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A Recombinant 47-kDa Outer Membrane Protein Induces an Immune Response against
Orientia tsutsugamushi Strain Boryong
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Abstract. Weinvestigated the 47-kDa outer membrane protein (OMP), which is a periplasmic serine protease and an
antigenic major surface protein of Orientia tsutsugamushi, as a vaccine candidate. We developed a conventional
subunit vaccine expressing recombinant 47-kDa OMP (rec47) and a DNA vaccine (p47). In mouse immunization
experiments, intranasal immunization with rec47 alone or with rec47 plus heat-labile enterotoxin B subunit from
Escherichia coli or plus cholera toxin (CT) as adjuvants induced a higher amount of rec47-specific antibodies than
intramuscular immunization with p47 alone or with p47 plus pBOOST2-samIRF7/3 (pB) as adjuvant. Moreover, the
combination of rec47 and CT induced a strong cellularimmune response to 47-kDa OMP, as demonstrated by a spleen
cell proliferation assay, and also induced Th1- and Th2-type cytokine production, as demonstrated by a cytokine
enzyme-linked immunosorbent assay. Intranasal immunization with rec47 plus CT was the most effective method for
the induction of humoral and cell-mediated immune responses. Furthermore, relatively strong protection against
homologous O. tsutsugamushi strain Boryong challenge was observed in mice immunized with rec47 plus CT.
Therefore, 47-kDa OMP is an attractive candidate for developing a prophylactic vaccine against scrub typhus by

O. tsutsugamushi infection.

INTRODUCTION

Scrub typhus is an acute zoonotic disease caused by in-
fection with the bacterium Orientia tsutsugamushi. The dis-
ease is transmitted by trombiculid mites (chiggers), and is
characterized by fever, rash, eschar, pneumonitis, myocar-
ditis, and disseminated intravascular coagulation.“2 Scrub
typhus is a critical public health concern in tropical areas
in Asian countries, and it has been estimated that 1 billion
people are at risk of infection, and 1 million cases are
reported annually in the Asian-Pacific region.3 Crientia
tsutsugamushi strains are antigenically diverse and divided
into several serotypes.* The endemic isolate most frequently
found in Korea is the Boryong strain.® In Korea, the disease
incidence has increased due to environmental changes and
increased outdoor activity leading to frequent exposure to
chigger mites.®

Although scrub typhus can be treated with antibiotics such
as doxycycline, tetracycline, and azithromycin, reinfection
occurs frequently because of poor cross-reactive immunity
and the short duration of protective immunity.” Therefore,
continuous efforts have been invested in the development of
an effective prophylactic vaccine.®~'* In addition, vaccination
would overcome difficulties in early clinical diagnosis and high
mortality, and could limit the potential for developing antibiotic
resistance.’'® Several recombinant proteins have been
tested for protection against homologous and/or heterolo-
gous strains in mice and nonhuman primates.* 1922 However,
no vaccine is available to date.

In the present study, we studied the feasibility of the
47-kDa outer membrane protein (OMP), a major OMP of
O. tsutsugamushi, as a target for an effective vaccine. The
protein belongs to the high-temperature requirement A (HtrA)
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family of serine proteases. The 47-kDa OMP is highly conserved
in 25 highly disparate strains of O. tsutsugamushi,?® and con-
tains both scrub typhus group-conserved and strain-specific
B-cell epitopes.?*2° Because of its cross-reactive epitopes, it is
a good vaccine candidate for broad protection against Orientia
infection. In this study, we used intranasal and intramuscu-
lar immunization with recombinant 47-kDa OMP (rec47) and
47-kDa OMP-expressing DNA (p47) in mice. Immunization ef-
ficacy including humoral and cellularimmune responses, as well
as protection against a homologous challenge, were assessed.

MATERIALS AND METHODS

Ethics statement. All animal care and experimental pro-
cedure conformed to the Korea National Institutes of Health
(KNIH) guidelines (KNIH publication no. 11-1352173-000133-
01, 2013) in accordance with National Guideline for the Care
and Use of Laboratory Animals; the animal protocol used in
the present study was reviewed and approved by the In-
stitutional Animal Care and Use Committee of Korea Centers
for Disease Control and Prevention (approval number:
KCDC-040-14-2A).

Bacterial strains and generation of recombinant plasmids.
The pathogenic O. tsutsugamushi Boryong strain, an endemic
isolate from Korea, was used in this study. The pathogen was
propagated in L929 cells (ATCC CLC-1) as described pre-
viously.?® The infected cells were incubated at 34°C in 5%
CO.. At 3—-4 days postinfection, infectivity was determined using
an indirect immunofluorescence assay. Genomic DNA was
extracted using the QlAamp genomic DNA kit (QIAGEN, Hilden,
Germany). Escherichia coli TOP10 and BL21 DE3 strains (Invi-
trogen, Carlsbad, CA) were used for cloning and prokaryotic
expression, respectively.

