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Abstract

Scrub typhus is an important endemic disease of the Asia-Pacific region caused by Orientia tsutsugamushi. To develop an
effective vaccine to prevent scrub typhus infection, a better understanding of the initial host-pathogen interaction is
needed. The objective of this study was to investigate early bacterial dissemination in a CD-1 Swiss outbred mouse model
after intradermal injection of O. tsutsugamushi. Three human pathogenic strains of O. tsutsugamushi (Karp, Gilliam, and
Woods) were chosen to investigate the early infection characteristics associated with bacterial virulence. Tissue biopsies of
the intradermal injection site and draining lymph nodes were examined using histology and immunohistochemistry to
characterize bacterial dissemination, and correlated with quantitative real-time PCR for O. tsutsugamushi in blood and tissue
from major organs. Soluble adhesion molecules were measured to examine cellular activation in response to infection. No
eschar formation was seen at the inoculation site and no clinical disease developed within the 7 day period of observation.
However, O. tsutsugamushi was localized at the injection site and in the draining lymph nodes by day 7 post inoculation.
Evidence of leukocyte and endothelial activation was present by day 7 with significantly raised levels of sL-selectin, sICAM-1
and sVCAM-1. Infection with the Karp strain was associated with earlier and higher bacterial loads and more extensive
dissemination in various tissues than the less pathogenic Gilliam and Woods strains. The bacterial loads of O. tsutsugamushi
were highest in the lungs and spleens of mice inoculated with Karp and Gilliam, but not Woods strains. Strains of higher
virulence resulted in more rapid systemic infection and dissemination in this model. The CD-1 mouse intradermal
inoculation model demonstrates features relevant to early scrub typhus infection in humans, including the development of
regional lymphadenopathy, leukocyte activation and distant organ dissemination after low-dose intradermal injection with
O. tsutsugamushi.
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Introduction

Scrub typhus is an acute febrile disease caused by Orientia

tsutsugamushi, a Gram-negative intracellular bacterium transmitted

by larval trombiculid mites known as chiggers, which serve as both

disease vectors and reservoirs for maintenance of O. tsutsugamushi in

nature [1]. Scrub typhus is endemic in the Asian-Pacific region,

where up to 28% of diagnosed febrile illnesses among hospitalized

patients are due to scrub typhus, and case fatality rates can rise to

50% in untreated patients [2,3,4,5,6]. The features of O.

tsutsugamushi strain virulence are understudied, and to completely

understand host immune response, immunopathophysiology of

severe disease and disparate virulence of various strains of O.

tsutsugamushi a better animal model is required.

Various murine models of scrub typhus infection have been

developed, and the CD-1 outbred Swiss mouse model is widely

used to study host immune response and vaccine development

[7,8]. Outbred mice demonstrate broader and more heteroge-

neous immune responses that more accurately reflect the natural

and vaccine induced immune responses as well as the associated

immunopathophysiology in the human host [8,9].

Intraperitoneal (IP) and intravenous (IV) injections are com-

monly used as routes of infection for O. tsutsugamushi in laboratory

animals. However, they are not the natural route by which

vertebrate hosts acquire O. tsutsugamushi infection in nature. Mice

injected IP with O. tsutsugamushi, often in relatively high doses,

demonstrate confined infection within the peritoneal cavity where

O. tsutsugamushi continuously replicated, with macrophages playing
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a crucial role in controlling the bacterial burden [10,11].

Additionally, splenomegaly and hepatic granulomas were observed

despite the absence of O. tsutsugamushi in spleen and liver [12].

Conversely, in cynomolgus primates and humans, early dissem-

ination of O. tsutsugamushi via hematogeneous and/or lymphatic

system was accompanied by regional lymphadenopathy and

subsequent systemic dissemination and onset of clinical manifesta-

tions [13,14,15].

In humans, intradermal (ID) inoculation of O. tsutsugamushi via

chigger bites results in the formation of a localized pathological

skin reaction termed an eschar in 7–97% of clinical cases and can

be associated with local lymphadenopathy [15,16,17]. The degree

to which the obligate intracellular O. tsutsugamushi infects cells and

divides at the bite site, as opposed to taking a route of rapid

dissemination to cause rapid systemic infection, remains unknown.

