHEC 0157, is promoting the diversification of these genomes in combination with IEE.

gnsertion sequence (IS) elements are the simplest transposable
elements and are considered selfish (or parasitic) genetic ele-
ments. However, they also play important roles in genome evolu-
tion (1). The transposition and proliferation of IS elements in-
duces not only insertional gene inactivation and the modification
of gene expression (1) but also a variety of genomic rearrange-
ments, such as deletions, inversions, and duplications (2, 3). In
bacteria, several thousand types of IS elements have been identi-
fied from various species and strains (4) and classified into ap-
proximately 20 families (5).

IS-mediated bacterial genome diversification has been exten-
sively studied in enterohemorrhagic Escherichia coli (EHEC)
0157. EHEC 0157 strains produce highly potent cytotoxins
(Shiga toxins Stx1 and/or Stx2) and causes diarrhea, hemorrhagic
colitis, and hemolytic-uremic syndrome; thus, it is one of the most
serious food-borne infections worldwide (6). O157 strains con-
tain many IS elements, and these elements play important roles in
the diversification of the O157 genome. For example, the O157
strain RIMDO0509952 (referred to as O157 Sakai) contains 25 types
of IS elements (116 copies in total), and the most abundant is an
1S3 family member, IS629 (23 copies) (7, 8). Our comparative
genomic analysis of O157 clinical isolates revealed that many
small structural polymorphisms associated with gene inactivation
and/or deletion have been generated by IS629 (9). More recently,
we identified a novel protein called IS excision enhancer (IEE),
which promotes IS629 excision from the O157 genome in a trans-
posase (TPase)-dependent manner. We demonstrated that vari-
ous types of genomic deletions were generated upon IEE-medi-
ated IS excision in IS-flanking regions (10). IEE also promotes the
excision of other members of the IS3, IS1, and IS30 families.

In the 0157 genome, the gene encoding IEE (iee) islocated in a
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large integrative element (IE) called SpLE1 (7). In non-O157
EHEC strains, iee is located on SpLE1-like IEs (11, 12). IEE ho-
mologs have been identified in a broad range of bacterial species
and are encoded in genomic regions exhibiting low GC content
and/or containing genes related to mobile genetic elements
(MGESs) (10). These results suggest that IEE and its homologs have
spread to a variety of bacterial strains by horizontal gene transfer.
Although many E. coli strains have been sequenced, IEE is found
primarily in EHEC isolates (10).

Pathogenic E. coli strains other than EHEC are also important
etiological agents of zoonotic or food-borne disease in humans
and of colibacillosis in domestic animals (13, 14). Enterotoxigenic
E. coli (ETEC) is an important cause of diarrhea in children, which
is associated with high morbidity and mortality in nonindustrial-
ized countries. ETEC is the main cause of diarrhea in travelers to
these countries (13). In swine, ETEC infections immediately after
birth (neonatal diarrhea) and ETEC or Shiga toxin-producing E.
coli (STEC) infections after weaning (postweaning diarrhea or
edema disease) are responsible for significant economic losses due
to diarrhea, growth retardation, and mortality (15, 16).

In this study, we examined the prevalence of iee in non-EHEC
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TABLE 1 Prevalence of the iee gene in E. coli isolated from domestic
animals

No. of isolates (ETEC strains)

Carrier animal .

iee gene

Serotype Swine Chicken®  Other(s)  positive
02 11 (0) 0 0 0
o7 0 1(0) 0 0
08 5 (4) 2 (0) 0 0
010 0 4 (0) 0 0
015 0 1(0) 0 0
016 1(1) 0 0 0
017 Q 1(0) 0 0
018 0 1(0) 0 0
019 0 7 (0) 0 0
025 0 1(0) 0 0
035 1(1) 0 0 0
039 0 3(0) 0 0
045 2(1) 2 (0) 0 0
056 5(4) 0 0 0
068 0 1(0) 0 0
076 0 0 3% (0) 0
084 0 1(0) 0 0
098 5(5) 0 0 0
0103 1(0) 0 0 0
0115 1(0) 0 0 0
0116 15 (15) 0 0 0
0119 0 5(0) 0 0
0121 2(1) 0 0 0
0123 0 1(0) 0 0
0132 1(0) 0 0 0
0135 0 2 (0) 0 0
0138 6(6) 0 0 0

0139 56 (23) 0 0 23 (23)
0141 4(2) 0 0 0

0149 17 (17) 0 0 16 (16)
0157 2(2) 0 0 0
0161 0 1(0) 0 0
0164 3(3) 0 0 0
0165 0 0 1°(0) 0
0167 0 1(0) 0 0
0169 1(0) 0 0 0
Untypeable or not tested 19 (2) 59 (0) 0 0

Total 158 (87) 94 (0) 4(0) 39 (39)

@ These strains were all isolated from internal organs of chickens with extraintestinal
diseases.

b These three strains were isolated from goats.

¢ This strain was isolated from cattle.

pathogenic E. coli strains isolated from domestic animals. Because
the result indicated that the iee gene is distributed in specific lin-
eages of ETEC isolated from swine, we further investigated the
genomic structures of jee-containing IEs and the prevalence of IS
elements that could be substrates for IEE in these ETEC strains.

MATERIALS AND METHODS

Bacterial strains and culture conditions. We investigated 256 E. coli
strains, all of which were isolated from diseased domestic animals in Japan
between 1991 and 2010 (Table 1). The serotypes of the strains were deter-
mined using antisera obtained from Denka Seiken Co., Ltd. (Tokyo, Ja-
pan), or Statens Serum Institut (Copenhagen, Denmark). 0157 Sakai and
three sequenced non-0O157 EHEC strains (O26:H11 strain 11368,
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O111:H— strain 11128, and O103:H2 strain 12009; all three were isolated
from patients in Japan [11]) were also used. All strains were grown in
Luria-Bertani (LB) broth (17) at 37°C.

PCR-based genotyping of E. coli strains. The presence of iece and a
panel of major IS elements (15629, 15911, 153,182, 1S1, 1S4, IS5, 1S26, 1S30,
and IS621) in the E. coli strains was examined by PCR using the primers
listed in Table S1 in the supplemental material. The template DNA for
PCR was prepared by the alkaline-boiling method, as previously described
(18). PCR was performed in a 50- .l reaction mixture containing template
DNA, 0.2 uM concentrations of each primer, 0.2 mM concentrations of
each deoxynucleoside triphosphate (ANTP), PCR buffer, and 1.25 U of
ExTaq DNA polymerase (TaKaRa Bio, Inc., Shiga, Japan) using 30 ampli-
fication cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C. PCR
amplification of genes encoding various virulence factors (VFs; LT, STa,
STb, EAST1, Stx1, Stx2, F4, F5, and F18) was performed as described by
Vu-Khac et al. (19).

