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Figure 8. Gross pathological changes of the lungs of immunosuppressed and peramivir-treated macaques infected with VN3040.
Immunosuppressed macaques were treated with control antibodies (ICP1-ICP3) or MAb ch61 (ITP1-ITP3) together with peramivir. Macaques ICP1,
ICP3, and ITP3 were autopsied 5 days, 4 days, and 3 days after virus infection, respectively. The other macaques survived during the observation
period and were autopsied 7 days after virus infection. Dark red lesions indicated by white arrowheads show macroscopic congestion.

doi:10.1371/journal.ppat.1004192.g008

Gross pathology and histopathology of macaques

infected with H5N1 HPAI virus

To evaluate the progression of discase after the antibody
treatment, we examined the lung pathology of the macaques
subjected to autopsy. Macroscopically, dark red areas representing
inflammation and congestion were larger in the lungs of control
immunocompetent macaques (C1-C3) than in the lungs of two
immunocompetent macaques treated with MAb ch61 (T'1 and T?2)
(Fig. 6). The dark red area was larger in the lung of T3 than in the
lungs of T1 and T2. These findings were concordant with virus
titers in the lungs collected at autopsy (Table 2). In immunosup-
pressed macaques treated with control antibodies (ICG1-IC3), the
macroscopic lesions with inflammation, hemorrhage, and conges-
tion in the lungs were much smaller than those in the lungs of
immunocompetent macaques (C1-C3) (Figs. 6, 7). In immuno-
suppressed macaques treated with MAb ch61 (ITI-IT5), the
reddish lesions were smaller than those in control macaques (IC1-
1C3) (Fig. 7). In particular, macroscopic inflammation in IT5 was
observed only around the central bronchus. In immunosuppressed
macaques also treated with peramivir, macroscopic reddish lesions
were smaller than those in immunocompetent and immunosup-
pressed macaques treated without peramivir (Figs. 6-8). The lung
of ICP3, which died on day 4 after virus infection, had dark red,
edematous lesions.

We then examined histological changes of the lungs collected
from the infected macaques (Figs. 9-11). Severe pneumonia
reducing air space was seen in a control immunocompetent
macaque (C2) and a macaque treated with MAb ch61 (T1)
(Figs. 9A, B). In high magnification images, lymphoid and
neutrophilic infiltration, thickened alveolar walls, and alveolar
edema were observed (Figs. 9C, D). The other macaques (C2, T2,
and T3) euthanized on day 7 showed similar histological changes
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(data not shown). In immunohistochemical staining for the
influenza virus antigens, NP-positive cells were widely distributed
and accumulated focally in the lung of the control macaque 7 days
after virus infection (Fig. 9E). By contrast, NP-positive cells were
seen but did not accumulate in the MAb ch61-treated macaque
(Fig. 9F). Reduced numbers of NP-positive cells were also seen in
the lungs of the other treated macaques (T2 and T3) (data not
shown).

In macaques under the immunosuppressed condition, lymphoid
infiltration was very mild compared with immunocompetent
macaques. In the lung tissue obtained from a control macaque
(IC3) at 4 days after virus infection, pulmonary edema was seen in
the alveoli, resulting in loss of air space (Figs. 10A, C). In a
macaque treated with MAb ch61 (IT2), the air space was
decreased and alveolar septa were thickened in part, but the air
content was still preserved (Figs. 10B, D). NP-positive cells were
seen in the alveolar epithelium of the control macaque more
frequently than in that of the MAb ch6l-treated macaque
(Figs. 10E, F). The cuboidal epithelial cells positive for the NP
antigen were type II alveolar epithelial cells. Less severe
histological changes and virus infection were also seen in the
other treated macaques (IT]1 and IT3) compared with the control
macaques (data not shown). These differences in the histological
changes and frequencies of NP-positive cells between control and
MAD ch61-treated macaques were also seen in the macaques
treated together with peramivir (Fig. 11).

Discussion

Current strategies for the control of influenza include vaccina-
tion and antiviral drug treatment. Neuraminidase inhibitors have
been used for H5N1 HPAI virus infection in humans as well as
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Figure 9. Histological analysis of pneumonia and distribution of viral antigens in immunocompetent macaques infected with
VN3040. Tissues were collected from macaques injected with control antibodies (C2) (A, C, E) or MAb ch61 (T1) (B, D, F) on day 7 after virus infection.
A, B: low magpnification of hematoxylin and eosin (H & E) staining (bar: 100 um). C, D: high magnification of H & E staining (bar: 50 pm). E, F: sections

stained with anti-NP serum (bar: 50 pm).
doi:10.1371/journal.ppat.1004192.g009

seasonal influenza caused by viruses of the H1 and H3 HA
subtypes. However, the efficacy of the neuraminidase inhibitors on
the human H5N1 infections is unclear due to the inevitable lack of
adequate control studies. Moreover, drug-resistant H5N1 viruses
were indeed detected in patients [40,41] and, importantly, H5N1
viruses with reduced sensitivity to neuraminidase inhibitors were also
isolated from chickens in the endemic area [42]. Thus, alternative
strategies for prophylaxis and treatment need to be developed for
pandemic preparedness against the H5N1 influenza virus.

Passive transfer of neutralizing antibodies may provide an
alternative strategy for both prophylaxis and treatment of
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pandemic influenza. It was reported that an H5N1 HPAI virus-
infected patient recovered after treatment with convalescent
plasma, suggesting that passive immunotherapy may be a
promising option for the treatment of H5SN1 HPAI virus infection
[48]. The efficacy of mouse MADbs specific for H5 HAs been
evaluated in a mouse model with promising results for both
treatments and prophylaxis [44,45]. However, for clinical use,
induction of anti-mouse MAb-specific antibody responses should
reduce the neutralizing capacity of given MAbs and also limit the
repeated use of mouse antibodies. Thus, passive immunotherapy
with human or humanized MAbs has also been tested in mouse
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Figure 10. Histological analysis of pneumonia and distribution of viral antigens in immunosuppressed macaques infected with
VN3040. Tissues were collected from macaques injected with control antibodies (IC3) (A, C, E) or MAb ch61 (IT2) (B, D, F) on days 4 and 7 after virus
infection, respectively. Other details are the same as the legend of Figure 9.

doi:10.1371/journal.ppat.1004192.g010

and ferret models [46—49]. Nevertheless, the protective potential of
anti-H5 MAbs remained to be elucidated in a nonhuman primate
model of H5N1 HPAI virus infection.

To help develop a clinical antibody therapy, we also generated a
human-mouse chimeric monoclonal antibody (MAb ch61) that
showed strong neutralizing activity against H5N1 HPAIT viruses
isolated from humans and evaluated its protective potential in
animal models. In particular, we used a cynomolgus macaque
model, which simulates the H5N1 HPAI virus infection of humans
more faithfully and thus has been used as an animal model for
vaccine and pathogenesis studies on influenza virus infection [50].
We found that treatment with MAb ch61 reduced viral loads and
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partially protected macaques from lethal infection with the H5N1
HPAT virus. It was noteworthy that the protective effect was more
prominent in immunosuppressed macaques, which might provide
a model of protection against severe clinical disease in immuno-
compromised patients. Thus, this proof of concept study provides
the first evidence that antibody therapy may have beneficial effects
in clinical cases of H5N1 HPAI virus infection in humans.
Importantly, however, mutant viruses escaping from neutraliza-
tion by MAb ch61 were recovered from some of the macaques
treated with MAb ch61 alone and became predominant by 7 days
after infection, whereas reduced virus replication upon treatment
with MAb ch61 was observed in most of the treated macaques
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Figure 11. Histological analysis of pneumonia and distribution of viral antigens in immunosuppressed and peramivir-treated
macaques infected with VN3040. Tissues were collected from macaques treated with peramivir and injected with control antibodies (ICP2) (A, C,
E) or MAb ch61 (ITP2) (B, D, F) on day 7 after virus infection. Other details are the same as the legend of Figure 9.

doi:10.1371/journal.ppat.1004192.g011

during the initial phase of infection. These results suggest that, as
was shown in a mouse model of H5N1 HPAI virus infection [51],
combination therapy using two different MAbs might be needed to
prevent the generation of escape mutants and would likely be
more beneficial.