The primers OTBS1837-31-F (5'-GTGGATCCATGGTAT
TACCTCAACAAAAATC-3') and OTBS1837-466-R (5'-GTC
TCGAGTTACTTATTAATATTAGGTAAAGC-3’) were used for
amplification of a truncated form (amino acids 31-466)
of the 47-kDa OMP gene (GenBank accession number
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NC_009488.1). The polymerase chain reaction product was
digested with BamHI and Xhol, and cloned into the bacterial
expression vector pRSET A (Invitrogen). The plasmid con-
taining recombinant 47-kDa OMP (rec47) was transformed
into E. coli BL21 (DE3) for overexpression. The bacterial
culture conditions and the procedures for detection and
purification of rec47 were as described previously.?’

The nucleotides for the 47-kDa OMP DNA vaccine were
synthesized with codon optimization for mammalian expres-
sion (Bioneer, Daejeon, Korea). The synthetic nucleotides
were cloned into pVAX1 (Invitrogen) to generate the recombi-
nant plasmid for mammalian expression p47. Protein expres-
sion was confirmed by transient expression of p47 in BHK-21
cells, using Lipofectamine 2000 Reagent (Invitrogen) according
to the manufacturer’s instructions.

Immunization and challenge of mice. Ninety-one 6-week-
old female BALB/c mice (Charles River Laboratories, MA)
were randomly divided into seven groups of 13 mice and
used for immunization. In protein administration groups, mice
were immunized intranasally with 10 ug of rec47 with or without
10 pg of heat-labile enterotoxin B subunit (LTB; Sigma Aldrich
Co., Saint Louis, MO) from E. coli or 10 pg of cholera toxin
(CT; List Biological Laboratories Inc., CA, USA) adjuvants. In
DNA administration groups, mice were intramuscularly in-
jected with 100 ug of p47 plasmid with or without 100 ug
pBOOST2-samIRF7/3 (pB; InvivoGen, San Diego, CA). All
immunizations were performed three times with 2-week in-
tervals. At day 10 after each immunization, blood was col-
lected from the mice by tail bleeding. Blood sera were
recovered by centrifugation and stored at —20°C until further
use. At day 10 after the third immunization, three mice of
each group were euthanized and spleens were isolated for
cell proliferation analysis.

For the protection study, 10 immunized mice of each group
were challenged by intraperitoneal injection of 100 times the
median lethal dose of the homologous O. tsutsugamushi
Boryong strain (4.3 x 10* colony-forming units) at 6 weeks
after the third immunization. Mortalities were monitored daily
for 2 weeks, and mice showing severe distress were eutha-
nized for ethical reasons.

Production of 47-kDa OMP-specific antibodies. 47-kDa
OMP-specific immunoglobulins in the sera were titrated by
indirect enzyme-linked immunosorbent assay (ELISA). Rec47
was used as an antigen, and the procedures were as de-
scribed previously.?®

Determination of cytokine levels in serum. A multiplex
assay to measure the serum levels of cytokines includ-
ing interferon gamma (IFN-y), interleukin (IL)-2, IL-4, IL-5,
IL-6, IL-10, and IL-12 (p70) in immunized mice was per-
formed with the Luminex 200 System (Merck Millipore,
Darmstadt, Germany) according to the manufacturer’s
instructions.

Determination of cytokine release in spleen cells. For the
measurement of cytokines including IFN-y, tumor necrosis
factor (TNF)-a, IL-2, IL-5, IL-6, and IL-10 released from the
immune cells, spleen cells of immunized mice were isolated
and seeded onto six-well plates (1 x 107 cells/well). For
restimulation, rec47 was added to each well (10 pg/mL), and
the plate was incubated at 37°C in 5% CO, for 24 hours.
Cytokines were measured using the Duoset ELISA Develop-
ment kit (R&D Systems Inc., Minneapolis, MN) according to
the manufacturer’s instructions.

Spleen cell proliferation assay. For the measurement of
the cell-mediated immune response specific to 47-kDa OMP,
a cell proliferation assay was performed in vitro. Spleen cells
from the spleen of immunized mice were isolated and seeded
onto 96-well plates (1 x 108 cells/well). For restimulation, rec47
(1 pg/mL) was added to each well, and the plate was incubated
at 37°C in 5% CO, for 72 hours. Cell proliferation was
assessed at 24, 48, and 72 hours using the EZ-CYTOX assay
kit (Daeil Laboratory Service, Seoul, Korea) according to the
manufacturer’s instructions.

Statistical analysis. All assays were repeated at least three
times. The data are expressed as the mean + standard de-
viation. The statistical significance of differences between
multiple groups was determined by one-way analysis of vari-
ance. Student’s two-tailed t test was used to compare the
means of the experimental and control groups. P values of
< 0.05 or < 0.01 were considered significant.