PFGE. Pulsed-field gel electrophoresis (PFGE) was performed by
clamped homogeneous electric field electrophoresis using a CHEF-DR 11T
apparatus (Bio-Rad Laboratories, Inc., Hercules, CA). The genomic DNA
of each strain was prepared as described by Akiba et al. (20). Genomic
DNA in sliced plugs was digested at 37°C with 40 U of Xbal for 6 hor 30 U
of Sspl for 16 h (both enzymes were obtained from TaKaRa Bio, Inc.).
Electrophoresis was performed in a 1% agarose gel in 0.5X Tris-borate-
EDTA (TBE) buffer at 14°Cat 6 V/cm for 22 h with a pulse time of 5t0 505
(Xbal PFGE) or for 10 h with a pulse time of 4 s (SspI PEGE). For PFGE of
Xbal-digested DNA, 100 uM thiourea was added to the TBE buffer to
obtain clear banding patterns (21). Southern blot hybridization analysis
of SspI-digested DNA was performed using an 1S629-specific probe, as
previously described (10).

The banding patterns obtained by PFGE of Xbal-digested DNA were
analyzed using BioNumerics software version 5.1 (Applied Maths, Sint-
Martens-Latem, Belgium), followed by manual band assignment. Den-
drograms were then generated using the unweighted pair group method
with arithmetic mean (UPGMA) based on the Dice similarity index and
with an optimization parameter of 1% band position tolerance.

MLST and phylogenetic tree construction. Multilocus sequence typ-
ing (MLST) was performed using the nucleotide sequences of the seven
housekeeping genes adk, fumC, gyrB, icd, mdh, purA, and recA according
to the protocols available in the E. coli MLST database (http://mlst.ucc.ie
/mlst/mlst/dbs/Ecoli) (22). To determine the phylogenetic relationships
of the E. coli strains, we concatenated the nucleotide sequences of the
seven genes used for the MLST to generate pseudosequences and aligned
them using CLUSTAL W in the software MEGAS5 (23). A neighbor-join-
ing tree was generated with a 1,000 bootstrap replicates.

Analysis of the genomic structures of iee-containing elements. The
genomic structures of the SpLE1-like elements of the 0139 and 0149
strains were analyzed by PCR scanning, which is a long-range PCR-based
genome comparison system (24). The primers and PCR conditions were
identical to those previously described by Ohnishi et al. for whole-genome
PCR scanning (WGPS) of O157 strains (24), except that the primer ieelE-f
was used instead of primer 113.3-f. To analyze the region of interest in
strain E0231, we used the newly designed primer 113.9-r2 instead of
113.9-r because no amplicon was produced when the primer pair 113.8-
{/113.9-r was used with this strain. In addition, to amplify both SpLE1-like
IE/chromosome junctions in E0231, we designed primers IE0231-f and
TE0231-r based on the results of random extension-based two-step PCR
(RETS-PCR, a newly developed walking method described below). The
sequences for the primers used in this analysis are shown in Table S2 in the
supplemental material.

RETS-PCR. We developed a rapid walking method designated RETS-
PCR to determine the sequences of the SpLE1-like IE/chromosome junc-
tions in strain E0231. As outlined in Fig. 1, the RETS-PCR-based method
comprises three steps: random extension, PCR using a single primer, and
sequence determination (Fig. 1 presents the process used to analyze the
left junction). In the first step, primer E0231J-R1, which comprises a
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A Unknown sequence Known sequence (SpLE1-like IE)
3
3 5
/ Random sequence First step: extension
E0231J-R1
B Y X
-SSR g Em— 3
iy 3
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3=
E0231J-R2 Second step: single primer PCR
C Y
o i
TSR =3
[ meens SRR  CE— R
< 3-EEE -5
Third step: sequencing E0231J-R3

FIG 1 RETS-PCR and the process used to determine unknown SpLEl-like IE/chromosome junctions. As an example, the process to determine the left
SpLE1-like IE/chromosome junction in strain E0231 is presented. (A) In the first step, various ssDNA molecules are generated by random extension using primer
E0231J-R1, which comprises a known sequence in the SpLE1-like IE (denoted as “X”) and a random 9-base sequence. (B) In the second step, the ssDNA
molecules act as templates for single-primer PCR (using primer E0231J-R2, which anneals only to sequence X) to amplify the DNA segments encompassing the
junction between the known and unknown sequences. (C) In the third step, the sequences of the amplicons are determined using primer E0231J-R3, whlch aligns

to a region located between the junction and X (denoted Y).

known sequence in the SpLEI-like IE (denoted as “X” in Fig. 1) and a
random 9-base sequence in the 3’ region, was used to generate various
single-stranded DNA (ssDNA) molecules by random extension using
DNA polymerase (Fig. 1A). This step was performed in a 25-pl reaction
mixture containing template DNA, 0.2 uM primer E0231J-R1, 0.2 mM
concentrations of each ANTP, PCR buffer, and 0.625 U ExTaq DNA poly-
merase for 5 min at 95°C, 30 s at 30°C, and 1 min at 72°C. In the second
step (Fig. 1B), the ssDNA molecules act as templates for single-primer
PCR using primer E0231J-R2, and thus only molecules containing se-
quence X permit the amplification of DNA segments encompassing the
junction. This step was performed in a 100-ul reaction mixture contain-
ing the total product of the first step, 0.4 pM primer E0231J-R2, 0.2 mM
concentrations of each dNTP, PCR buffer, and 2.5 U of ExTaq DNA
polymerase with 35 amplification cycles of 30 s at 95°C, 30 s at 60°C, and
1 min at 72°C. In the third step (Fig. 1C), the sequences of the amplicons
were determined using the primer E0231J-R3, the sequence of which cor-
responds to an upstream region of X (denoted “Y” in Fig. 1C). The nucle-
otide sequences were identified by the dideoxy chain termination method
(25) using a BigDye terminator cycle sequencing kit and an 3130x] se-
quencer (Applied Biosystems, Inc., Foster City, CA) according to the
manufacturer’s instructions. Similarly, the right junction was determined
using the primers E0231J-F1, -F2, and -F3. The sequences for the primers
used in this analysis are shown in Table S3 in the supplemental material.