Taken together, the results obtained in the present study
demonstrated that the therapeutic use of anti-H5 neutralizing
MAb ch6!] resulted in reduced viral loads and improved
protection in a nonhuman primate model of lethal H3NI
virus infection. In addition, it was also shown that combination
therapy with the antiviral drug provided better protection and
reduced the emergence of escape mutants. Combination therapy
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with other antibodies recognizing different epitopes may
also attenuate symptoms and prevent the selection of escape
mutants.

Supporting Information

Figure S1 The number of white blood cells in macaques
treated with immunosuppressive agents. The macaques were
administered CP intravenously on days —7, —5, —3, —1 and 0 and
CA intragastrically from day —7 to day 6 (A, B). A control group was
administered saline intravenously and intragastrically (G). The
macaques were injected intravenously with control MAbs (orange)
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and MADb ch61 (blue). Macaques in (C) were injected with peramivir
intravenously from day 1 to day 5 in addition to MAbs. Blood was
collected on the indicated days. The number of white blood cells
(WBC) was counted with a microscope and hemocytometer.

(TIFF)

Figure $2 Body temperatures of immunocompetent
macaques treated with MAbs after infection with
VN3040. Macaques were infected with VN3040 (3x10° PFU)
on day 0. The macaques were injected intravenously with control
MAbs (C1-C3, orange) or anti-H5 MAb ch61 (T1-T3, blue) on
days 1 and 3. Depression of temperature was induced once a day
by anesthesia.

(TIFF)

Figure S3 Body temperatures of immunocompromised
macaques treated with MAbs after infection with
VN3040. Macaques were pretreated with CP intravenously and
with CA intragastrically. Thereafter, they were infected with
VN3040 (3)(106 PFU) on day 0. The macaques were injected
intravenously with control MAbs (IC1-1C3, orange) or anti-H5
MADb ch6l (IT1-IT5, blue) on days 1 and 3. Depression of
temperature was induced once a day by anesthesia.

(TIFF)

Figure S4 Body temperatures of immunocompromised
macaques treated with MAbs and peramivir after
infection with VN3040. Macaques were pretreated with CP
intravenously and with CA intragastrically. Thereafter, they were
infected with VN3040 (3x10° PFU) on day 0. The macaques were
injected intravenously with control MAbs (ICP1-1CP3, orange) or
anti-H5 MAb ch61 (ITP1-ITP3, blue) on days 1 and 3, and with
peramivir on days 1 to 5. Depression of temperature once a day
was induced by anesthesia.

(TIFE)

References

Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y (1992)
Evolution and ecology of influenza A viruses. Microbiol Rev 56: 152-179.
Rohm G, Zhou N, Suss J, Mackenzie J, Webster RG (1996) Characterization of
a novel influenza hemagglutinin, H15: criteria for determination of influenza A
subtypes. Virology 217: 508-516.

. Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, et al. (2005)
Characterization of a novel influenza A virus hemagglutinin subtype (H16)
obtained from black-headed gulls. J Virol 79: 2814-2822.

. Li KS, Guan Y, Wang J, Smith GJD, Xu KM, et al. (2004) Genesis of highly
pathogenic and potentially pandemic H5N1 influenza virus in eastern Asia.
Nature 430: 209-213.

. Chen H, Smith G.J D, Zhang SY, Qin K, Wang ], Li KS, et al. (2005) H5N1
virus outbreak in migratory waterfowl. Nature 436: 191-192.

. Ducatez MF, Olinger CM, Owoade AA, De Landtsheer, S Ammerlaan, W, et
al. (2006) Avian {lu: multiple introductions of H5N1 in Nigeria. Nature 442: 37.

. Smith GJD, Fan XH, Wang J, Li KS, Qin K, et al. (2006) Emergence and
predominance of an H5N1 influenza variant in China. Proc Natl Acad Sci USA
103: 16936-16941.

. Wang G, Zhan D, Li L, Lei F, Liu B, et al. (2008) H5NI avian influenza re-
emergence of Lake Qinghai: phylogenetic and antigenic analyses of the newly
isolated viruses and roles of migratory birds in virus circulation. J Gen Virol 89:
697-702.

. Kajihara M, Matsuno K, Simulundu E, Muramatsu M, Noyori O, et al. (2011)
An H5NI highly pathogenic avian influenza virus that invaded Japan through
waterfow] migration. Jpn J Vet Res 59: 89-100.

. Sakoda Y, Ito H, Uchida Y, Okamatsu M, Yamamoto N, et al. (2012)

Reintroduction of H5N1 highly pathogenic avian influenza virus by migratory

water birds, causing poultry outbreaks in the 2010-2011 winter season in Japan.

J Gen Virol 93: 541-550.

Gambotto A, Barratt-Boyes SM, de Jong MD, Neumann G, Kawaoka Y (2008)

Human infection with highly pathogenic H5N1 influenza virus. Lancet 371:

1464-1475,

. WHO. (2013) Cumulative number of confirmed human cases of avian influenza

A(H5NT) reported to WHO. Available: http://www.who.int/influenza/human_

animal_interface/H5N1_cumulative_table_archives/en/index.html. Accessed

14 May 2014.

1.

2.

11

PLOS Pathogens | www.plospathogens.org

223

H5N1 Influenza Antibody Therapy in Animal Models

Figure S5 Cytokine paiterns in the sera of macaques
after infection with VN3040. Cytokine concentrations in the
serum samples were measured as described in the Materials and
Methods section. Left column: immunocompetent macaques (Exp.
#1), middle column: immunosuppressed macaques (Exp. #2),
right column: immunosuppressed macaques treated with perami-
vir (Exp. #3).
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Figure S6 Cytokine patterns in the lungs of macaques
after infection with VN3040. Cytokine concentrations in the
lung tissue homogenates were measured as described in the
Materials and Methods section. Left column: immunocompetent
macaques (Exp. #1), middle column: immunosuppressed ma-
caques (Exp. #2), right column: immunosuppressed macaques
treated with peramivir (Exp. #3).

(PDF)

Table S1 Clinical scoring used in this study. Animals
were monitored during the study to be clinically scored.
DOCX)
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Virus-specific CD8" T-cell responses are crucial for the control of human immunodeficiency virus (HIV)
and simian immunodeficiency virus (SIV) replication. Multiple studies on HIV-infected individuals and
SIV-infected macaques have indicated association of several major histocompatibility complex class 1
(MHC-I) genotypes with lower viral loads and delayed AIDS progression. Understanding of the viral con-

Keywords: trol mechanism associated with these MHC-I genotypes would contribute to the development of inter-
HIv vention strategy for HIV control. We have previously reported a rhesus MHC-I haplotype, 90-120-Ia,
SV . associated with lower viral loads after SIVmac239 infection. Gagags-216 and Gagaa;-249 epitope-specific
CD8" T cell N A . N

MHC-I CD8" T-cell responses have been shown to play a central role in the reduction of viral loads, whereas
Epitope the effect of Nef-specific CD8" T-cell responses induced in all the 90-120-Ia™ macaques on SIV replication

remains unknown. Here, we identified three CD8" T-cell epitopes, Nefg_;o, Nefgg_g7, and Nefjg3_203, asso-
ciated with 90-120-Ia. Nefs_;5 and Nefis3_203 epitope-specific CD8* T-cell responses frequently selected
for mutations resulting in viral escape from recognition by these CD8" T cells, indicating that these
CD8" T cells exert strong suppressive pressure on SIV replication. Results would be useful for elucidation
of the viral control mechanism associated with 90-120-Ia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) infections, host immune responses fail to
eradicate viruses and allow persistent infection, leading to AIDS
progression. Unlike most acute virus infections, effective neutraliz-
ing antibody responses are not efficiently induced in early HIV/SIV
infection {1}. Virus-specific CD8* T-cell responses play an impor-
tant role in the control of HIV/SIV replication {2-&}. CD8" T cells
recognize antigenic peptides bound to polymorphic major histo-
compatibility complex class I (MHC-I) molecules, whose genotypes
affect CD8" T-cell responses {7.8]. Several MHC-I genotypes have
been shown to be associated with lower viral loads and slower dis-
ease progression in HIV/SIV infections {8-14]. Understanding of
the viral control mechanism associated with these protective
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MHC-I alleles would contribute to the development of intervention
strategy for HIV control.