RESULTS

Production of the rec47 and p47 vaccines. The rec47
subunit vaccine with an N-terminal 6-histidine tag was pro-
duced as an insoluble protein expressed in E. coli BL21
(Supplemental Figure 1A). The expression yield of rec47 was
approximately 30% of total cellular protein (data not shown).
To evaluate antigenic reactivity, purified rec47 was sub-
jected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Supplemental Figure 1B) and
western blotting (Supplemental Figure 1C). The rec47 was
clearly detected using serum from a scrub typhus patient
showing IgG titer > 1:2,048.

The sequence of the codon-optimized DNA vaccine was
confirmed by sequencing, and inserted into pVAX1 to generate
p47, which contained an IL-2 signal peptide and a 6-histidine
tag for secretion and detection, respectively (Supplemental
Figure 2A). Expression of the recombinant protein was detected
in BHK-21 cell lysates within 2 days after transfection (Sup-
plemental Figure 2B).

Humoral immune responses in mice. The schedule for
immunization, bleeding, and specimen collection is presented
in Supplemental Figure 3. The titers of the anti-47-kDa OMP
antibody were measured by indirect ELISA. The serum IgG
levels in all experimental groups significantly increased after
the second immunization (day 24), compared with the nega-
tive controls, PBS and pVAX1 control groups (P < 0.01), with
high variation between the groups. The levels of IgG further
increased after the third immunization (day 38). All rec47-
immunized groups, with or without adjuvant, showed higher
IgG titers than the p47-immunized groups (Figure 1A), with
rec47 plus CT displaying the highest titer at day 38. IgG sub-
class analysis revealed that IgG1 and IgG2a significantly
increased in all experimental groups after the second immu-
nization, and further increased after the third immunization
(P <0.01). 1gG1 and IgG2a titers were present relatively highly
in total IgG in the p47-immunized groups, as demonstrated by
the results in Figure 1A-C. Immunization with rec47 induced
significantly higher levels of IgA than immunization with p47
(Figure 1D) at day 38.

Cellular immune responses in mice. Spleen cells
obtained from the immunized mice were restimulated for 24,
48, and 72 hours with rec47, and cell proliferation was recor-
ded (Figure 2). The fraction of viable cells was higher for the
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Ficure 1. Humoral immune response upon the different treatments, as measured in sera from immunized mice. 47-kDa outer membrane
protein—specific immunoglobulins including total (A) IgG, (B) IgG1, (C) IgG2a, and (D) IgA were measured by indirect enzyme-linked immunosorbent
assay after every immunization. Statistically significant differences between the PBS control group and each recombinant protein immunization
group are indicated with * (P < 0.05) or ** (P < 0.01). Statistically significant differences between the pVAX1 control group and each DNA vaccination
group are indicated with T (P < 0.05) or 1 (P < 0.01).
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Ficure 2. Spleen cell proliferation assay to measure cell-mediated immunization. The isolated spleen cells were restimulated with 1 ug
of rec47. Cell viability was measured as the percentage of viable cells at 24, 48, and 72 hours after restimulation. Statistically significant dif-
ferences between the PBS control group and each recombinant protein immunization group are indicated with * (P < 0.05) or ** (P < 0.01).
Statistically significant differences between the pVAX1 control group and each DNA vaccination group are indicated with T (P < 0.05) or

+1 (P < 0.01).
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p47-immunized groups than for the rec47-immunized
groups after a 24-hour stimulation. All immunized groups
showed significantly higher levels of cell proliferation than
the control groups after a 48-hour stimulation (P < 0.01).
The highest viability was observed for cells from mice im-
munized with rec47 plus CT at 48 and 72 hours after
restimulation.

Cytokine levels in serum. Th1- and Th2-type cytokine
levels in mice sera were measured after the third immuni-
zation. An increase in both Th1- and Th2-type cytokines
was observed in the groups immunized with rec47 com-
pared with the control group, especially for rec47 in com-
bination with LTB or CT adjuvant (Figure 3). Significantly
higher levels of IFN-y, IL-2, and IL-12 (p70) were observed
for the rec47 plus CT group. Cytokine levels in the sera from
mice immunized with p47 or with p47 plus pB were much lower
and not significantly different from the control group.