In order to mimic the natural course of infection via a chigger

bite, we opted for a scrub typhus mouse model based on ID

injection of O. tsutsugamushi at the dorsum of the external ear. The

infectious ID dose from a chigger in nature is unknown, and the

currently available murine ID50/LD50 doses are based on IP

mouse data [7]. We therefore used 103 MuID50 for ID inoculation

as a standard dose used in scrub typhus vaccine studies [18]. The

strains included in this study cause 90–100% (Karp), 50–60%

(Gilliam) and 0% (Woods) mortality rate in CD-1 Swiss mice

following IP inoculation [7]. The objective of this study was to

investigate the early clinical features, lymph node involvement,

and dissemination dynamics of these different O. tsutsugamushi

strains of varying virulence.

Materials and Methods

Mice
Female CD-1 Swiss outbred mice from Charles River Labora-

tories, Inc (Wilmington, MA, USA) at 6–8 weeks of age were used

for these studies. Mice were kept in animal biosafety level (ABSL)-

2 laboratories prior to inoculation. Two days before inoculation,

the mice were moved to an ABSL-3 laboratory to adapt to their

new surroundings. The mice were then intradermally inoculated

with 103 MuID50 of one of three strains of O. tsutsugamushi Karp

(Papua New Guinea), Gilliam (Burma) and Woods (Australia) into

the dorsum of the right ear [7]. A liver and spleen homogenate of

uninfected CD-1 Swiss mice was used as mock inoculum to inject

negative control animals [7]. After inoculation, the clinical

observation period focused on the local injection site and any

signs of systemic disease for 7 days when all mice were euthanized.

All animal research was performed under the approval of the

Institutional Animal Care and Use Committee at the Naval

Medical Research Center (Protocol Number: 11-IDD-34).

Experimental Design
Three outbred CD-1 mice (Charles River Laboratory Inc.,

Wilmington, MA, USA) were injected intradermally per time

point in the ear as previously described [19]. For all inoculations,

mice were anesthetized using isofluorane (inhalation administra-

tion) and ketamine (IP injection). Intradermal injections of 103

MuID50 of O. tsutsugamushi were performed at the right ear dorsum

at a single site (5 ml of pre-titrated liver-spleen homogenate) using

a 0.3 ml insulin syringe (Becton Dickinson, New Jersey, USA).

Two mice were injected with mock inoculum (liver/spleen

homogenate). Three different strains of O. tsutsugamushi, Karp

(high virulence), Gilliam (intermediate virulence) and Woods (low

virulence), were used to infect three groups of mice in two separate

experiments. Following euthanasia, multiple samples from drain-

ing lymph node, liver, lung, kidney, spleen, whole blood,

peritoneal cavity lavages (washing with sterile PBS), and skin

biopsies from the ear were collected at 10 min, 45 min, 2 h, 6 h,

24 h, 3 d, and 7 d post inoculation (pi). Tissue blocks were either

snap frozen in liquid nitrogen for subsequent quantitative real-

time PCR (qPCR) or fixed in 10% neutral buffered formalin for

histology and immunohistochemistry (IHC). Detection of O.

tsutsugamushi at the injection site and draining lymph nodes

(superficial parotid) was performed using IHC. Whole blood, liver,

lung, kidney, spleen and peritoneal cavity lavages were analyzed

for the presence of O. tsutsugamushi by Orientia-specific 47 kDa

qPCR assay (see below). Centrifuged serum samples were used for

analysis of anti-O. tsutsugamushi antibodies (IgM and IgG) and

sCAMs (sE-selectin, sL-selectin, sICAM, and sVCAM) levels.

Detection of anti-O. tsutsugamushi antibody responses
To determine the early development of murine IgG and IgM

antibody responses against O. tsutsugamushi infection, serum

samples collected from all time points were assessed by Orientia-

specific ELISA assays as previously described without modification

[20].

Detection of soluble cell adhesion molecules (sCAMs)
Serum samples from all time points were assessed for sE-

selectin, sL-selectin, sICAM-1 and sVCAM-1 by using ELISA kits

(R & D Systems, Minneapolis, MN, USA) following manufac-

turer’s instructions. Samples were assayed in duplicate. The plates

were read for optical density at 465 nm (Vmax/Kinetic Micro-

plate Reader, Molecular Devices, Sunnyvale, CA, USA). Quantity

of sCAMs in mouse sera were compared at seven time points, and

each time point includes two control mice (mock inoculated with

uninfected liver spleen homogenate), and six mice each inoculated

with O. tsutsugamushi Karp, Gilliam, or Woods strains.