Sequence determination and genomic comparison of SpLEI-like
1Es. Amplicons covering the entire SpLE1-like IE of each strain, which
were generated by PCR scanning as described above, were combined and
sequenced using the Illumina MiSeq platform (Illumina, Inc., San Diego,
CA). Libraries for each mixture were prepared using the Nextera XT DNA
Sample Prep kit (Illumina, Inc.), and pooled libraries were subjected to
multiplexed paired-end sequencing (251 cycles X 2) according to the
manufacturer’s protocol. The sequence reads were assembled using Velvet
version 1.2.05 (26). The obtained sequences were annotated with the Mi-
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crobial Genome Annotation Pipeline (http://www.migap.org/) (27) and
were manually curated using IMC-GE software (In Silico Biology, Inc.,
Kanagawa, Japan). The sequence comparison of SpLE1-like IEs was per-
formed using GenomeMatcher software (28).

Nucleotide sequence accession numbers. The sequences of the
SpLE1-like IEs from strains E0046, E0092, E0124, E0217, E0223, and
E0231 have been deposited in DDBJ/EMBL/GenBank under accession
numbers AB786874 to AB786879.

RESULTS AND DISCUSSION

Screening, genotyping, and phylogenetic analysis of iee-positive
E. coli strains. We first determined the serotypes of 256 E. coli
strains isolated from diseased domestic animals and identified iee-
positive strains by PCR; ee was found only in strains of serotypes
0139 (23 of 56 strains) and 0149 (16 of 17 strains) isolated from
swine (Table 1 and Fig. 2). 0139 and O149 are major serotypes of
ETEC that are associated with diarrhea in swine, and 0139 is also
one of the major serotypes of STEC that causes edema disease
(15).

The 73 0139 and 0149 strains were further examined by PCR
for the presence of major IS elements of “pathogenic” E. coli and
for genes encoding known VFs of ETEC and STEC (Fig. 2). PFGE
analysis was also performed after digesting the genomic DNA with
Xbal, and a dendrogram was generated to analyze the relatedness
of these strains (Fig. 2). In addition, the sequence types (STs) of
these strains were determined using the E. coli MLST database
(22). The results of the clustering analysis of the 73 strains based
on their Xbal digestion patterns correlated very well with the clus-
tering based on the MLST analysis, and the strains were divided
into three groups on the basis of their serotypes and VF profiles:
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PFGE -
1S3 family
Similarity (%) - Fragment size (kb) Q/ o N N N
o o o 0 9 o O . VN o 0 A N
TEEREES sian_souce serope &' FESGSIETES & £EFF S & MLST
E0231 Fukuoka 0149 [ [JE BEOEE BOOBEEEEE st
E0233 Fukuoka ©O149 [ [JOJ BB DBEODBEELBE stoo
E0092 Ibaraki 0149 [ OEOBEOE DODDBELEE stioo
E0098 Ibaraki 0149 [] BrECR BB BEE sti00
E0232 Fukuoka 0149 [] BB 8 IBEEE stio
E0229 Fukuoka 0149 [ BOOOE ERECEE smoo
E0230 Fukuoka 0149 [ ] B B LILOCEE B stioo
E0228 Fukucka 0149 [] ] B COEOCBEOEE stoo
E0221 Fukuoka 0149 [ B B OBEOBECOEE stioo
E0126 Ibaraki 0149 [ | | B OBOOBEEBOEE st
E0227 Fukuoka 0149 [] B8 D@ BEl BEE st
E0226 Fukuoka 0149 [] BLUECORE OO B 1Bl stioo
E0226 Fukuoka 0149 [ 1BOO0DE8 OODCEE BB st
E0222 Fukuoka 0149 [] [l B8 OB IO EEl Bl st
M E0223 Fukuoka 0149 [ B B CBCOCBEERE st
E0224 Fukuoka O149 [ m | 8 DBOCBELEE stioo
E0129 Ibaraki ©O149 [& BLOOE [BOCOBEE BB st
E0124 Ibaraki 0139 [] BEEE (B B8BEL] s+
E0131 Ibaraki 0138 [] BOBE (B BEEEE ] st
E0043 Tokyo 0138 [J BEOEE (OB EBEEE) s«
E0044 Tokyo 0138 [ BOBEE (B EBEEE ] st
E0058 Tokyo 0139 [] BOBE (B BEEEl | st
E0059 Tokyo 0139 [ BOEE (B BEEE ] st
E0057 Tokyo 0139 [ BOBEE (B BEEEE) st«
E0053 Tokyo 0133 [] BELBEE (8O EEEE) st
E0056 Tokye 0139 [] BOEE [ BOCBEEE] st
E0054 Tokyo 0139 [ BOEE (BOOBEEEE ) st
E0055 Tokyo ©139 [ BOEE (B eEEE | st
E0046 Tokyo 0139 [ B8R (BRI EEEE | st
EQ048 Tokyo 0139 [] BEOEE (B BEEE] st
E0045 Tokyo 0138 [] BOEE (B BEEE ] st
E0047 Tokyo 0139 [ BOEE (B BEEE st
= E0050 Tokyo 0139 [ BOEE L EBODOBBEEBEC] st
E0051 Tokyo 0139 L| ELEE (8O EEEE | stz
E0052 Tokyo 0139 L| BOEE B EEEE st
E0049 Tokyo 0139 [ BLEE B8R ST42
E0217 Chiba 0139 L[] BE (8 S ST42
E0219 Chiba 0139 L] JBE (B SBESE st
E0220 Chiba 0138 [] BE B BEEE] st
E0218 Chiba 0139 [] [} DICICIEEEE DB BBl sts
E0005 Miyazaki 0139 B BRI IBOB0C BEEEE B ST1
E0008 Miyazaki 0139 [ BEEER BB BEEERE ST1
E0002 Miyazaki 0139 [l ERER BB 1) EEmEE B | s
E0003 Miyazaki 0139 8 EREH BRI BEEEERR BE | s
E0004 Miyazaki 0139 [ EREE[ EBEOC) BEREEE BE s
E0007 Miyazaki 0139 [ EHEHI ISR EE e B ] st
— E0006 Miyazeki 0139 [ EIER BB BEREE BB s7
. E0001 Miyazaki 0139 B BB BB BEEERC BB | st
E0241 Fukuoka 0139 i EREE| BLBEOD) BEEEEEE | st
E0251 Fukuoka 0139 B ELII BB D) EEEEE Bl ] st
E0250 Fukuoka 0139 [ EE EEL BEEELBE ] st
E0254 Fukuoka 0139 B BEODDEEBOD BEEEBE BB st
Eooss Ibaraki 0130  E BEEUDEBOEOC EEEEBEED st
Eo111 araki 0139  E BEECOCEOCOOD CEEEEBET st
| | E0115 tbaraki 0139 (B EBEECC BEEREEEEC BB sm
E0128 araki 0139 B BEEBICIE] BEEBEER BB s11
E0237 Fukuocka 0139 @ BEEICIEL BEEEE BB st
E0234 Fukwoka 0139 B EBBOCE EEEEREE0] st
E0242 Fukuwoka 0139 [ BEBOLE BEEEE BRI s
E0023 wate 0139 B BEBOCE BEREREEEOBE] st
E0024 wate o130 [ EREBERE[ 118 EEERE BE ] sm
E0020 wate o130 B BEEBOCIE EEEEB BEEL] st
E0021 wate 0139 [ EEEERCIIE BEEEEE BB ] st
E0022 wate o139 B EEEOE CEEREEE ] st
E0025 wate 0139 i BEBCICE BEEEEEBE | s
E0026 wate o130 [ BEEBCICIE ERERER O BEL] st
E0027 wate 0139 B BEECIDE EEBEBBE] st
E0010 wate 0139 [ BEEBLLE BEEBEEBE[] s11
E0017 wate 0130 B BEEE BEEEERLBE] st
E0018 Iwate 0139 I EIERERCI 1EE BEEEER BB s
E0019 wate 0130 B BEETCDEC EEEREEEL] sm
E0009 wate  O139 B BEBODE EBEEBEBCEE] st
EC011 wate o139 [ EREEII BN EEEEE O EE] st