Cytokine secretion from splenocytes. We measured
the secretion of Th1-type cytokines including IFN-y, TNF-q,
and IL-2, and Th2-type cytokines including IL-6, IL-5, and
IL-10, by spleen cells from immunized mice (Figure 4). The
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Th1-type cytokine level in all protein vaccination groups
except rec47 plus CT was equal to or lower than that in the
control group. In contrast, all the p47-immunized groups,
with or without adjuvant, showed significantly higher levels
of Th1-type cytokines than the control group (P < 0.01). In-
terestingly, although the IFN-y level in the group immunized
with rec47 plus CT was lower than that in the DNA-
immunized groups, IL-2, IL-5, and IL-10 levels in the group
immunized with rec47 plus CT were significantly higher (P <
0.01) than in other groups, with the most remarkable dif-
ference noted for IL-2. Although it belongs to the Th2-type
cytokines, IL-6 showed an induction pattern similar to that of
the Th1-type cytokines IFN-y and TNF-a. While the rec47
adjuvants had a positive effect on the cytokine secretion,
the DNA adjuvant pB showed a positive effect on IFN-y,
TNF-a, IL-6, and IL-10, whereas it negatively affected IL-2
and IL-5 secretion.

Protective immunity conferred by 47-kDa OMP in mice.
The mice showed clinical symptoms of shiver, piloerection,
loss of body weight, and decease in activity at day 7-9 after
challenge, and the most cases of death were observed
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Ficure 3. Cytokine release in immunized mice sera. After the third immunization, the concentration of distinct Th1- and Th2-type cytokines in
mouse serum was measured by using a multiplex assay. (A) interferon gamma (IFN-y), (B) interleukin (IL)-2, (C) IL-4, (D) IL-5, (E) IL-6, (F) IL-10, and
(G) IL-12 (p70). Statistically significant differences between the PBS control group and each recombinant protein immunization group are indicated
with * (P < 0.05) or ** (P < 0.01). Statistically significant differences between the pVAX1 control group and each DNA vaccination group are indicated

with T (P < 0.05) or 11 (P < 0.01).
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Ficure 4. Cytokine release from spleen cells isolated from immunized mice. The isolated spleen cells were restimulated with 1 pg of rec47.
Cytokines were measured at 24 hours after restimulation using an enzyme-linked immunosorbent assay. (A) interferon gamma (IFN-y), (B) tumor
necrosis factor (TNF)-a, (C) interleukin (IL)-2, (D) IL-5, (E) IL-6, and (F) IL-10. Statistically significant differences between the PBS control group and
each recombinant protein immunization group are indicated with * (P < 0.05) or ** (P < 0.01). Statistically significant differences between the pVAX1
control group and each DNA vaccination group are indicated with 1 (P < 0.05) or t1 (P < 0.01).

at day 9-12. After day 15, the survived mice were com-
pletely recovered or any defect or abnormal feature was
not observed. The highest protection against homologous
challenge with O. tsutsugamushi strain Boryong was
achieved in the rec47 plus CT-immunized mice with a
survival rate of 80% 15 days after challenge (P < 0.05),
followed by the mice immunized with p47 alone (40%
survival; P < 0.05) and rec47 alone (10% survival; P > 0.05)
(Figure 5). Mice immunized with rec47 plus LTB or p47 plus
pB, and control mice (PBS or pVAX1), did not survive.

DISCUSSION

To date, research efforts to develop a scrub typhus vaccine
have been focused on the elucidation of immunogenic

antigens and their roles in inducing both humoral and cellular
immunity in response to O. tsutsugamushi infection. In this
study, we investigated the feasibility of the 47-kDa OMP as a
vaccine candidate.

The 47-kDa OMP contains a region that exhibits a high
sequence homology with human serine protease HtrA1, thus
it was suggested that multiple immunizations of p47 may
induce autoimmune responses.2® However, previous studies
showed that immunization with 47-kDa OMP derivatives
elicited a strong immune response: Balb/c mice immunized
with recombinant 47-kDa OMP or a 40-kDa fragment
showed increased spleen cell proliferation and 1gG pro-
duction.?® A DNA vaccine based on the O. tsutsugamushi
Karp strain 47-kDa protein gene effectively protected
CD-1 outbred mice against homologous challenge.®® In a
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Ficure 5.  Evaluation of the protection against homologous challenge in immunized mice. Orientia tsutsugamushi strain Boryong was injected
intraperitoneally into mice immunized with rec47 alone or rec47 plus LTB/CT and into mice immunized with p47 alone or p47 and pB, and their
respective control treatments. The mortality was monitored daily for 2 weeks. The survival rate was calculated as the ratio of the number of living
mice to the total number of challenged mice in a group. Statistically significant differences between the PBS control group and each recombinant
protein immunization group are indicated with * (P < 0.05). Statistically significant differences between the pVAX1 control group and each DNA

vaccination group are indicated with T (P < 0.05).

nonhuman primates model using 47-kDa OMP of Karp strain,
a DNA plasmid vaccine (pKarp47) showed induction of sterile
immunity against high-dose homologous intradermal chal-
lenge of O. tsutsugamushi; however, a virus-vectored vaccine
(Kp47-VRP) itself was not effective for protection and elimi-
nation of bacteremia.'