Immunohistochemical analyses
Skin biopsies were obtained from each mouse using 8-mm

circular biopsy punch (Stiefel Laboratories Inc., Offenbach,

Germany), and cut into half prior to fixation. Skin biopsies and

draining lymph nodes were fixed in 10% neutral buffered formalin

solution (Sigma, St. Louis, MO, USA) for at least 2 days, and then

embedded into paraffin blocks. Paraffin-embedded tissues were

sectioned at 4 mm. The sections were de-paraffinized with

Citroclear (TCS Biosciences, Buckingham, UK) for 5 min twice,

100% ethanol for 2 min twice, and 50% ethanol for 2 min. De-

paraffinized sections were then used to perform microwave-based

antigen retrieval in Tris-EDTA buffer (pH 9) for 10 min. In order

to localize O. tsutsugamushi in tissue sections, anti-O. tsutsugamushi

mouse monoclonal antibody (isotype IgG2bk) kindly provided by

Ampai Tanganuchitcharnchai was utilized for immunoenzymatic

and immunofluorescence staining as previously described [15].

Immunoenzymatic staining was performed using Novalink

Polymer Detection System (Leica, Newcastle, UK), according to

manufacturer’s instruction with minor modification. Briefly,

endogenous peroxidase activity was neutralized by Peroxidase

block solution for 5 min, and tissue sections were incubated with

anti-O. tsutsugamushi monoclonal antibody for 30 min. After

washing, tissue sections were incubated with Post Primary Block

solution for 30 min and Novolink polymer for 30 min. Peroxidase

activity was developed using 3, 39-diaminobenzidine substrate

(DAB) chromogen. The slides were then counterstained with

hematoxylin and mounted with mounting medium before

microscopic observation.

For immunofluorescence staining, de-paraffinized tissue sections

were incubated with anti-O. tsutsugamushi monoclonal antibody for

1 h. After washing, the slides were incubated with Alexa Flour 488

Rapid Dissemination of O. tsutsugamushi in Mice
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goat anti-mouse IgG1 antibody (Molecular Probes, Eugene, OR,

USA) for 1 h. Then the tissue sections were mounted in

Vectashield mounting medium with DAPI (49, 6-diaminidimo-2-

phenylindole) (Vector Laboratories, Burlingame, CA, USA) and

observed using fluorescence microscope.

Quantitation of O. tsutsugamushi
Determination and quantitation of O. tsutsugamushi after in-

oculation was performed using a previously described qPCR assay

for the Orientia-specific 47 kDa gene [21]. Templates were based

on genomic DNA extracted from whole blood, liver, lung, kidney,

spleen and peritoneal cavity lavages using the DNeasy tissue kit

(Qiagen, Valencia, CA, USA) according to the manufacturer’s

instructions. Fifty microliters of DNase RNase-free water were

used to elute the isolated DNA. The mouse-specific probe and

primers were designed from the single copy gene: mouse

complement factor D (cfd) as follows: cfd probe; 59 -5HEX-

CTGGGTTGGAGGTGTCTGTGGT-BHQ2-39, cfd_For492

primer; 59-ACTGAGATCGCTTTTGGGTC-39, and

cfd_Rev599 primer; 59-GGAGGGTAGGTGTATTGTAAGG-

39) were designed using Primer3 software. Briefly, a total reaction

volume of 25 ml consisting of 1 ml of DNA template, 15 ml of
Platinum PCR Supermix (Invitrogen, Carlsbad, CA, USA),

100 nM of each primer, 200 nM of probe, and DNase/RNase-

free water. Thermocycler parameters included 50uC for 2 min and

95uC for 2 min followed by 45 cycles of a two-step amplification

protocol of 95uC for 15 sec, and 60uC for 30 sec. All reactions

were performed on a Rotor-Gene 3000 cycler (Corbett Research,

Mort lake, NSW, Australia), ‘‘no template’’ negative controls were

run with each reaction and plasmid DNA served for standard

curves in serial dilutions from 106 to 3copies/ml of 47 kDa protein

and mouse cfd genes. Quantitation of 47 kDa protein gene was

expressed per 107 mouse cells and normalization of the O.

tsutsugamushi concentration of inocula, was performed (Karp

inoculum: 132 organisms/injection, Gilliam inoculum: 830

organisms/injection and Woods inoculum: 261 organisms/in-

jection).