FIG 2 Genotyping and phylogenetic analysis of E. coli strains. A dendrogram obtained by PFGE of Xbal-digested DNA from 73 E. coli 0139 and 0149 strains
is shown on the left side. Information about each strain, the results of the PCR screening for genes encoding IEEs, IS elements, and VFs, and their STs as
determined by MLST are aligned with the dendrogram. 18629, 18911, 1S3, and IS2 are all members of the IS3 family. The presence or absence of each gene (or IS
element) is indicated by an open or black square, respectively.
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ETEC 0149 (ST100 or ST2273), ETEC 0139 (ST42), and STEC
0139 (ST1 or ST2290). ST2290 is closely related to ST1 and con-
tains only one single-nucleotide polymorphism.

Among the 17 ETEC 0149 strains, only strain E0129 lacked iee.
However, E0129 belongs to ST100 (a member of the ST165 clonal
complex), like most of the jee-positive ETEC 0149 strains, and its
genotype was also very similar to those of the iee-positive strains
(Fig. 2). ALETEC 0139 strains possessed iee, but this gene was not
found in any of the STEC 0139 strains. Interestingly, the distri-
bution of iee among the 0149 and 0139 strains correlated very
well with the distribution of two 1S3 family members, 1S629 and
18911 (Fig. 2). Although we identified ETEC strains with various
serotypes isolated from swine (Table 1), the iee-positive strains
were limited to strains of the 0139 and 0149 serotypes.

To determine the phylogenetic relationships of the ETEC 0139
and Q149 strains, we constructed a phylogenetic tree using the
concatenated nucleotide sequences of the seven housekeeping
genes used for MLST. In total, 50 genome-sequenced E. coli strains
were included in this analysis (Fig. 3). Two of the 50 strains were
the recently sequenced ETEC strains UMNK88 and UMNF18 (se-
rotypes 0149 and 0147, respectively) (29). UMNKS88 belongs to
ST100, but UMNF18 belongs to ST10, which includes E. coli K-12.
As shown in Fig. 3, the ETEC 0139 (ST42) and STEC 0139 (S§T1
and ST2290) strains are relatively closely related to each other but
distantly related to the two ETEC O149 lineages (ST100 or
ST2273), which are located in distinct phylogenetic clusters.
ST100 belongs to a cluster that also contains ST10. ST2273 be-
longs to a cluster that contains EHEC 026, O111, and 0103 but is
more closely related to 026 and O111 than to O103. These results
indicate that IEE has spread to specific lineages of ETEC and
EHEC strains by horizontal gene transfer.

Analysis of iee-containing integrated elements. The ice gene
was found on the IE “UMNKS8 island 8” in the 0149 strain
UMNKSS (29); this IE is similar to SpLE1 and the SpLE1-like IEs
of EHEC, suggesting that jee may be encoded by SpLE1-like IEs in
the 7ee-positive ETEC strains identified in the present study. To
investigate the presence of SpLEl-like IEs and analyze their
genomiic structures in the 0139 and 0149 ETEC strains, we per-
formed PCR scanning analysis as illustrated in Fig. S1A in the
supplemental material. The results indicated that these strains
contain SpLE1-like IEs, with the exception of strain E0231 (see
Fig. S1B in the supplemental material; see also Fig. S2 in the sup-
plemental material for the raw data). In E0231, no amplicons were
obtained from the two segments containing the left and right
SpLE1-like IE/chromosome junctions (ieelE-f/113.4-rand 113.9-
f/114-1). In addition, no amplicon was generated using the prim-
ers 113.8-f/113.9-r in E0231, but this region was amplified using a
newly designed primer, 113.9-12, as a substitute for 113.9-r (see
Fig. S2B in the supplemental material), suggesting that some se-
quence polymorphism exists in the 113.9-r site of the E0231 ge-
nome. By sequencing the ieelE-f/113.4-r amplicons, we confirmed
that the amplified regions all contained the iee genes having an
identical sequence. Importantly, no amplicon was obtained from
any segments of any of the iee-negative 0139 STEC strains exam-
ined. These results indicate that the 0139 ETEC and 0149 ETEC
lineages acquired iee by SpLE1-like IEs.

The sequencing analysis of the ieelE-f/113.4-r and 113.9-f/
114-r amplicons revealed that SpLE1-like IEs are integrated in the
serX tRNA gene in all 0139 and O149 ETEC strains examined,
with the exception of strain E0231 (see Fig. S2B in the supplemen-
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FIG 3 Phylogenetic tree of E. coli strains based on the sequences of seven
housekeeping genes. The sequences of the seven housekeeping genes obtained
in the MLST analysis were concatenated and aligned using CLUSTAL W in
MEGAS5 software (23), and a neighbor-joining tree was generated with 1,000
bootstrap replicates. All genome-sequenced E. coli strains are included in the
phylogenetic representation, and the 0139 and 0149 lineages analyzed in
the present study are indicated by a single asterisk (*). The scale bar represents
the number of base substitutions. Open and black boxes indicate iee-positive
and -negative strains, respectively. The ED1a strain marked with double aster-
isks (**) possesses iee on an IE that is not similar to SpLE1 (10).
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FIG 4 Genomic comparison of the SpLE1-like IEs of the ETEC strains with the SpLE1 of EHEC 0157 and the SpLE1-like IEs of non-O157 EHEC. The genes in
each element are indicated by arrows; orange, blue, red, dark green, light green, and open arrows indicate the genes for IEE, integrase, IS TPase, Iha, the urease
operon, and other functions, respectively. The locations of two copies of 18629 in SpLE] (one is intact and the other is truncated) are also indicated. The
nucleotide sequence identities between the elements (cutoff = 70% identity) are indicated by color shading according to the scale shown at the bottom of the

figure.

tal material). The integration site of the SpLE1-like IE of E0231
(the serW tRNA gene) was identified using a newly developed
rapid walking method designated RETS-PCR, as outlined in Fig. 1.
Similar positional variations of SpLE1 were observed in EHEC
0157; strain EDL933 contains two copies of SpLEL: one at serX
and the other at serW (30). In the eight O157 strains that were
analyzed by Ohnishi et al. using WGPS, SpLE1 was also found at
the serX and/or serW loci (24). However, this variation in the
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integration site is not surprising because the serX and serW genes
have identical nucleotide sequences and because a highly conserved
phage-type integrase is shared by SpLE1 and SpLE1-like IEs.