We used the N-terminal truncated rec47 based on the
O. tsutsugamushi Boryong strain 47-kDa protein without any
carrier as an antigen to induce mucosal as well as systemic
immunity. Intranasal injection was selected for optimal ad-
ministration of rec47 based on previous (unpublished, by Hyuk
Chu) findings. LTB and CT were used as mucosal adjuvants,
because they are known to enhance mucosal immune re-
sponses that had been proven a problem to be solved for
intranasally administered vaccinations.32-36

Immunization with rec47 alone or with rec47 plus LTB or CT
induced higher humoral immunoglobulin production than
DNA immunization with p47 or with p47 plus pB at days 24 and
38. However, the spleen cell proliferation assay revealed no
significant difference in cell viability after restimulation be-
tween groups immunized with rec47 and groups immunized
with p47, except forrec47 plus CT. These results indicate that,
although the protein vaccine induced a stronger humoral re-
sponse, it did not provide more effective protection against
homologous infection, unless it was used in combination
with CT.

The addition of LTB or CT significantly increased rec47-
specific IgG and IgA production upon the second immuni-
zation. In particular, CT had the largest effect on the humoral
immune response to rec47. Moreover, rec47 plus CT in-
duced the strongest Thi1-type immune response upon
restimulation in mice and spleen cells. In addition, rec47
with CT immunization induced high levels of Th2-type cy-
tokines associated with the humoral immune response in
mice and spleen cells. Therefore, rec47 plus CT was the
most effective in inducing humoral as well as cellular im-
mune response.

The 47-kDa OMP DNA vaccine that we used in this study
was codon optimized for expression in mice. We assessed
the additional effect of the pBOOST2-samIRF7/3 plasmid,
which has been developed as a genetic adjuvant for DNA
vaccines to potentiate the immune response to a specific
antigen. This plasmid encodes a chimeric protein from the
interferon regulatory factor family, which can enhance both
the Th1and Th2 responsesin T cells, leading to the activation
of cytotoxic T cells and/or the production of antibodies.3”%8
In our study, this adjuvant showed no significant positive
effect on antibody production and spleen cell proliferation.
However, cytokine secretion patterns in splenocytes from
mice immunized with p47 alone or with p47 plus pB differed
after restimulation; while IL-2 and IL-5 levels were reduced,
IL-6 and IL-10 production were stimulated by addition of the
adjuvant.

Evaluation of the immunological protection against
homologous challenge by the vaccines showed that im-
munization with rec47 plus CT elicited the strongest
protection against scrub typhus compared with other im-
munization methods. Cellular immune responses to rick-
ettsial infections have been shown to coincide with the
development of protection from secondary infection in
mice, and the resistance was associated with an increase
in lymphocyte proliferation.®® In our study, high survival
rates upon immunization with rec47 plus CT were associ-
ated with highIFN-yandIL-2 levels. IFN-yand IL-2 are both
produced by CD4* T (Th1-type) cells, and IFN-y has been
shown to inhibit rickettsial growth in vitro and is believed to
play an important role in resistance to rickettsial infection
in vivo.*40~*3 Several previous reports have suggested
that protective immunity to scrub typhus is based on the
development of cell-mediated rather than humoral immu-
nity,** which has been demonstrated by the induction of
resistance by alloserum containing immune T cells,*® by
the development of delayed-type hypersensitivity (DTH),*®
and by in vitro cytokine secretion by T cells in response to
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O. tsutsugamushi antigens.?>*24347 Th1 cells were
shown to be responsible for the DTH response, which
correlated with resistance to lethal-dose challenge with
O. tsutsugamushi in mice.®**® However, other studies
have suggested that the humoral immune response plays
a prominent role in protective immunity by inhibiting the
attachment and/or penetration of the pathogen,*® and the
group- and strain-specific epitopes of the 47-kDa OMP
were recognized by mouse T cells in a previous study.?® In
this study, we did not find a clear correlation between the
antibody titers and protection, and we observed discor-
dance between cell-mediated immunity and protection.

The survival rate of mice immunized with the DNA vaccine
p47 was significantly lower than that of mice treated with
rec47 plus CT. However, DNA vaccines have many advan-
tages over conventional vaccines such as the induction of a
strong cell-mediated immune response, the elimination of
safety concerns associated with live vaccine organisms, the
ease of development, and their high productivity, stability, and
economic feasibility.*®®! The feasibility of p47 as a DNA
vaccine may be significantly improved by several approaches,
including enhancement of the expression and secretion of the
encoded protein, co-immunization with appropriate adju-
vants, cloning the gene into dendritic cell-attracting vectors to
enhance 47-kDa OMP presentation, and using liposomes for a
more efficient delivery system.?2 Immunization with p47 plus
pB induced a similar level of antibody production and cell
proliferation as immunization with p47 alone, and induced a
higherlevel of INF-y and TNF-a. However, the survival rate upon
homologous challenge was 0%, which was lower than that of
immunization with p47 alone. Therefore, pB had a limited ad-
juvant effect and even inhibited the protection effect of p47
against O. tsutsugamushi infection.