Statistical analysis
Data of soluble cell adhesion molecules are expressed as median

and inter-quartile range, and the significant differences were

determined using two-way analysis of variance (ANOVA),

Graphpad Prism 6 software. A P value of #0.05 was considered

significant.

Results

Clinical observation and gross examination
Three mice per strain per timepoint were examined in

duplicate. All mice appeared healthy during the study period of

7 days with no clinical signs of disease or illness observed in any

inoculated mice. There was no eschar formation or any observable

induration or reaction at the injection site in any of the mice by

day 7 pi. However, by day 7 pi all mice inoculated with one of the

three strains of O. tsutsugamushi had developed regional lymphade-

nopathy in the superficial parotid lymph node as shown in

Figure 1.

Detection of anti-O. tsutsugamushi antibody responses
To determine the antibody responses against O. tsutsugamushi,

serum samples from mice were assayed for the presence of O.

tsutsugamushi-specific antibodies (total IgM and IgG). The control

mouse sera (derived from 9 dpi IP-inoculated mice) indicated that

antibodies against O. tsutsugamushi were detected in the positive

controls; however, O. tsutsugamushi ID inoculated mice evaluated in

this study did not mount a detectable antibody titer within the

7 day observation period.

Detection of circulating soluble cell adhesion molecules
In order to investigate surrogate markers of endothelial and

leukocyte activation following ID inoculation of O. tsutsugamushi,

serum levels of circulating sE-selectin, sL-selectin, sICAM-1, and

sVCAM-1 were measured at all time points. The mock- and O.

tsutsugamushi-inoculated mice demonstrated no significant differ-

ences in the serum levels of sE-selectin at any time point (Figure 2).

However, at day 3 pi, the levels of sL-selectin was significantly

elevated by 59% in Woods-inoculated mice and by 49% in

Gilliam- and Woods-inoculated mice at day 7 pi compared to

mock-inoculated mice (Figure 3). No elevation of sL-selectin serum

levels was observed in Karp-inoculated mice.

Increased serum level of sICAM-1 was seen by 30% in Karp-

inoculated mice at day 7 pi and by 64% in Woods-inoculated mice

on day 3 pi compared mock-inoculated mice (Figure 4). Similarly,

sVCAM-1 levels were significantly increased by 55% at day 3 pi in

Woods-inoculated mice, and in Gilliam-inoculated mice, 20% and

22% increase of sVCAM-1 levels was observed at 45 minutes and

24 hours pi, respectively (Figure 5).

Immunohistochemical detection of O. tsutsugamushi
To detect and localize O. tsutsugamushi organisms at the site of

injection and the draining lymph nodes, immunoperoxidase and

immunofluorescence staining was performed on tissue sections. At

day 7 pi, all Karp-inoculated mice demonstrated a presence of O.

tsutsugamushi at the injection site and the draining lymph node

(Figure 6). Only 33% of Gilliam and Woods-inoculated mice

showed O. tsutsugamushi at the injection site, and in draining lymph

node O. tsutsugamushi was observed in 100% of Gilliam-inoculated

mice and 66% of Woods-inoculated mice. Numerous O.

tsutsugamushi organisms were observed in Karp-inoculated tissues

compared to Gilliam- and Woods-inoculated tissues, and fewer

organisms were found in Woods-inoculated tissues compared to

Gilliam strain.