In strain E0129 (the only iee-negative 0149 ETEC strain), the
serW and serX loci were both intact and showed no sign of the
insertion of MGEs, as in the iee-negative 0139 STEC strains. Be-
cause E0129 also belongs to ST100, as do most of the 0149 ETEC
strains, it is likely that this element has been deleted in this strain.
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Comparative analysis of SpLE1-like IEs. The nucleotide se-
quences of SpLE1-like IEs from three ETEC 0139 strains (E0046,
E0124, and E0217) and three 0149 strains (E0092, E0223, and
E0231) were determined and compared to those of SpLE1 in 0157
Sakai; SpLE1-like IEs in 026, O111, and 0103 EHECs (strains
11368, 11128, and 12009, respectively); and island 8 in 0149
UMNKS88. Overall, the structures of the SpLEI-like IEs in the
seven O139 and 0149 ETEC strains were very similar to each
other, whereas the deletion of an 8.7-kb segment was observed in
the element of strain E0231 (Fig. 4). Although the elements of
0139/0149 ETEC are also similar to SpLE1 and the SpLEI-like
IEs of the 026 and O111 EHEC strains, their right end regions,
particularly the far-right region have significantly diverged in se-
quence from those of the elements 0of 0157, 026, and O111 (Fig. 4;
see also Fig. S3 in the supplemental material). All other structural
variations observed between the elements of EHEC strains and
those of 0139/0149 ETEC were small, and most appeared to have
been generated by the insertion (or deletion) of IS elements. Con-
sidering that the three iee-positive ETEC O139 and 0149 lineages
are phylogenetically distant from each other and that the ST2273
lineage (0149 strain E0231) is closely related to 026 and O111
(Fig. 3), these findings suggest that the SpLE1-like IEs of these
0139/0149 strains have been recently derived from an ancestor
common to the EHEC elements and jumped into the three ETEC
0139 and 0149 lineages.

Yin et al. reported that the iha gene (which encodes a putative
adhesin, Tha) and the ure operon (which encodes urease), both of
which are encoded within SpLE1, are required for the efficient
colonization of EHEC O157 strain EDL933 (the IE corresponding
to SpLE1 is named “O island 48” in EDL933 [30]) in swine intes-
tines (31). Because the iha gene and the ure operon are conserved
in the SpLE1-like IEs of ETEC 0139 and O149 (Fig. 4), the acqui-
sition of SpLE1-like IEs may confer an advantage to these ETEC
strains in colonizing the swine intestine. Although healthy cattle
are considered the major reservoir for human infection with
EHEC 0157 (6), this microorganism has also been isolated from
swine (32-35). Thus, although further studies are required, EHEC
0157 and ETEC 0139 and 0149 may share an ecological niche
(the swine intestine), thus allowing the transfer of SpLEl or
SpLE1-like IEs among these strains. Because genes required for
conjugal transfer are not found in these IEs, a molecular mecha-
nism underlying their transmission is another important issue to
be elucidated.

18629 in ETEC 0139 and 0149 strains and variation in its
genomic copy number and insertion sites. IEE promotes the ex-
cision of 1S629 and other IS3 family members in a TPase-depen-
dent manner. It also induces various genomic deletions upon IS
excision and is thus implicated in the diversification of bacterial
genomes (10). The genomic locations of 15629 in the 0157 ge-
nomes are highly variable and show complex patterns among the
0157 strains (9). Because all iee-positive ETEC 0139 and 0149
strains also contain 1S629, we investigated the genomic locations
of 1S629 in these strains by PFGE analysis of Sspl-digested
genomic DNA, which was followed by Southern blot hybridiza-
tion analysis using an 1S629-specific probe (Fig. 5). This 15629
fingerprinting analysis revealed that all iee-positive 0139 and
0149 strains possess multiple copies of 15629, a preferred sub-
strate of IEE (10).

Intriguingly, SpLE1 of EHEC Q157 carries two copies of 1S629
- (one is intact, and the other is truncated), and all sequenced
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FIG 5 Southern blot hybridization analysis of the ETEC 0139 (A) and 0149
(B) strains using an 18629-specific probe. Sspl-digested genomic DNA was
separated by PFGE and subjected to Southern blot hybridization analysis. The
prefectures where the strains were isolated are indicated. The DNA probe was
derived from the central part of the 1629 sequence (nucleotide positions 308
to 607).

SpLE1-like IEs of the ETEC O139 and 0149 strains also carry one
truncated IS629 copy. This result raises the possibility that these
ETEC strains acquired at least one IS629 copy, together with iee,
via the transfer of an SpLE1-like IE, followed by the transposition
and proliferation of IS629 in these strains. We cannot exclude the
possibility that these ETEC strains acquired IS629 independently
from SpLE1-like IEs, but the potential cotransfer of IEE and 1S629
merits further investigation.

The 1S629 fingerprinting patterns of the ETEC O139 and 0149
strains also revealed considerable variation in copy numbers be-
tween these strains, as observed in EHEC O157. Although 17 0139
strains isolated in the Tokyo prefecture (E0043 to E0059) exhib-
ited very similar Xbal digestion patterns in PFGE (Fig. 2), suggest-
ing that they are closely related, some of the strains displayed 1S629
fingerprinting patterns that were distinct from the major pattern
in this group (Fig. 5B). Similarly, 0149 strains E0226 and E0227,
which exhibited similar Xbal digestion patterns in PEGE, exhib-
ited remarkable variation in their IS629 fingerprinting patterns.
Thus, it appears that 1S629 has actively transposed in these ETEC
0139 and 0149 strains, but it is also possible that some of the
variation in the copy number of 18629 is attributable to IEE-me-
diated IS excision, which could also have generated deletions in
IS-flanking regions (10).