In conclusion, we showed that the recombinant 47-kDa
OMP subunit vaccine and the 47-kDa OMP-expressing DNA
vaccine induced cell-mediated immune responses and anti-
body production specific to 47-kDa OMP. Relatively strong
protection against homologous challenge was observed in
mice immunized with rec47 plus CT. Therefore, 47-kDa OMP
is an attractive candidate for developing a prophylactic vac-
cine against scrub typhus by O. tsutsugamushi infection. Al-
though the 47-kDa OMP alone may have a low efficacy in
inducing heterologous protection, a multisubunit or multiva-
lent vaccination, combined with other effective adjuvant(s),
may be a promising approach to create full protection against
scrub typhus by O. tsutsugamushi infection.

Received October 22, 2015. Accepted for publication December
4,2016.

Published online June 5, 2017.
Note: Supplemental figures appear at www.ajtmh.org.

Financial support: This work was supported by a research grant
(2013-NG52001-00) of the Korea Centers for Disease Control and
Prevention.

Authors’ addresses: Sangho Choi, Hang Jin Jeong, Kyu-Jam
Hwang, Byoungchul Gill, Young Ran Ju, Yeong Seon Lee, and
Jeongmin Lee, Division of Zoonoses, Centers for Immunology and
Pathology, National Institute of Health, Korea Centers for Disease
Control and Prevention, Cheongju, Korea, E-mails: agas83@han-
mail.net, haeng80@hanmail.net, kyuhwang@nih.go.kr, gilri@korea.
kr, juyran@korea.kr, ysleeO7@nih.go.kr, and jeongminlee@korea.kr.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

REFERENCES

1. Chattopadhyay S, Richards AL, 2007. Scrub typhus vaccines:
past history and recent developments. Hum Vaccin 3: 73-80.

2. Seong SY, Choi MS, Kim IS, 2001. Orientia tsutsugamushi in-
fection: overview and immune responses. Microbes Infect 3:
11-21.

3. Watt G, Parola P, 2003. Scrub typhus and tropical rickettsioses.
Curr Opin Infect Dis 16: 429-436.

4. YuY, Wen B, Wen B, Niu D, Chen M, Qiu L, 2005. Induction of
protective immunity against scrub typhus with a 56-kilodalton
recombinant antigen fused with a 47-kilodalton antigen of
Orientia tsutsugamushi Karp. Am J Trop Med Hyg 72:
458-464.

5. Chang WH, Kang JS, Lee WK, Choi MS, Lee JH, 1990. Sero-
logical classification by monoclonal antibodies of Rickettsia
tsutsugamushi isolated in Korea. J Clin Microbiol 28:
685-688.

6. Kim S, Kim JS, Lee H, 2010. Epidemiological characteristics of
scrub typhusin Korea, 2009. Osong Public Health Res Perspect
1: 55-60.

7. HaNY, KimY, Choi JH, Choi MS, Kim IS, Kim YS, Cho NH, 2012.
Detection of antibodies against Orientia tsutsugamushi Sca
proteins in scrub typhus patients and genetic variation of
sca genes of different strains. Clin Vaccine Immunol 19:
1442-1451.

8. Buckland FE, Maccallum FO, Dudgeon A, Niven JSF, Edward
DGF, Rowlands IW, Henderson-Begg A, Van Den Ende M,
Bargmann HE, Curtis EE, Shepherd MA, 1945. Scrubtyphus
vaccine; large-scale production. Lancet 246: 734-737.

9. Berge TO, Gauld RL, Kitaoka M, 1949. A field trial of a vaccine
prepared from the Volner strain of Rickettsia tsutsugamushi. Am
J Hyg 50: 337-342.

10. Bailey CA, Diercks FH, Proffitt JE, 1948. Preparation of a sero-
logical antigen and a vaccine for experimental tsutsugamushi
disease. J Immunol 60: 431-441.

11. RightsFL, Smadel JE, 1948. Studies on scrib typhus; tsutsugamushi
disease; heterogenicity of strains of R. tsutsugamushi as
demonstrated by cross-vaccination studies. J Exp Med 87:
339-351.

12. ChoiY, KimKS, KimTY, Cheong HS, Ahn BY, 2006. Long-term
egg-yolk adaptation of the Orientia tsutsugamushi for
preparation of a formalinized immunogen. Vaccine 24:
1438-1445.

13. Eisenberg GH Jr, Osterman JV, 1978. Gamma-irradiated scrub
typhus immunogens: development and duration of immunity.
Infect Immun 22: 80-86.