Figure 1. Macroscopic evidence of regional lymphadenopathy
in O. tsutsugamushi inoculated mice. Gross examination of draining
lymph nodes (right superficial parotid lymph node) from O. tsutsuga-
mushi inoculated mice at day 3 pi (left) and day 7 pi (right) shows
enlargement of lymph nodes at day 7. Top panel: Karp-inoculated mice,
Middle panel: Gilliam-inoculated mice, Bottom panel: Woods-inoculated
mice.
doi:10.1371/journal.pone.0054570.g001
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Dissemination of O. tsutsugamushi Karp, Gilliam, and
Woods strains
To determine the early dissemination of O. tsutsugamushi bacteria

in mice after ID injection, samples of whole blood, lung, liver,

kidney, spleen, and peritoneal cavity lavages were collected for

bacterial quantitation using the Orientia-specific 47 kDa qPCR

assay. O. tsutsugamushi was found in lung, liver, kidney and spleen

samples but not in whole blood and peritoneal cavity lavage

samples (Figure 7). Dissemination of Karp strain was rapid, as

evidenced by infection of all Karp-inoculated mice by 24 hours pi,

whereas it took 7 days for the Gilliam strain infected mice to show

100% O. tsutsugamushi infection, and this was not seen in Woods

strain even by day 7 pi. There was an overall increase in bacterial

copy numbers of O. tsutsugamushi in tissues over the 7 days

observation period in Karp- and Gilliam-infected mice, which was

not seen in Woods strain. In addition, the number of infected

organs was higher in Karp-infected mice on day 3 pi than when

less pathogenic strains were used. During the observation period,

O. tsutsugamushi were found initially and predominantly in lung

samples, and by day 7 pi increasingly in spleens as well (Figure 7).

Discussion

A variety of animal models have been utilized to investigate the

mechanisms of protective immunity and associated pathology in

scrub typhus [18,22]. The outbred mouse is more appropriate for

vaccine evaluation studies [8,23] whilst inbred mice strains allow

investigation of more specific host humoral and cell-mediated

immune responses and certain immunopathological mechanisms

[11,24], although various mouse strains show differing suscepti-

bility to O. tsutsugamushi infection [8,25,26]. The CD-1 Swiss

Figure 2. Serum levels of circulating soluble E-selectin. Dot plots
demonstrate sE-selectin levels in inoculated mouse sera. (Mock
inoculation; n = 2 per time point, O. tsutsugamushi inoculation; n = 6
per time point). Bars indicate median and error bars represent
interquartile range.
doi:10.1371/journal.pone.0054570.g002

Figure 3. Serum levels of circulating soluble L-selectin. Dot plots
demonstrate sL-selectin levels in inoculated mouse sera. (Mock
inoculation; n = 2 per time point, O. tsutsugamushi inoculation; n = 6
per time point). Bars indicate median and error bars represent
interquartile range. The asterisks indicate significant differences
(P,0.05).
doi:10.1371/journal.pone.0054570.g003
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outbred mouse is the most commonly used laboratory animal

model for scrub typhus vaccine response studies [8,27,28].

Studies on differential strain virulence are very limited [29,30].

Previously published studies in mice have relied predominantly on

the use of an IP injection model, which may not reflect the natural

inoculation pathway and associated immune responses (i.e.

intradermal deposition of O. tsutsugamushi via Leptotrombidium

chiggers)[10]. The IP inoculation route results predominantly in

infection of peritoneal macrophages and does not induce sub-

sequent interactions with intradermal cells such as resident tissue

macrophages and dendritic cells, which could orchestrate innate

and adaptive immune responses and subsequent dissemination

patterns.

Recently, a CD-1 Swiss outbred mouse model was reported

after O. tsutsugamushi inoculation via chigger bite on the ear. The

results demonstrated that inoculated CD-1 mice developed

multiple clinical manifestations including hepatosplenomegaly and

accumulation of peritoneal cavity fluid and died from infection at

days 14–23 pi [28]. Although little is known about the initial

development of O. tsutsugamushi in murine skin in the early stages of

infection and the mechanisms of dissemination to cause systemic

infection, this study was based on the skin as entry portal of

infection. Compared to human scrub typhus, the IP inoculation

mouse model failed to reflect an early course of natural infection,

associated with a skin lesion or eschar, regional then systemic

lymphadenopathy and subsequent systemic disease [4,15].