IEE promotes the excision of other IS3 family members, such
asIS911,183, and IS2, at the same efficiency as that for 1S629 (10).
All of the IS elements are present in almost all iee-positive ETEC
0139 and 0149 lineages (Fig. 1). Although the excision frequen-
cies of ISI and 1S30 is lower than that for the IS3 family, these IS
elements could also be substrates of IEE (10). ISI is distributed
among all iee-positive ETEC 0139 and 0149 strains. IS30 is found
in one ETEC 0149 lineage (ST100). Thus, although further re-
search is required, the acquisition of these IS elements other than
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15629 may have accelerated the genome diversification of ETEC
0139 and 0149, which in turn could have introduced important
phenotypic variations in each lineage.

Conclusions. This study demonstrated that IEE is distributed
specifically among three distinct ETEC lineages isolated from
swine and is encoded by IEs similar to SpLE1 of EHEC O157. The
SpLE1-like IEs are highly conserved in genomic structure among
these ETEC lineages, and similar to SpLE1, they carry the iha gene
and the ure operon, which are shown to be required for the effi-
cient colonization of 0157 in the swine intestine. These data sug-
gest that IEE may have been transferred among EHEC and ETEC
in swine via the acquisition of SpLE1-like IEs. Furthermore, be-
cause the IEE-positive ETEC lineages all contained multiple cop-
ies 0f 1S629, a preferred substrate of IEE, and their genomic loca-
tions vary significantly between strains, 15629 is likely actively
moving on the ETEC genomes. As in 0157, in combination with
IEE, 15629 is likely promoting the diversification of the ETEC
genome.
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Abstract Atypical hemolytic uremic syndrome (aHUS)
is rare and comprises the triad of microangiopathic
hemolytic anemia, thrombocytopenia, and acute kidney
injury. Recently, abnormalities in the mechanisms under-
lying complement regulation have been focused upon as
causes of aHUS. The prognosis for patients who present
with aHUS is very poor, with the first aHUS attack being
associated with a mortality rate of ~25 %, and with
~50 % of cases resulting in end-stage renal disease
requiring dialysis. If treatment is delayed, there is a high
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risk of this syndrome progressing to renal failure. There-
fore, we have developed diagnostic criteria for aHUS to
enable its early diagnosis and to facilitate the timely ini-
tiation of appropriate treatment. We hope these diagnostic
criteria will be disseminated to as many clinicians as pos-
sible and that they will be used widely.
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Introduction

Hemolytic uremic syndrome (HUS) is characterized by the
triad of microangiopathic hemolytic anemia, thrombocyto-
penia, and acute kidney injury (AKI) [1]. Approximately
90 % of pediatric patients develop this syndrome after
infection with Shigella dysenteriae, which produces true
Shiga toxins, or Escherichia coli, some strains of which
produce Shiga-like toxins. Shiga toxin was originally called
verotoxin because Vero cells derived from the kidney epi-
thelial cells of the African green monkey are hypersensitive
to this toxin [2]. Subsequently, other toxins were called
Shiga-like toxin because of their similaritics to Shiga toxin
in terms of their antigenicity and structure, Shiga-like toxin-
1 differs from Shiga toxin by only I amino acid, whercas
Shiga-like toxin-2 shares 56 % sequence homology with
Shiga-like toxin-1. Although Shiga-like toxin-producing
E. coli-HUS (STEC-HUS) strains most often trigger HUS,
certain Shiga toxin-secreting strains of S. dysenteriae can
also cause HUS. They are currently known as the Shiga
toxin family, and the terms are often used interchangeably.
HUS occurring from infection with STEC-HUS was for-
merly called diarrthea + HUS (D + HUS) or typical HUS.

In contrast, HUS that is not related to Shiga toxins and
accounts for ~ 10 % of all HUS cases, is called atypical
HUS (aHUS). Although STEC-HUS is relatively common
in children, aHUS occurs in individuals of all ages and is
often familial. The prognosis is very poor, with the first
aHUS attack being associated with a mortality rate of
~25 %, and with ~50 % of cases resulting in end-stage
renal disease requiring dialysis [3].

In recent years, abnormalities in the mechanisms
underlying complement regulation have been focused on as
causes of aHUS. Various genetic abnormalities in com-
plement regulatory factors, including complement factor H,
have been noted in 50-60 % of patients. The analysis of
the pathology underlying this condition is currently pro-
gressing rapidly [4].

The differential diagnosis of aHUS from STEC-HUS or
thrombotic thrombocytopenic purpura (TTP), another form
of thrombotic microangiopathy (TMA) caused by a defi-
ciency of ADAMTSI3 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13), is not
necessarily easy at the early stages of disease onset.
However, if treatment is delayed, there is a high risk of this
syndrome progressing to renal failure. Therefore, the Joint
Committee of the Japanesc Society of Nephrology and the
Japan Pediatric Society (JSN/JPS) has developed

S. Kagami (X))

Department of Pediatrics, Graduate School of Medical Sciences,
Tokushima University, Tokushima, Japan
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diagnostic criteria for aHUS to enable its early diagnosis
and to facilitate the timely initiation of appropriate treat-
ment [5, 6]. We hope that the diagnostic criteria presented
in this report will become familiar to as many clinicians as
possible and that they will be used widely.

Definition of aHUS

aHUS is a type of TMA that differs from STEC-HUS and
TTP, with the latter being caused by markedly reduced
ADAMTSI13 activity. aHUS is a syndrome characterized by
the triad of microangiopathic hemolytic anemia, thrombo-
cytopenia, and AKI, which is similar to STEC-HUS.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,
and AKI is present. The disease should not be associated
with Shiga toxins, and TTP should also be excluded.

The Joint Committee of the JSN/JPS defined micro-
angiopathic hemolytic anemia based on a hemoglobin (Hb)
level of <10 g/dL. The presence of microangiopathic
hemolytic anemia should be confirmed based on increased
serum lactate dehydrogenase levels, a marked decreasc in
serum haptoglobin levels, and the presence of red blood
cell fragments in a peripheral blood smear.

Thrombocytopenia is defined as a platelet (PLT) count
of <150,000/uL.

The definition of AKI has been updated, with the most
rccent definition given by the international guidclines
group, the Kidney Disease: Improving Global Outcomes
that integrates both the Risk, Injury, Failure, Loss, End-
stage kidney disease and the Acute Kidney Injury Network
classifications to facilitate identification. Thus, we recom-
mend diagnosis based on the most recent guidelines, along
with the following definitions. For pediatric cases, the
serum creatinine should be increased to a level that is
1.5fold higher than the serum creatinine reference values
based on age and gender issued by the Japanese Society for
Pediatric Nephrology [7]. For adult cases, the diagnostic
criteria for AKI should be used.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,
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Table 1 Definitions of microangiopathic hemolytic anemia, thrombocytopenia, and AKI that have been established by the joint committee of
the JSN/JPS

Microangiopathic hemolytic anemia  Thrombocytopenia Acute kidney injury

The most recent AKI definition is provided by the international guideline
group, the KDIGO, integrating the RIFLE and AKIN classifications to
facilitate identification. Thus, diagnosis should be based on the most
recent guidelines, and the following definitions should be used.