Recent vaccine trials in macaque AIDS models have shown a
possibility of SIV control by effective CD8" T-cell responses {15~
151 It has been indicated that CD8" T cells targeting Gag are
effective against HIV/SIV infection {280-23}]. Furthermore, current
studies have suggested that Nef- and Vif-specific CD8* T-cell
responses can contribute to SIV control in macaque AIDS models
{24251

We have previously reported a rhesus MHC-I haplotype, 90-120-
Ia, associated with lower viral loads after SIVmac239 challenge { 14].
In that study, those Burmese rhesus macaques possessing 90-120-Ia
had lower set-point plasma viral loads (geometric mean at 1 year
after SIV challenge: 1.5 x 10* copies/ml); two of them controlled
viremia for more than 4 years while the remaining four developed
AIDS in 4 years. Our vaccine trial has shown that all the 90-120-Ia*
macaques immunized with DNA-prime/Gag-expressing Sendai
virus (SeV-Gag) vector-boost controlled a SIVmac239 challenge
{261, Mamu-A1*043:01-restricted Gagzos-216 (JINEEAADWDL) and
Mamu-A1*065:01-restricted Gagpai-240 (SSVDEQIQW) epitope-
specific CD8" T-cell responses were responsible for this viral control
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[26-28]. SIVmac239-infected 90-120-Ia* macaques also elicited
CD8" T-cell responses targeting Nef, which may be involved in viral
control {141 In the present study, we determined Nef CD8" T-cell
epitopes associated with this MHC-I haplotype 90-120-Ia.

2. Materials and methods
2.1. Samples

The present study used frozen plasma and peripheral mononu-
clear cell (PBMC) samples derived from ten Burmese rhesus maca-
ques (Macaca mulatta) possessing MHC-1 haplotype 90-120-Ia. Our
previous SIVmac239 challenge experiments using these animals
{14,26-28] have been carried out in Tsukuba Primate Research Cen-
ter in National Institute of Biomedical Innovation (NIBP) with the
help of the Corporation for Production and Research of Laboratory
Primates. These studies were approved by the Committee on the
Ethics of Animal Experiments of NIBP under the guideline for animal
experiments at NIBP and the National Institute of Infectious Dis-
eases which is in accordance with the Guidelines for Proper Conduct
of Animal Experiments established by the Science Council of Japan
(heep:/ fwww.sci.go dp/iafinfofkohyo/pdfikohyo-20-K1 6-26.pdf).

Macaques R06-037, R07-004, and R07-009 were unvaccinated
and intravenously challenged with SIVmac239 [i4]. Macaques
R03-018 and R07-007 received a DNA-prime/SeV-boost vaccine
eliciting Gagaps-216- and Gagaa1-249-specific CD8* T-cell responses,
respectively, before SIVmac239 challenge as described before
127,28}, Macaques R06-035, R06-041, R05-004, R05-027, and
RO7-005 received a DNA-prime/SeV-Gag-boost as described before
[26]. Macaques R06-035 and R06-041 were intravenously chal-
lenged with SIVmac239Gag216S244E, a SIVmac239 carrying two
gag mutations, GagL216S and GagD244E, leading to a leucine (L)-
to-serine (S) substitution at the 216th amino acid (aa) and an
aspartic acid (D)-to-glutamic acid (E) substitution at the 244th aa
in Gag, whereas macaques R05-004, R05-027, and R07-005 with
SIVmac239Gag2165244E2471312V373T, a SIVmac239 carrying
five gag mutations, GagL216S, GagD244E, Gagl247L (isoleucine [I]
to L at the 247th aa), GagA312V (alanine [A] to valine [V] at the
312th aa), and GagA373T (A to threonine [T] at the 373rd aa) [261L

The determination of macaque MHC-I haplotypes was based on
the family study in combination with the reference strand-medi-
ated conformation analysis of Mamu-A and Mamu-B genes and
detection of major Mamu-A and Mamu-B alleles by cloning the
reverse transcription (RT)-PCR products {14.28,30]. Confirmed
MHC-I alleles consisting of the MHC-I haplotype 90-120-Ia are
Mamu-A1*043:01 (GenBank accession number AB444869), Mamu-
AT1*065:01 (AB444921), Mamu-B*061:03 (AB430442), Mamu-
B*068:04 (AM902571), and Mamu-B*089:01 (EF580172).

2.2. Sequencing analysis of plasma viral genomes

Viral RNAs were extracted using the High Pure Viral RNA kit
(Roche Diagnostics) from plasma. Fragments of cDNAs encoding
SIVmac239 Nef were amplified by nested RT-PCR from plasma RNAs
and subjected to direct sequencing by using dye terminator chemis-
try and an automated DNA sequencer (Applied Biosystems) [ 331

2.3. Analysis of SIV peptide-specific CD8" T-cell responses

SIV peptide-specific CD8"* T-cell responses were measured by
flow-cytometric analysis of interferon-y (IFN-y) induction [251
PBMCs (2.5 x 106 cells) were cocultured for 6 h with autologous
herpesvirus papio-immortalized B-lymphoblastoid cell lines (B-
LCLs; 1.0 x 10° cells) pulsed with 1-5 UM or indicated concentra-
tions of peptides designed for epitope mapping in 96-well V-bot-
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tom microwell plates. Intracellular IFN-y staining was performed
using a Cytofix Cytoperm kit (BD). Fluorescein isothiocyanate-con-
jugated anti-human CD4 (BD), peridinin chlorophyll protein
(PerCP)-conjugated anti-human CD8 (BD), allophycocyanin Cy7
(APC-Cy7)-conjugated anti-human CD3 (BD), and phycoerythrin
(PE)-conjugated anti-human IFN-y antibodies (Biolegend) were
used. Specific T-cell frequencies were calculated by subtracting
nonspecific IFN-y* T-cell frequencies from those after peptide-spe-
cific stimulation. Specific T-cell frequencies less than 100 cells per
million PBMCs were considered negative.

3. Results and discussion

3.1. Identification of three Nef CD8" T-cell epitopes associated with
MHC-I haplotype 90-120-la

In our previous study [14]), we examined viral genome
sequences 1 year after SIVmac239 challenge in four groups of Bur-
mese rhesus macaques possessing MHC-I haplotypes 90-120-Ia,
90-120-1b, 90-010-Ie, and 90-088-Ij, respectively. Then, in the pres-
ent study, we compared nef sequences in the four macaques pos-
sessing 90-120-Ia with those in the remaining three groups
(n=14). Amino acid sequences revealed three regions in Nef,
Nef12 (the 12th aa), Nef89/90 (the 89th or 90th aa), and Nef201/
202 (the 201st or 202nd aa), which had substitutions in all 90-
120-1a* animals but mostly not in others. Indeed, substitutions at
Nefl2 were observed only in two of the fourteen 90-120-la-nega-
tive animals while substitutions at Nef89/90 or Nef201/202 were
detected in none of them.

We tried to map CD8" T-cell epitopes around the regions
described above to examine whether these 90-120-Ia-associated
nef mutations resulting in the Nef12, Nef89/90, and Nef201/202
amino acid substitutions were selected by CD8" T cells. Analysis
using available samples derived from ten 90-120-la" macaques
identified three CD8" T-cell epitopes, Nefy_;o (RSRPSGDLRQR),
Nefgg_gﬂ (DIDEEDDDL), and Nef193_203 (YLMHPAQTSQW) (?}g ;A)
The endpoint peptide concentrations for CD8" T-cell responses
were 10-100nM against Nefq_;o epitope and 1-10nM against
Nefi93_503 (Fig. 1B). The endpoint was very low, less than 0.1 nM,
for Nefgg_o7 epitope (Fig. 1B), indicating extremely high binding
affinity of this epitope.