14. Eisenberg GH Jr, Osterman JV, 1979. Gamma-irradiated scrub
typhus immunogens: broad-spectrum immunity with combi-
nations of rickettsial strains. Infect Immun 26: 131-136.

15. Koh GC, Maude RJ, Paris DH, Newton PN, Blacksell SD,
2010. Diagnosis of scrub typhus. Am J Trop Med Hyg 82:
368-370.

16. Watt G, Chouriyagune C, Ruangweerayud R, Watcharapichat P,
Phulsuksombati D, Jongsakul K, Teja-Isavadharm P, Bhodhidatta
D, Corcoran KD, Dasch GA, Strickman D, 1996. Scrub typhus
infections poorly responsive to antibiotics in northern Thailand.
Lancet 348: 86-89.

17. Rosenberg R, 1997. Drug-resistant scrub typhus: paradigm and
paradox. Parasitol Today 13: 131-132.

18. Panpanich R, Garner P, 2002. Antibiotics for treating scrub ty-
phus. Cochrane Database Syst Rev CD002150.

19. Seong SY, Huh MS, Jang WJ, Park SG, Kim JG, Woo SG, Choi
MS, Kim IS, Chang WH, 1997. Induction of homologous im-
mune response to Rickettsia tsutsugamushi Boryong with a
partial 56-kilodalton recombinant antigen fused with the
maltose-binding protein MBP-Bor56. Infect Immun 65:
1541-1545.


http://www.ajtmh.org
mailto:agas83@hanmail.net
mailto:agas83@hanmail.net
mailto:haeng80@hanmail.net
mailto:kyuhwang@nih.go.kr
mailto:gilri@korea.kr
mailto:gilri@korea.kr
mailto:juyran@korea.kr
mailto:yslee07@nih.go.kr
mailto:jeongminlee@korea.kr
http://creativecommons.org/licenses/by/4.0/

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

47-KDA OMP VACCINE CONFERS PROTECTIVE IMMUNITY 37

Seong SY, Kim HR, Huh MS, Park SG, Kang JS, Han TH, Choi
MS, Chang WH, Kim IS, 1997. Induction of neutralizing
antibody in mice by immunization with recombinant 56 kDa
protein of Orientia tsutsugamushi. Vaccine 15: 1741-1747.

Chattopadhyay S, Jiang J, Chan TC, Manetz TS, Chao CC, Ching
WM, Richards AL, 2005. Scrub typhus vaccine candidate Kp
r56 induces humoral and cellular immune responses in cyn-
omolgus monkeys. Infect Immun 73: 5039-5047.

Ni YS, Chan TC, Chao CC, Richards AL, Dasch GA, Ching WM,
2005. Protection against scrub typhus by a plasmid vaccine
encoding the 56-KD outer membrane protein antigen gene. Am
J Trop Med Hyg 73: 936-941.

ChenHW, Zhang Z, Huber E, Chao CC, Wang H, Dasch GA, Ching
WM, 2009. Identification of cross-reactive epitopes on the
conserved 47-kilodalton antigen of Orientia tsutsugamushi and
human serine protease. Infect Immun 77: 2311-2319.

Chen HW, Zhang Z, Huber E, Mutumanije E, Chao CC, Ching WM,
2011. Kinetics and magnitude of antibody responses against the
conserved 47-kilodalton antigen and the variable 56-kilodalton
antigen in scrub typhus patients. Clin Vaccine Immunol 18:
1021-1027.

Hickman CJ, Stover CK, Joseph SW, Oaks EV, 1993. Murine
T-cell response to native and recombinant protein antigens of
Rickettsia tsutsugamushi. Infect Immun 61: 1674-1681.

Park S, Hwang KJ, Chu H, Park SH, Shim SK, Choi YS, Kim JS,
Park MY, 2010. Inhibition of Orientia tsutsugamushi infection by
a truncated recombinant 56-kDa outer membrane protein. Lett
Appl Microbiol 50: 445-451.

Lee J, Woo HJ, 2010. Antigenicity of partial fragments of
recombinant Pasteurella multocida toxin. J Microbiol Bio-
technol 20: 1756-1763.

Choi S, Jeong HJ, Ju YR, Gill B, Hwang KJ, Lee J, 2014. Protective
immunity of 56-kDa type-specific antigen of Orientia tsutsugamushi
causing scrub typhus. J Microbiol Biotechnol 24: 1728-1735.

Niu D, Chen W, Zhang X, Chen M, Cui H, Wei W, Wen B, Chen X,
2003. Immunogenicity of a 40kDa fragment of the 47kDa
recombinant protein and DNA vaccine from Karp strain of Ori-
entia tsutsugamushi. Ann N'Y Acad Sci 990: 527-534.

Xu G, Chattopadhyay S, Jiang J, Chan TC, Chao CC, Ching WM,
Richards AL, 2005. Short- and long-term immune responses of
CD-1 outbred mice to the scrub typhus DNA vaccine candidate:
p47Kp. Ann N 'Y Acad Sci 1063: 266-269.