Pediatric cases: Serum creatinine should be increased to a level that is
1.5fold higher than the serum creatinine reference values based on age
and gender issued by the Japanese Society for Pediatric Nephrology {7}.

Adult cases: Diagnostic criteria for AKI should be used

Defined as a PLT
count <150,000/pL

Defined as an Hb level <10 g/dL
Presence confirmed based on:
Increased serum LDH levels

Marked decreases in
serum haptoglobin levels

The presence of red blood
cell fragments in a
peripheral blood smear

Hb hemoglobin, LDH lactate dehydrogenase, PLT platelet, AKT acute kidney injury, KDIGO kidney discase: improving global outcomes, RIFLE
risk, injury, failure, loss, end-stage kidney disease, AKIN acute kidney injury network

and AKI is present. The disease should have no association
with Shiga toxins, and TTP should also be excluded.
Table | presents the definitions of microangiopathic
hemolytic anemia, thrombocytopenia, and AKI that are
established by the Joint Committee of the JSN/JPS.

Probable diagnosis

A probable diagnosis of aHUS is made when 2 of the
following 3 conditions are found: microangiopathic
hemolytic anemia, thrombocytopenia, and AKI. The dis-
casc should have no association with Shiga toxins and TTP
should be excluded.

Applicability of these diagnostic criteria

When we applied these diagnostic criteria to the Nara
Mecdical University (NMU) TMA cohort, 15 out of 37
individuals who had all the data required for the assessment
were diagnosed as having definitive aHUS. Since the data
were recorded at one time point only, we speculate that the
seasitivity of the diagnostic criteria would increase if we
could assess data from multiple time points. The cut-off
value for anemia, defined as an Hb level of <10 g/dL, and
the cut-off value for thrombocytopenia, defined as a PLT
count of <150,000/uL, are equivalent to those employed
by the International Registry of Recurrent and Familial
HUS/TTP [8]. We had considered using a cut-off value of a
PLT count <100,000/uL for thrombocytopenia to reflect
that used in the diagnostic criteria for STEC-HUS by the
Japanese Society for Pediatric Nephrology (2000), but we
only found 1 patient with a PLT count between 100,000
and 150,000/puL. in the NMU cohort. Therefore, it is likely
that this difference will not have a large impact on the
sensitivity or specificity of our diagnostic criteria. Our
diagnostic criteria include the category of “Probable”
aHUS because we belicve that this tentative diagnosis will

a Springer

help in the early diagnosis of aHUS and avoid delays in
developing appropriate therapeutic approaches for patients
with aHUS.

Evaluation of inappropriate complement activation

Abnormalities in complement regulation are among the
main causes of aHUS. The diagnosis of aHUS that is
caused by inappropriate complement activation has
become more critical because eculizumab, a humanized
anti-C5 monoclonal antibody, has been shown to be an
effective therapeutic modality [9] that has been approved
for the treatment of aHUS patients in Europe and the
United States. Recently, Fan and colleagues evaluated
genotype—phenotype relationships in 10 Japanese patients
with aHUS and identified potentially causative mutations
in complement factor H, C3, membrane cofactor protein,
and thrombomodulin in § of the patients [10]. However, the
definitive diagnosis of inappropriate complement activa-
tion in aHUS patients is difficult because some patients
show normal serum levels of complement components {11]
and there are a number of complement regulatory proteins,
making it difficult to decide which complement regulatory
protein is responsible for a particular patient developing
aHUS.

Excluding Shiga toxin-producing E. coli infection

STEC-HUS is characterized by diarrhea accompanied by
bloody stools. However, diarrhea may also be prescnt in
some aHUS cases. Diarrhea in aHUS can be a manifesta-
tion of ischemic colitis. In addition, enteritis that is not
caused by STEC can trigger aHUS. Therefore, a diagnosis
of STEC-HUS cannot be made based on symptoms alone,
and the earlier nomenclature that used “D + HUS” to
correspond with STEC-HUS and “D-HUS” to correspond
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with aHUS is not used at present [11]. The involvement of
Shiga toxins should be confirmed by stool cuiture, the
direct detection of Shiga toxins, or the detection of anti-
lipopolysaccharide-IgM antibodies.

Excluding TTP

Conventionally, TTP has been diagnosed based on the
classic pentad (microangiopathic hemolytic anemia,
thrombocytopenia, labile psychoneurotic disorder, fever,
and renal failure). However, the discovery of ADAM-
TS13 led to the finding that 60-90 % of patients with
TTP have a marked reduction in the activity of AD-
AMTSI13, to a level of <5 %, regardless of race.
Therefore, when diagnosing aHUS, patients who have
markedly reduced levels of ADAMTS 13 activity (<5 %)
should be diagnosed as having TTP, thereby ruling out a
diagnosis of aHUS. However, some patients may show
the classic TTP pentad and have normal or slightly
reduced levels of ADAMTS activity. Therefore, if a
patient has levels of ADAMTSI13 activity >5 %, a dif-
ferential diagnosis of aHUS or TTP may be necessary to
account for other clinical symptoms.

Excluding TMA caused by other distinct factors

Diseases that cvidently cause a clinical statc of TMA,
including disseminated intravascular coagulation, sclero-
dermatous kidney, and malignant hypertension, should be
excluded when diagnosing aHUS.

When a probable case of aHUS is suspected

When a probable case of aHUS is suspected, samples that
are necessary to determine the appropriate diagnosis should
be collected, and the therapeutic strategy should be estab-
lished after consultation with an institution that has
extensive expericnce of managing aHUS cases.

Cases where aHUS should be strongly suspected

If there arc features that are characteristic of HUS, aHUS
should be strongly suspected if the following criteria are
fulfilled, regardless of the presence of diarrhea: the patient
is younger than 6 months of age; time of onset is unclear
(latent onset); the patient has a history of HUS (recurrent
case); the patient has a history of anemia of unknown
cause; recurrent HUS after kidney transplantation; the
patient has a family history of HUS (excluding cascs of

food poisoning); and, the patient has no diarrhea or bloody
stools.

Classification of aHUS causes, excluding TTP caused
by the ADAMTS13 defect

Table 2 classifies the causes of aHUS and presents methods
to determine the causes.