3.2. Determination of MHC-I alleles restricting CD8" T-cell epitopes

Nefy_;q epitope-specific CD8" T-cell responses in the early phase
of SIV infection were examined in six 90-120-Ia* animals, all of
which showed positive responses (Fig. 2A), indicating that this epi-
tope is associated with MHC-I haplotype 90-120-Ia. On the other
hand, Nefggg; and Nefjg3.303 epitope-specific CD8* T-cell
responses in the early phase were detected not in all but in three
of the seven and two of the four examined 90-120-Ia* animals,
respectively (Fig. 2A).

We then tried to determine 90-120-Ia-derived MHC-I alleles
restricting these CD8" T-cell epitopes. HLA-A/B/C-negative human
721.221 cell lines expressing Mamu-A1*043:01, Mamu-A1*065:01,
and Mamu-B*061:03 were available for the analysis. Nefgg_g7-spe-
cific CD8" T-cell responses were detected on Mamu-A1*043:01-
expressing 721.221 cells, whereas Nef;g3_503-specific CD8" T-cell
responses were detected on Mamu-A1*065:01-expressing 721.221
cells (Fig. 2B). These results indicate that the Nefgg_g7 and Nef;gs_
203 epitopes are restricted by Mamu-A1*043:01 and Mamu-
A17065:01, respectively. However, Nefy_;9 epitope-specific CD8*
T-cell responses were not detected on any of 721.221 cells
expressing Mamu-A1*043:01, Mamu-A1*065:01, or Mamu-B*061:03,
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implying that this epitope is restricted by a 90-120-Ia-derived MHC-
I molecule other than the above three (¥ig. ZB).

3.3. Mutations resulting in viral escape from CD8” T-cell recognition

In our previous study {14}, SIV-infected 90-120-la" macaques
had mutations resulting in Nef12, Nef89/90, and Nef201/202 amino
acid substitutions as described above. The substituted amino acids
were different at Nef89/90 in individual four animals, but three of
the four had the same substitutions at Nef12 and Nef201, NefP12Q
(proline [P]-to-glutamine [Q]) and NefS201Y (S-to-tyrosine [Y]),
respectively. We examined whether these two 90-120-Ia-associated
nef mutations result in viral escape from CD8" T-cell responses spe-
cific for the epitopes we identified. Nefs_;9 peptide-specific CD8" T-
cell responses were reduced by the NefP12Q substitution (Fig. 3A).
Also, the NefP12T substitution (a P-to-T substitution at the 12th
aa in Nef) that was observed in the remaining one SIV-infected
90-120-Ia* macaque resulted in viral escape from Nefg_;g-specific
CD8* T-cell responses. Nefigs o903 peptide-specific CD8" T-cell
responses were reduced by the NefS201Y (¥ig. 3A). Selection of
these escape mutations in SIV infection implies that these Nefy_;9
and Nef,g3_203 epitope-specific CD8" T cells exert suppressive pres-
sure on SIV replication. The latter Nef;93_203 epitope overlaps with

previously-reported MW9 (Nef;g5_203) and HW8 (Nef;g¢.203) epi-
topes [32,33]. The MWO is restricted by Mamu-B*17 {12}, a protec-
tive MHC-1 against SIVmac239 infection, while the HWS8 is
restricted by a MHC-I in a group of Mauritian cynomolgus macaques
that frequently control SIVmac239 replication. Thus, this Nef;g3-203
region may be a promising CD8" T-cell target for SIV control.

Further analysis of viral nef nucleotide sequences found rela-
tively rapid selection of a mutation encoding Nef12, NefP12Q,
NefP12S, or NefS13P, in two months after SIV infection in maca-
ques R05-004, R05-027, R06-035, R06-041, and RO7-005 (Fig. 3B).
The NefP12S and NefS13P substitutions also resulted in viral
escape from Nefy_;q-specific CD8* T-cell responses (Fig. 3A). How-
ever, no mutation was selected in the region encoding Nefgg_g7 OT
Nefig3_203 €pitope in two months (¥ig. 3B). In the early phase,
Nefy_19-specific CD8* T-cell responses were induced in all whereas
Nefgg_g7- and Nef;gz_z03-specific CD8* T-cell responses were
detectable only in some of them, as described above. These results
suggest that 90-120-Ia" macaques predominantly elicit Nefg_;o-
specific CD8" T-cell responses resulting in selection of Nef12/13
mutations in the early phase of SIV infection, followed by induction
of Nefgg_g7~ and Nef;g3_503-specific CD8* T-cell responses resulting
in selection of Nef89/90 and Nef201/202 mutations in the chronic
phase.
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Our previous study {14} frequently found CD8* T-cell responses SIV-infected 90-120-Ia" macaques. Then, in the present study, we
targeting Vif and a viral genome mutation resulting in VifP115S identified a CD8" T-cell epitope, Vifj14-124 (FPCFTAGEVRR). The
substitution (a P-to-S substitution at the 115th aa in Vif) in endpoint peptide concentration for Vif;;4_124-specific CD8" T-cell
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responses was very high, more than 100 nM, indicating lower
binding affinity of this epitope (Fig. 4A). Vif;14_124 epitope-specific
CD8" T-cell responses were detected in the early phase in four of
the six examined 90-120-Ia* animals (Fig. 4B). The VifP115S substi-
tution resulted in diminishment of Vif;,4_124 peptide-specific CD8*
T-cell responses, suggesting selective pressure by CD8* T cells tar-
geting this epitope (Fig. 4C).

In summary, we identified three 90-120-Ia-associated Nef CD8"
T-cell epitopes, Nefg_;9, Nefgg_g7, and Nefyg3_303, in addition to the
three previously-identified Gag epitopes, Gagaos-216, Gagaa1-240,
and Gagays_3go {311 Additionally, we identified a Vif CD8" T-cell
epitope, Vifj14-124. In our previous study {26}, all the 90-120-Ia*
macaques vaccinated with DNA-prime/SeV-Gag-boost controlled
SIVmac239 replication without detectable viral loads after week
5 post-challenge, whereas those vaccinated animals (R05-004,
R05-027, R06-035, R06-041, and R07-005) failed to show such
rapid control of a challenge with SIVs carrying Gagios_216-
Gaga41_249-, and Gagsy3_zgo-specific CD8" T-cell escape mutations.
This indicates that these Gagzos_zjs, Gag24] 249, and Gag373_380 epi-
tope-specific CD8" T-cell responses are responsible for the rapid
SIVmac239 control. Macaques R05-004 and R05-027 showed per-
sistent viremia and developed AIDS, whereas the remaining three
(R06-035, R06-041, and RO7-005) exhibited lower viral loads. The
present study suggests involvement of Nef epitope-specific CD8*
T-cell responses in this suppression of SIV replication in 90-120-
Ia" macaques.
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Introduction

Shiga toxin (Stx)-producing Escherichia coli (STEC; also called
verocytotoxin-producing E. coli or VTEC) can cause mild diarrhea in
humans. Enterohaemorrhagic E. coli (EHEC) is a highly virulent sub-
group of STEC and is one of major categories of pathogenic E. coli
that cause important enteric infections in humans [1]. The common
virulence factor of STEC and EHEC is the production of one or both
subtypes of Stx (Stx1 or Stx2). EHEC is defined, based on the typical
symptom of the patient, as STEC causing severe bloody diarrhea in
humans. The EHEC may be confirmed experimentally by detection
of additional virulence factors intimin and the large EHEC plasmid

[2].