Paris DH, Chattopadhyay S, Jiang J, Nawtaisong P, Lee JS, Tan E,
Dela Cruz E, Burgos J, Abalos R, Blacksell SD, Lombardini E,
Turner GD, Day NP, Richards AL, 2015. A nonhuman primate
scrub typhus model: protective immune responses induced
by pKarp47 DNA vaccination in Cynomolgus macaques.
J Immunol 194:1702-1716.

Freytag LC, Clements JD, 2005. Mucosal adjuvants. Vaccine 23:
1804-1813.

Rezaee MA, Rezaee A, Moazzeni SM, Salmanian AH, Yasuda Y,
Tochikubo K, Pirayeh SN, Arzanlou M, 2005. Expression of
Escherichia coli heat-labile enterotoxin B subunit (LTB) in
Saccharomyces cerevisiae. J Microbiol 43: 354-360.

Sanchez J, Holmgren J, 2008. Cholera toxin structure, gene
regulation and pathophysiological and immunological aspects.
Cell Mol Life Sci 65: 1347-1360.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Nishibuchi M, Seidler RJ, 1983. Medium-dependent production
of extracellular enterotoxins by non-O-1 Vibrio cholerae,
Vibrio mimicus, and Vibrio fluvialis. Appl! Environ Microbiol 45:
228-231.

Spira WM, Fedorka-Cray PJ, 1984. Purification of enterotoxins
from Vibrio mimicus that appear to be identical to cholera toxin.
Infect Immun 45: 679-684.

Bramson JL, Dayball K, Hall JR, Millar JB, Miller M, Wan YH, LinR,
Hiscott J, 2003. Super-activated interferon-regulatory factors
can enhance plasmid immunization. Vaccine 21: 1363-1370.

Sasaki S, Amara RR, Yeow WS, Pitha PM, Robinson HL, 2002.
Regulation of DNA-raised immune responses by cotransfected
interferon regulatory factors. J Virol 76: 6652-6659.

Jerrells TR, Osterman JV, 1983. Development of specific and
cross-reactive lymphocyte proliferative responses during
chronic immunizing infections with Rickettsia tsutsugamushi.
Infect Immun 40: 147-156.

Hanson B, 1991. Susceptibility of Rickettsia tsutsugamushi Gil-
liam to gamma interferon in cultured mouse cells. Infect Immun
59: 4125-41383.

Kodama K, Kawamura S, Yasukawa M, Kobayashi Y, 1987. Es-
tablishment and characterization of a T-cell line specific for
Rickettsia tsutsugamushi. Infect Immun 55: 2490-2495.

Palmer BA, Hetrick FM, Jerrells TJ, 1984. Production of gamma
interferon in mice immune to Rickettsia tsutsugamushi. Infect
Immun 43: 59-65.

Palmer BA, Hetrick FM, Jerrells TR, 1984. Gamma interferon pro-
duction in response to homologous and heterologous strain an-
tigens in mice chronically infected with Rickettsia tsutsugamushi.
Infect Immun 46: 237-244.

Jerrells TR, Palmer BA, Osterman JV, 1983. Gamma-irradiated
scrub typhus immunogens: development of cell-mediated im-
munity after vaccination of inbred mice. Infect Immun 39:
262-269.

Kobayashi Y, Kawamura S, Oyama T, 1985. Immunological
studies of experimental tsutsugamushi disease in congenitally
athymic (nude) mice. Am J Trop Med Hyg 34: 568-577.

Jerrells TR, Osterman JV, 1982. Host defenses in experimental
scrub typhus: delayed-type hypersensitivity responses of in-
bred mice. Infect Immun 35: 117-123.

Kodama K, Yasukawa M, Kobayashi Y, 1988. Effect of rickettsial
antigen-specific T cell line on the interaction of Rickettsia
tsutsugamushi with macrophages. Microbiol Immunol 32:
435-439.

Hanson BA, 1983. Effect of immune serum on infectivity of Rick-
ettsia tsutsugamushi. Infect Immun 42: 341-349.

Ada G, Ramshaw [, 2003. DNA vaccination. Expert Opin Emerg
Drugs 8: 27-35.

Nagata T, Aoshi T, Uchijima M, Suzuki M, Koide Y, 2004. Cyto-
toxic T-lymphocyte-, and helper T-lymphocyte-oriented DNA
vaccination. DNA Cell Biol 23: 93-106.

Putnak R, Fuller J, VanderZanden L, Innis BL, Vaughn DW, 2003.
Vaccination of rhesus macaques against dengue-2 virus with a
plasmid DNA vaccine encoding the viral pre-membrane and
envelope genes. Am J Trop Med Hyg 68: 469-476.