Discussion

Nineteen years after Gasser et al. [1] reported HUS, an
interesting report was published in the Lancer [10]. This
report indicated that although C3-predominant activity is
initiated in the blood vessels in TMA patients, this is not
observed in typical cases of HUS, suggesting that com-
plement activation is involved in aHUS onset [12]. Sub-
sequently, numerous researchers have elucidated further
information on the pathology of aHUS. At present, the
reported causes of aHUS include, complement regulation
abnormalities, cobalamin metabolism disorder, infection
with Streptococcus pneumoniae and other microorganisms,
drugs, pregnancy, and autoimmune diseases.

The complement system plays an important role as part
of the immune systems of living organisms. It is activated
via 3 pathways, the classical, alternative, and lectin path-
ways. As a result of the activation of the host’s alternative
and classical pathways, C5b-9, a membrane attack com-
plex, is generated and destroys cells by forming trans-
membrane pores. The alternative pathway is involved in
the onset of aHUS. Unlike the classical and lectin path-
ways, activation of the alternative pathway does not require
initiators; it is continuously activated by the spontaneous
hydrolysis of C3.

When complement proteins are inappropriately acti-
vated, there is a risk of inducing cell dysfunction within the
host itself. Thus, humoral factors in the circulating plasma
and several plasma membrane-bound factors are involved
in the regulation of complement activation and act at var-
ious stages, such as the inactivation of C3b or C4b, and the
inhibition of the generation of membrane attack com-
plexes. The regulators involved in the alternative pathway
include complement factors H and I, which are humoral
factors, and membrane cofactor protein and thrombomod-
ulin, which are membrane-bound factors. If these factors
are abnormal, the subsequent failure of regulation will
hyperactivate the complement proteins, leading to the onset
of aHUS. Some cases of aHUS develop after trigger events,
for example, infcctions of the respiratory tract and the
gastrointestinal tract, and it is likely that activation of the
complement cascadc by these trigger events and the
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Table 2 Classification and

- Cause of aHUS
determination of the causes of

Method to determine the cause

aHUS, excluding TTP caused

fi
by the ADAMTS13 defect (i) Congenital

Genetic mutations of complement proteins, factor H,
factor 1, membrane cofactor protein, C3, factor B,

and thrombomodulin
(ii) Acquired

Production of autoantibodies, including anti-factor

H antibody

(2) Cobalamin mectabolism disorder

(3) Infection
(i) Pneumococcus

(ii) Human immunodeficiency virus

(iit) Pertussis

(iv) Influenza

(v) Varicella

(4) Drug-induced

(i) Anticancer drugs

(ii) Immunomodulatory drugs
(iii) Antiplatclet drugs

(5) Pregnancy-related

Complement regulation abnormality

Hemolysis test, quantification of complement
proteins and complement regulatory proteins, and
gene analysis. Even if the amounts of
complement proteins and complement regulatory
proteins are within the normal ranges, it does not
serve as a basis for excluding complement-related
aHUS

Detection of anti-factor H antibody by ELISA,

western blot, etc.

Age at onsct should be considered (<6 months old),
and hypomethioninemia or
hyperhomocysteinemia is detected on plasma
amino acid analysis

Definitive diagnosis by identification of pathogenic
microorganisms and serological examination

Identification of the drug

(i) Hemolysis, clevated liver enzymes, low platelet

counts (HELLP) syndrome
(ii) Eclampsia

(6) Autoimmune discase, collagen discase
(i) Systemic lupus erythematosus

aHUS atypical hemolytic
uremic syndrome, ELISA
enzyme-linked immunosorbent

related
(8) Others

Definitive diagnosis by autoantibody test,
antiphospholipid antibody test, and serological
examination

(7) Bone-marrow transplant, organ transplant-

assay

subsequent amplification of complement activation by the
alternative pathway cannot be regulated in patients with
deficiencies in complement regulation. Gain-of-function
mutations in C3 and complement factor B, which are
complement-activating factors, also cause hyperactivation
of complement proteins and, ultimately, aHUS.

It has been reported that ~50 % of aHUS patients have
genetic abnormalities in complement regulatory factors,
including complement factor H. The frequency of the
presence of certain mutations among aHUS cases,
responsiveness to plasma therapy, prognosis of kidney
function, and the recurrence rate after kidney transplanta-
tion, vary depending on the type of genctic abnormalities
present [13]. Although plasmapheresis within 24 h of
confirmation of the diagnosis has been recommended as the
initial trecatment for aHUS [14], its effects are not always
satisfactory. The mortality or incidence of end-stage renal
discase is considered to be between 70 and 80 %, and the
recurrence rate after kidney transplantation may be as high

@ Springer

as 80-90 %, particularly in patients with abnormal com-
plement factor H, which is the most frequent abnormality
[15].

In 2011, eculizumab (Soliris®, Alexion Pharmaceuti-
cals), a terminal complement inhibitor, was approved as a
new drug for the treatment of aHUS in Europe and the US.
Eculizumab is a humanized recombinant immunoglobulin
G2/4 monoclonal antibody directed against the comple-
ment component C5, which was developed as a treatment
for paroxysmal nocturnal hemoglobinuria. By binding to
complement component CS5, the drug inhibits the genera-
tion of C5a and C5b-9, and thus subsequently inhibits the
complement system.

There are a number of reports stating that only HUS that
is associated with complement regulation abnormalities is
defined as aHUS. On the basis of the current diagnostic
criteria, we have defined aHUS to include all types of HUS
that arc not related to Shiga toxins or other distinct causes.
In cases where aHUS is associated with complement
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dysregulation, the introduction of eculizumab may mark-
edly change therapeutic strategies. It should be noted,
however, that recommendations of specific therapeutic
modalities are beyond the scope of the current diagnostic
criteria. However, in cases where complement dysregula-
tion is confirmed as the cause, treatment with eculizumab is
established. Thus, it may be desirable to assign HUS
associated with complement dysregulation a separate dis-
ease name rather than it being classified as “aHUS”, as in
the case of definitive “complement-mediated TMA”.

As described in previous reports, aHUS is a disease that
may frequently cause renal failure and be fatal if it is not
appropriately diagnosed and treated at the early stages of
disease onset. In Japan, aHUS may be misdiagnosed as
HUS caused by Shiga toxins because clinicians are not
sufficiently aware of aHUS, and consequently, treatment
may be delayed. Thus, our diagnostic criteria include the
category of “Probable” aHUS to ensure that the clinicians
consider aHUS during diagnosis. Many issues should be
addressed in the future, including the development of
diagnostic strategies to diagnose cases of suspected aHUS,
the establishment of insurance coverage for ADAMTS13
activity measurement testing that is necessary to differen-
tiate aHUS from TTP, and the development of treatment
guidelines. We hope that our diagnostic criteria will be
used widely and will contribute to the diagnosis and
treatment of aHUS patients.
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