Strains of STEC/EHEC are differentiated by the O antigen on their
outer membrane into over 180 serotypes [3]. Of all EHEC serotypes E.
coli O157:H7 is the one which has caused most food borne outbreaks
and has led to the highest number of hemolytic uremic syndrome
cases, a life-threatening sequela of STEC infection; however, some of
non-0157 serotypes are also becoming an important health concern
because they have been isolated from the patients with the typical
symptoms of EHEC infection with increasing frequency than before
[4,5]. EHEC belonging to 0157 and six other O serotypes (026,
091, 0103, 0111, O121, and O145) are considered important in
Japan [5-8]; and additional eight serotypes (015, 045, 055, 0104,
0113, 0118, 0128, and O153) totaling to fifteen O serotypes for all
countries in the world [3-15]. We therefore considered these fifteen
O serotypes of EHEC are of particular importance for a global-scale
detection method.

Citation: ¥s

{21

Ampid
Received: .
SR

Copyright: & 2




250ml
m-EC medinm

PickPen-IMS

sty shetertion {olouy wsolation

* BNA temp. enriched cultare
«LAMP

CHROMagar  CHROMagar
*PCR

STEC ECC

= DNA femp.: pure colony— LB broth

* PCR: sty 515,

H N H H 1
sieyand sy suet and/or st

*»PCR: ecte
*» O serofyping

Figure 1: Schematic representation of the protocol for PickPen assisted IMS-
LAMP-based detection method for STEC in beef samples.

In the inspection of environmental samples including food, the
STEC expressing the known O antigens of EHEC are targeted as
a potential public health hazard. Serogroup-specific method and
virulence-specific method were combined for detection of STEC
belonging to a clinically important O serogroup in some studies.
Combinations of simple to sophisticated and high-cost techniques
targeting a narrow spectrum of the important O serotypes of STEC/
EHEC (a maximum number of eight of target O serotypes). These
include multiplex PCR [16], PCR-ELISA and multiplex real-time
PCR assays [17] and LAMP [18]; multiplex real-time PCR assays
screening for virulence genes and O-antigens encoding genes [15];
immunomagnetic separation (IMS) targeting certain O serotypes of
E. coli individually or simultaneously [19,20]; and a combination of
multiplex real-time PCR and IMS assays [21-23].

Due to the rapid development of transportation, the food trade
among various countries has become very active these days. Therefore,
specific, sensitive and easy-to-perform methods are necessary for
examination of food for a wider range of the important O-serotypes
of STEC/EHEC even in resource-limited and tropical countries. In
this study, we combined a unique IMS method, as a specific and easy-
to-perform, covering clinically important O serotypes worldwide
and a loop-mediated isothermal amplification (LAMP) method [24],
as a simple, sensitive and low-cost technique, to achieve the goal
described above.

Materials and methods

Immunomagnetic beads (IMB)

Magnetic beads were coated with antibodies against seven E. coli
O antigens using antibodies partially purified from rabbit polyclonal
antiserum specific to each of target O antigen (rabbit anti-Escherichia
coli 0157, 026, 091, 0103, 0111, 0121 or 0145 antiserum, Denka
Seiken Co. Ltd., Tokyo, Japan). These resulted in bead group 1
suspension that targets the O serotypes of clinical importance in
Japan. Similarly, bead group 2 suspension containing the beads
coated with antibodies against anti- 015, 055, 0104, 0128 and
0153 was prepared. Antibodies against anti- 045, 0113 and O118
were unavailable for us and thus were not included. Equal volumes
of bead group 1 suspension and bead group 2 suspension were
mixed, resulting in the final bead suspension and designated as IMB
in this study. This bead suspension (IMB) targets the O serotypes of
clinical significance on a global scale. IMB was stored at 4° C and used
whenever needed throughout this study.

Beef sample examination

Japanese beef was purchased from 4 local stores in Kyoto City,
Japan, in 2013. Malaysian and Thai beef were purchased from a local
market in Hat Yai City, southern Thailand, in 2013 and 2014. The
protocol used to examine the beef samples is outlined in Figure 1.
Twenty five grams of each sample was incubated at 37°C in 225ml of
tryptic soy broth (Bacto™ Tryptic Soy Broth; Difco, Becton Dickinson
Microbiology Systems, Sparks, MD, USA). After 6 h, 1 ml of the
culture was added to 250ml of modified EC medium containing
25mg/l novobicin (Nobobiotin added m-EC medium, Kyokuto
Pharmaceutical Industrial Co., Ltd., Tokyo, Japan) and incubated at
42° C for 18 h. The broth culture with or without IMS treatment was
examined in two steps. Step 1: the DNA template was prepared by a
boiling method: boiling 1ml of the broth culture or bead suspension
for 10 min, chilling on ice for 10 min, followed by centrifugation at
15,000 rpm for 5 min and collection of the supernatant. The DNA
template was examined for the presence or absence of the stx genes
by a conventional PCR method as previously described in [25] and
the LAMP method according to the instruction by the manufacturer
(Loopamp™ Verotoxin-producing Escherichia coli Detection Kit,
Eiken Chemical Co., Ltd., Tokyo, Japan). Step 2: ten ul of the broth
culture or bead suspension was streaked onto two selective agar
media and incubated at 37°C for 18 h. Up to 5 suspected colonies from
each triplicated agar plate were selected: mauve colonies growing on
CHROMagar™ STEC (with 50 mg/l STEC supplement) and blue
colonies growing on CHROMagar™ ECC (CHROMagar, Paris,
France). The selected colonies were grown in 2 ml of Luria-Bertani
broth {26] and the DNA template was prepared and examined by
conventional PCR for stx, and stx, genes. The isolates that gave stx*
and/or stx,* result were examined for the eae gene as previously
described in [27] and for O serotype by an agglutination test using
E. coli O antisera (E. coli antisera “SEIKEN”, Set 1, Denka Seiken Co.,
Ltd.).

PickPen-Immunomagnetic separation (PickPen-IMS)

A 96-deep well (2-ml capacity) titer plate-based IMS
procedure using an eight-channel PickPen device (PickPen® 8-M,
BIOCONTROL, Washington, USA) was performed as follows. IMB
were placed at the room temperature on a shaker (140 rpm) for 30
min before use. Thirty ul of IMB were mixed with 1 ml of the broth
culture in the first well and incubated at the room temperature on a
shaker (140 rpm) for 30 min. The PickPen device was applied for 5
min and the captured IMB were transferred to the second well and
washed in 1-ml washing buffer [phosphate-buffered saline consisting
of 0.01M phosphate and 0.16M NaCl with pH 7.0 (PBS) with added
0.1 % Tween 20]. The washing step was repeated in the third well.
Finally, the washed IMB were suspended in 1 ml of the washing buffer
in the fourth well (designated as Yeild).

IMS sensitivity

The capture efficiency (CE) % was selected as indicator to evaluate
four factors (IMB volume hereinafter referred to as IMBv, incubation
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Table 1: Reference strains of E. coli used in IMS sensitivity and specificity experiments

Strain name Origin Year of isolation O serotype Presence of gene: Literature/source
stx, stx,

K-H-1 Human, Korea 1995 0143 - - [27]

K-H-2 Human, Korea 1995 0166' - - [27]

M47 Beef, Malaysia 1997 OuT? - - Laboratory stock

PE-7 Human, Brazil 1989 0126 - - [29]

KETE Human, USA Unknown o6 - - [36]

KEIE Human, Thailand 1991-1902 0124 - [31]

EDL993 Human, USA 1982 0157 + + [32]

PV11-004 Human, Japan 2011 091 + - Laboratory stock
PV11-006 Human, Japan 2011 026 + - Laboratory stock

PV11-035 Human, Japan 2011 0145 . + Laboratory stock

PV10-104 Human, Japan 2010 0103 - Laboratory stock

PV08-103 Human, Japan 2008 o111 + + Laboratory stock :
'Reported as OUT in the indicated literature, but  subsequently determined to be O166 by the author (AY.K).

2QUT: untypable for O serogroup.

100% :
90%
80% |
0%

50% -
40%
30% i
20%
10% i~

0% ‘-

CE@)

20 30 40 50 60 70 80 <0
IMB volume (pI)
B105x 101 CFU/ml  ©10.5x 10A2CFU/ml  ©10.5 x 1043 CFU/ml

Figure 2: The CE % obtained from three suspensions of the target cell using
various volumes of IMB.

time of the IMB-cell suspension mixture, PickPen application time,
and washing step) in IMS sensitivity test. E. coli PV10-104 was used
in this experiment (Table 1). The strain was grown in Luria-Bertani
broth at 37° C for 18 h with shaking (160 rpm). Serial 10-fold dilutions
of the culture were made in PBS without T'ween 20.

IMBy: one milliliter of cell suspension of each 0of 105, 106 and 107
dilutions was mixed with (20 to 90pl) of IMBv. The best IMB volume
(bIMBYV) was determined.

IMB-target incubation timé: four incubation times (5, 15, 30, and
45 min) were tested by incubating 10-° cell suspension of the target
cell with bIMBv.

PickPen application time: CE % at selected time points (0.5, 1.5,
3.5, 5, 7 min) of the PickPen application (duration of attracting the
IMB by the PickPen) was determined as described below. The CE %
relative to the increase in PickPen application time was calculated and
the appropriate PickPen application time was determined.

Woashing step: 10-° target cell suspension was incubated with the
bIMBv for 30 min. The IMB-target cell complex was washed twice and
the CE % was determined and the loss of the target cell was calculated.

The CE was calculated as previously described, CE (%) = (C,_ - C)/
C,x100, where C is the total number of cells present in the sample
(CFU/ml), and C, is the number of cells not bound to IMB (CFU/
ml) [28].

The IMS sensitivity (CFU/ml) was defined as the minimum
concentration of target cells detectable by IMB at the bIMBv. This

was calculated as follows, IMS sensitivity (CFU/ml) = (C, x CE)/100,
where C, is the low concentration of the examined cell suspensions.

IMS specificity

To evaluate the specificity of the PickPen-IMS used in this study
a mixture of E. coli strains consisting 6 strains each of targeted and
non-targeted O serotypes was treated by this method. After the

Table 2: The result of examination of DNA from enriched culture of beef samples
for the sfx gene purchased in Thailand

Result of the stx gene detection
U Without IMS and by: | With IMS and by: | \o- Of beef
Pattern desig.’ samples
______ LAMP PCR LAMP PCR

A — - - - 26

B + - - - 7

G - T N - e

D - ! - + - 11

E ; . ; R

F + + — 1
Total 37 2 41 1 74

'Based on the combination of IMS (with or without) and the kind of genetic
method (LAMP or PCR) used for detection of the stx gene in the enriched culture
of the beef sample. '

PickPen-IMS treatment the O serotypes and stx genotypes of the E.
coli remaining in the solution in each deep well of the 96-deep well
titer plate were analyzed relative to those of the starting mixture. The
details of the experiment are as follows. The twelve E. coli strains
(Table 1) were grown in Luria-Bertani broth at 37°C for 18h with
shaking (160rpm) and the cultures were diluted to 10*CFU/ml
Equal volumes of each bacterial suspension were mixed in one tube
(designated as the starting mix). 20l of the starting mix was spread on
CHROMagar™ ECC in triplicate to screen the starting composition
of O serotypes without IMS (as a control). 1 ml of the starting mix was
transferred to the first well and mixed with bIMBv, and then PickPen-
IMS was performed as described above. The beads were washed in
the second and the third wells and finally suspended in the fourth
well. Appropriate volumes of the remaining solution in each well
were spread on CHROMagar™ ECC in triplicates and incubated at
37°C for 18 h (20, 50, 50, and 20pl, from the first to the fourth well,
respectively). Colonies were picked up randomly (up to 24 per plate)
and the O serotypes were examined for the selected colonies. DNA
templates were prepared from the staring mix and from the solutions
remaining in the four wells by boiling and examined by LAMP as
described above.

Statistical Analysis

All experiments were conducted in triplicate. The means and
standard deviations of all collected data were calculated from
independent group of replicates. A Student’s t-test was used for
statistical analysis of the data between two groups. A p-value <0.1 was
considered statistically significant.

Results and Discussion

Detection of STEC in the beef samples

In this study, we aimed at developing a specific, sensitive and easy-to-
perform detection method for clinically important O serotypes of STEC
that can be used in all countries in the world. We examined retailed
beef samples (not artificially contaminated) by the procedure outlined
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Table 3: Characteristics and isolation procedure and origin of the STEC strains isolated in this study

Is'oléytikon of st sfraiﬁs k

Beef samples
Pattern?

desig.

Year of
examination
2013

Origi B
L ”'"E‘J’m‘ ‘Me’dium ’
~ Malaysian S

OO0 O OoOmOo:

Characteristics of the isolated strains
Presence of gene®:
stx eae .

Isolation procedure®

: 0
WIOIMS ) serovpe

WIMS

1

0157
0157
o111
0111
o71
0103
0103

+ o

+ 0+ o+
+ b+ o+

0103
0103
0103

+ o+

0ioio

0140

Mmoo mnwo u.unn o

AYK10-1 ~Thai

el

'Strains AYK4-1, AYK4-2 and AYK4-3 were isolated from the same beef sample; other strains from different beef samples.

2Corresponding to the pattern designation of Table 2 regarding the combination of

(R R I

* o144 .

examination methods for the stx gene in the enriched culture of the beef sample.

3W/O IMS: without IMS, W/IMS: with IMS, S: CHROMagar STEC, E: CHROM agar ECC, —: not isolated, + : isolated

‘. absent, +: present

terB gene detection DNA

50 hp 50 bp ladder
iaddar- 201 274 - 28.1 168 18,11 1813 (=) EDLS33 ladder ol:k-:.

{solatett on CHROMagar ECC anly

1solated on CHROMagar STEC
{can grow on CROMagsr ECT)

Supplement 1: 16.6: AYK6-1
52.10: AYK10-1

in Figure 1 to evaluate our IMS-LAMP based detection method. We
conducted our investigation in Japan and Thailand where distribution of
the target bacterium is relatively scarce and prevalent respectively [25,33-
35]. In our strategy, initial screening utilized detection of the stx gene.
We examined not only the boiled supernatant of the enriched culture but
also isolated colonies for the stx gene in order to check the possibility of
false positive and false negative result of the LAMP assay. Twenty-eight
Japanese beef samples were examined in 2013. And a total of 74 beef
samples (22 and 52 samples, respectively, in 2013 and 2014) purchased
in the market in southern Thailand were examined. All 28 Japanese beef
samples examined were negative for the stx gene with or without IMS
treatment. The Japanese result is largely reflecting the high quality and
hygienic conditions of beef production in Japan.

The result of the examination for the presence of the stx gene in
the enriched culture of the 74 beef samples purchased in Thailand was
classified into patterns from A to F. This classification is based on the
difference in the result obtained by the two genetic detection methods
(LAMP and PCR) of the enriched culture treated without or with
IMS. Forty-eight (64.9 %) of the 74 samples purchased in southern
Thailand gave stx* in at least one result of the four categories when
enriched beef cultures treated with or without IMS were examined
by LAMP and PCR (Table 2). The total number of stx* DNA samples
obtained by LAMP assay was 26 times (78/3 DNA samples) higher
than that obtained by conventional PCR assay.

The 74 beef samples consisted of 35 Thai beef samples and 39
Malay beef samples. 57.1% of the Thai beef and 71.8% of the Malay
beef samples gave stx* result (data not shown). This result supports
the previous report that Malay beef is more frequently contaminated
by STEC than Thai beef [33].

In the study in Thailand, we observed two false negative cases of
LAMP assay; where LAMP assays gave negative but some isolated
colonies gave stx* result (Tables 2,3, Pattern D, AYK4-1, AYK4-2,
AYK4-3 and AYK7-1, LAMP without IMS). The result may suggest
the need for a different DNA template preparation method for the
LAMP assay other than the boiling method.

The beef samples classified to Patterns C and D amounted to 39
(52.7 %) beef samples that gave positive result only by LAMP but not
by PCR regardless of IMS although stx* result could be confirmed for 4
(14.3 %) and 4 (36.4 %) beef samples of Patterns C and D, respectively,
by obtaining stx* isolates. This result demonstrated how LAMP is
more sensitive than PCR and that PCR failed in detecting the stx gene
in the 8 (Patterns C and D combined) beef samples confirmed by
isolation of the stx* strains (false negative PCR result). The Pattern
D is composed of 11 (14.9 %) samples that gave stx* result by LAMP
only when IMS treatment was applied, indicating the improvement of
the sensitivity by IMS treatment prior to LAMP assay.

However, the Pattern B consists of 7 samples that were positive
by LAMP without IMS and turned into negative by LAMP with IMS
and we could not isolate any STEC strain which can be explained by a
possibility that these 7 samples were contaminated with non-target E.
coli O serotypes or non- E. coli bacterja possessing the stx gene [36].
We suspect that the LAMP positive result in Pattern B is most likely
to be false positive.

To our surprise, one sample showed Pattern F where STEC
0103, one of our target O serotypes, was isolated without IMS but
not with IMS; and this particular strain was isolated on CHROMagar
ECC only but not on CHROMagar STEC (Tables 2 and 3, AYK6-1).
A possible explanation for the first unexpected observation that no
STEC was isolated after IMS treatment is that the sample contained
a large number of competing populations (E. coli expressing target
O serotypes but lacking the stx gene). Because of abundance of
competing population, the total number of STEC 0103 after IMS
treatment probably became below the detectionlimit of the PCR assay
but was still detectable by the LAMP assay. To explain the second
unexpected observation that the strain isolated on CHROMagar
ECC was not isolated on CHROMagar STEC (contains potassium
tellurite), we investigated the possibility that the isolated strain may
lack the tellurite resistance gene (terB) [15]. We confirmed this was
the case by the PCR assay (Supplement 1).
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The selective isolation of STEC through CHROMagar ECC but
not CHROMagar STEC was also observed in another case (Table 3,
AYK10-1) which was also confirmed to be terB~ (Suppiement 1). Our
result summarized in Table 3 showed that 10 of 12 (83.3%) STEC
strains were isolated on CHROMagar STEC but that 2 of 12 (16.7%)
STEC strains could be isolated only on CHROMagar ECC. This
result is similar to the report by Tzschoppe et al. [15] where 13.6% of
EHEC and EHEC-like strains did not grow on CHROMagar STEC.
We therefore propose simultaneous use of CHROMagar ECC for the
isolation of STEC/EHEC.

In general, we could isolate stx* E. coli strains more often from
CHROMagar STEC (83.3 %, medium S in Table 3) compared to
CHROMagar ECC (16.7 %, medium E in Table 3). Twelve strains
belonging to six O serotypes were isolated from 10 beef samples.
Nine and one of the ten beef samples were imports from Malaysia
into Thailand and domestic product of Thailand, respectively. Of
the six O serotypes three (0157, O111 and 0103) belonged to the O
serotypes of IMS target; two strains of O157 were obtained only with
IMS and two strains of O111 and five strains of 0103 were obtained
with or without IMS. The remaining three O serotypes (071, 0140
and O144) were IMS non-target O serotypes; one strain each of these
serotypes was obtained exclusively without IMS. The isolated strains
included two Q157 strains carrying the stx, and eae genes; and the
other non-O157 strains sharing the stx, gene and lacking the eae gene
(Table 3).

There are the studies reporting isolation of STEC/EHEC
belonging to O157 serotype, possessing the stx, gene, but producing
no or low-level Stx2 from the beef marketed in Hat Yai, southern
Thailand [25,33,35]. Sukhumungoon et al. [35] also reported a
non-O157 strain carrying the stx, gene from the beef purchased in
the same mentioned city in Thailand. Their stx* non-O157 strain
produced alarge amount of Stx1. In our study carried out in the same
city, we isolated 10 strains of non-0157 STEC and all carried the stx,
gene. Since this type of non-0157 STEC seems to be prevalent in the
beef marketed in this area they may be of public health significance.

Improving IMS sensitivity

The result of the analysis of retail beef samples showed that we
could isolate the strains carrying the stx gene from 20.8 % of the stx*

samples. We explored by in-vitro experiments the possibilities that
IMS-LAMP performance can be further improved by fine tuning the
factors involved in the IMS. The following four factors were evaluated
in details using CE % as the indicator.

IMBy: incubation time of IMB-target cell mixture (30 min)
and PickPen application time (5 min) were fixed. The effect of the
combination of various concentrations of the target cells (10.5x10%,
10.5x10%, and10.5x10° CFU/ml) and the various IMBv (20, 30, 40, 50,
60, 70, 80, and 90pl) were compared (Figure 2). The average of the CE
% was gradually increased and its standard error was reduced with
increase in the IMBv. For comprehensive evaluation of IMByv effect,
when the result of CE % of the three concentrations of the target cells
were combined, the average + standard error increased from 25.0
47.3 CE % at 20ul IMBv to 88.4 + 5.71 CE % at 80pl IMBv. However,
increase in the IMBv from 80 to 90ul had no significant effect on the
increase of CE % whereas IMBv increase from 70 to 80ul showed
significantly increase CE % for the middle and high concentrations
of target cell suspension (p=0.1). Therefore, the 80ul of IMBv was
judged to be the bIMBv. We found, when IMBv was increased to
80ul or above, the CE value reached a plateau regardless of the cell
concentration. Since the ability of IMB to capture the maximum
amount of the target cells is limited by the amount of antibodies
coating the beads we judged the IMBv of 80ul (bIMBv) is the most
suitable for the studies where the concentration of the target cells
is unpredictable. The 80ul of IMBv is much more than the volume
reported by other workers (20pl) [21,37] and close to the maximum
volume that can be handled by the PickPen device in our hands.

Incubation time of IMB-target cell: 2.7x10°CFU/ml of the target
cell incubated with 80ul of IMB were employed. The result (5 min,
13.3 £ 3.5 CE %; 15 min, 70.9 + 6.9 CE %; 30 min, 90.2 + 0.4 CE
%; 45 min, 86.1 + 5.1 CE %) showed that the CE % was increased
significantly when the incubation time was increased from 5 to 15
min and from 15 to 30 min, but not from 30 to 45 min (p = 0.1). Thus,
30 min incubation time was judged as the required time for the best
CE % result.

PickPen application time (duration of attracting the IMB by
the PickPen) : 1.1x10* CFU/ml of the target cell incubated with 80yl
(bIMBv) of IMB were employed. The results (time - CE) were as
follows: 0.5 min - 62.1 + 30.6 CE %; 1.5 min - 57.6 + 21.7 CE %; 3.5

Table 4: O serotype-based grouping and the number of the colonies randomly selected from the agar plates inoculated with the starting mix (without IMS) and the
solution or the suspension remaining in each of the four wells after PickPen-IMS treatment (with IMS).

. Number of the colonies selected :
O serotype-based grouping -
. R Without IMS e Nith IMS?
Grou : O serotype . . No wash First wash Second wash Yield
P ;’ yp (Starting mix) (First well) {Second well) (Third well) (Fourth well)

Non-target 0143 - +HE - - -
0166 ' - - - - -
ouT + ++ + * -
0126 ++ +++ + - -
‘06 ++ ++ + - -
0124 ++ ++ - - _
Subtotal 24 (33.3 %) 61 (84.7 %) 4 (26.7 %) 4(19.0 %) 0 (0 %)

Target 0157 + + - - +++
091 ++ - - + 4+
‘026 +++ + - + +H
0145 - - + - +
0103 ++ + + - B
E o111 . ++ ++ ++ +hE ++
Subtotal ‘ 48 (66.7 %) 11 (15.3 %) 11 (73.3 %) 17 (81.0 %) 72 (100 %)
Total 72 72 15 21 72

Designations for the number of the colonies: —, 0; +, 1 — 5; ++, 6 — 10; +++, 11 — 15; ++++, 16 — 23.

2Designation of the sample solution or suspension is explained in Materials and Methods
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min - 65.8 +11.6 CE %; 5 min - 83.0 £ 4.73 CE %; 7 min - 61.5 * 14.2
CE %. P values between the neighboring two time points were: p =
0.44,0.5 - 1.5 min; p=0.24, 0.5 - 3.5 min; p=0.08, 3.5 - 5 min; p=0.08, 5
- 7 min. The p value was gradually reduced as the time increased, but
it appeared to have reached a plateau at 5 min. We therefore judged 5
min is the appropriate application time of PickPen.

Washing step on the loss of IMB-target cell complex in the buffer:
the first and the second washing had insignificant effect (p = 0.1) (<1
CE % and <2 CE %, respectively).

After fine tuning of the IMS factors were fixed to as follows, the
IMBv to 80ul, incubation time to 30 min, PickPen application time
to 5 min and washing step to be repeated twice. These conditions
determined the sensitivity of the IMS as 91 CFU/ml at the low
concentration of the target cell (Figure 2).

IMS specificity

To evaluate the specificity of the IMS method in vitro, 6 strains of
E. coli carrying the stx, and/or the stx, genes, each expressing different
target O antigens, were mixed with 6 strains of E. coli lacking the stx
gene and each expressing non-target O antigens. After completion of
the IMS treatment, distributions of non-target and target O serotypes
in the starting mix (not treated with IMS) and solutions or the cell
suspension remaining in the four wells after IMS treatment were
examined (Table 4). The result showed that IMS helped to separate
and concentrate all target O serotypes (Table 4, Yield). The transition
of the change in percentages of target vs. non-target groups showed
how and to what extent each step of the PickPen-IMS treatment
could contribute to change in the composition of the starting mix.
The examination of DNA templates of the 5 suspensions by the
commercially available loopamp VT E. coli detection kit reflected how
LAMP can perform with the help of IMS in this particular experiment
as follows: without IMS, no wash, first wash, second wash, and
yield, showed respectively, positive, positive, negative, negative, and
positive result for the stx gene. This result suggests that the remaining
target cells in the solutions, first wash and second wash, were below
the detection limit of the loopamp kit (60 CFU/test).

We have evaluated the specificity of the IMS by an in vivo assay
(Table 3). In the in vivo study of the beef purchased in Thailand,
STEC strains belonging to the target and non-target O serotypes were
isolated from 8 and 2 LAMP-positive beef samples, respectively. These
non-target O serotypes were 0140 and O144 (strains AYK9-1 and
AYKI0-1, respectively, in Tabie 3), and they were isolated from two
different beef samples only without IMS treatment (Table 2, Pattern
C). The LAMP positive result with IMS treatment of these samples
may or may not be due to these non-target O serotypes. Based on
this result, the specificity of the IMS-LAMP detection method can
be judged to be very good ranging from 80 % (due to non-target O
serotypes) to 100 % (due to target O serotypes). In addition, the IMS
was shown to be 100 % specific by an in vitro assay where only target
O serotypes were isolated from the Yield (Table 4).

Conchasion

In our current study we designed an IMS-LAMP method targeting
as many as twelve O serotypes and to the best of our knowledge, this
is the first time to report this number of O serotypes of STEC targeted
at once. We have evaluated the specificity of this method by in vivo
and in vitro assays and it showed to be 80 to 100 % specific. We regret
that we could not include three more O serotypes as the targets of
the PickPen-IMS because the antibodies were unavailable when we
started this study. However, we have found the antibodies are available
recently. The system can therefore be expanded to include the three
additional antibodies so that the targets will cover the 15 important
O serotypes in the future. We think addition of the antibodies rose
to the three or more O antigens, if needed, are possible although the
optimal conditions (i.e. bIMBV) and results of the detection method
may change. Using a similar PickPen-IMS, our colleagues successfully
prepared a set of IMB targeting 69 different K antigens at once and
demonstrated its utility by detecting the target organisms from

seafood [38]. Therefore, this method may be expanded to include
three more O serotypes as a targets totaling to the fifteen O serotypes
proposed in the introduction to cover important O157 and non-0157
serotypes in different parts of the world.
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ABSTRACT

Although thermostable direct hemolysin—producing (tdh™) Vibrio parahaemolyticus is the leading cause of seafood-borne
gastroenteritis, the enumeration of tdh™ V. parahaemolyticus remains challenging due to its low densities in the environment.
In this study, we developed a most-probable-number (MPN)-based procedure designated A-IS'-LAMP, in which an
immunomagnetic separation (IMS) technique targeting as many as 69 established K antigens and a loop-mediated isothermal
amplification (LAMP) assay targeting the thermostable direct hemolysin (¢dh) gene were applied in an MPN format. Our IMS
employed PickPen, an eight-channel intrasolution magnetic particle separation device, which enabled a straightforward microtiter
plate-based IMS procedure (designated as PickPen-IMS). The ability of the procedure to quantify a wide range of tdh™ V.
parahaemolyticus levels was evaluated by testing shellfish samples in Japan and southern Thailand, where shellfish products are
known to contain relatively low and high levels of total V. parahaemolyticus, respectively. The Japanese and Thai shellfish
samples showed, respectively, relatively low (<3 to 11 MPN/10 g) and considerably higher (930 to 110,000 MPN/10 g) levels of
tdh* V. parahaemolyticus, raising concern about the safety of Thai shellfish products sold to domestic consumers at local
momning markets. LAMP showed similar or higher performance than conventional PCR in the detection and quantification of a
wide range of tdh™ V. parahaemolyticus levels in shellfish products. Whereas a positive effect of PickPen-IMS was not observed
in MPN determination, PickPen-IMS was able to concentrate tdh™ V. parahaemolyticus 32-fold on average from the Japanese
shellfish samples at an individual tube level, suggesting a possibility of using PickPen-IMS as an optional tool for specific
shellfish samples. The A-IS'-LAMP procedure can be used by any health authority in the world to measure the tdh™ V.

parahaemolyticus levels in shellfish products.

Vibrio parahaemolyticus, a marine bacterium native in
estuarine environmerits, is potentially pathogenic because
some strains carry the tdh gene encoding the thermostable
direct hemolysin and/or the #7h gene encoding thermostable
direct hemolysin~related hemolysin, which are considered
important pathogenicity markers (13, 21). The incidence of
V. parahaemolyticus infection has increased worldwide
since 1996, and this is attributed to the emergence and
pandemic spread of a new O3:K6 clone (16, 25). Pathogenic
strains can cause gastroenteritis in humans through
consumption of contaminated seafood, especially filter-
feeding molluscan shellfish, because they concentrate
microorganisms from the environment in their digestive
‘tracts (26). This has resulted in efforts to develop
methodologies to measure and manage pathogenic V.
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parahaemolyticus levels in shellfish products (7). Never-
theless, due to the low densities of pathogenic V.
parahaemolyticus, which typically accounts for less than
1% of the total V. parahaemolyticus population in the
environment (5, 29, 31), the enumeration of pathogenic V.
parahaemolyticus remains challenging. Today, it is gener-
ally accepted that there are very limited cases in which
pathogenic V. parahaemolyticus can successfully be
enumerated by directly analyzing shellfish homogenates;
therefore, enrichment is necessary. Consequently, various
molecular methods for the detection of total and pathogenic
V. parahaemolyticus have been applied in a most-probable-
number (MPN) format (2, 15, 7). One such MPN-based
procedure described by Hara-Kudo et al. (9) used
conventional PCR in conjunction with a three-step enrich-
ment procedure. This MPN-PCR procedure was later
applied in a field setting, the bloody clam risk assessment
in Hat Yai, southern Thailand, in which total and pathogenic
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