In this study, we used ID injection to mimic chigger inoculation

in its natural disease course, because the route and dose of

inoculum could be controlled as they are factors likely to be critical

in the subsequent clinical course, such as eschar development,

local lymph node spread and dissemination [14]. The use of three

O. tsutsugamushi strains (Karp, Gilliam, and Woods), with variable

degrees of virulence previously defined in IP mouse models was

Figure 4. Serum levels of circulating soluble ICAM-1. Dot plots
demonstrates ICAM-1 levels in inoculated mouse sera. (Mock in-
oculation; n = 2 per time point, O. tsutsugamushi inoculation; n = 6 per
time point). Bars indicate median and error bars represent interquartile
range. The asterisks indicate significant differences (P,0.05).
doi:10.1371/journal.pone.0054570.g004

Figure 5. Serum levels of circulating soluble VCAM-1. Dot plots
demonstratesVCAM-1 levels in inoculated mouse sera. (Mock inocula-
tion; n = 2 per time point, O. tsutsugamushi inoculation; n = 6 per time
point). Bars indicate median and error bars represent interquartile
range. The asterisks indicate significant differences (P,0.05).
doi:10.1371/journal.pone.0054570.g005
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designed to provide data on whether the early disease course was

affected by bacterial virulence.

The inoculated CD-1 outbred mice developed regional

lymphadenopathy and evidence of systemic leukocyte and

endothelium activation, and the presence of O. tsutsugamushi was

observed at the injection site and associated draining lymph nodes.

However, no eschar formation was observed within the 7 days

observation period. The Karp strain, which had been shown

previously to have a higher virulence than Gilliam and Woods

strains, was associated with earlier and more extensive dissemina-

tion to distant organs.

The lack of eschar formation observed at the injection site

suggests that the local immune responses at the inoculation site of

CD-1 Swiss outbred mice and humans are different. This may

influence clinical course and response to infection. Literature

suggests that the cynomolgus non-human primate model (Macaca

fascicularis), is better suited for scrub typhus immunopathophysio-

logical studies as intradermal inoculation of O. tsutsugamushi causes

eschar formation and systemic disease similar to humans.

However, the investigation of the innate immune response at the

inoculation site of macaques compared to human requires more

detailed characterization [22].

To investigate surrogate measures of cellular activation we

measured serum levels of sCAMs, which included sE-selectin, sL-

selectin, sICAM-1 and sVCAM-1. These sCAMs are endothelial

leukocyte adhesion molecules expressed by cytokine-activated

endothelial cells and/or leukocytes, and promote recruitment of

leukocytes to sites of inflammation site. L-selectin also supports

mononuclear cell migration to lymph nodes. They can serve as

surrogate markers for endothelial and leukocyte activation and

show differential upregulation in rickettsial diseases, as previously

reported in human scrub and murine typhus patients [31]. This

study demonstrated that mononuclear cell activation with elevated

serum levels of sL-selectin was associated with scrub typhus.

However, sE-selectin levels were raised as well and associated with

the presence of eschar, lymphadenopathy and elevation of

circulating leukocyte count.

Within the observation period of this study, raised levels of sE-

selectin were observed in all groups, however no increase of sE-

selectin levels over time was observed in O. tsutsugamushi-inoculated

mice. This may be suggestive of increased background endothelial

activation with early systemic endothelial activation in the early

stages of O. tsutsugamushi infection in this murine model, despite

evidence of infection both locally at the inoculation site and

subsequently in multiple distant organs. However, to better

understand the endothelial activation of scrub typhus the

measurement of sE-selectin later in disease course is needed.

Markers of leukocyte activation including sICAM-1, sVCAM-1

and more specifically sL-selectin were, on the other hand,

significantly elevated in O. tsutsugamushi-inoculated mice at

days 3-7 pi, similar to the rise seen in human cases [31]. The

significant increase of L-selectin compared to E-selectin suggested

that, similar to patients with acute scrub typhus, mononuclear cell

activation is more prevalent in early O. tsutsugamushi infection in

mice than endothelial activation.

Figure 6. Detection of O. tsutsugamushi at the injection site (Panels A and B) and draining lymph node (Panel C) at 7 days post
inoculation. In panel ‘‘A’’ O. tsutsugamushi in a mouse ear is demonstrated using peroxidase DAB reaction as brown colored dots (counterstain
hematoxylin, original magnification x400). The immunofluorescence staining of O. tsutsugamushi is shown in panels ‘‘B’’ (mouse ear) and ‘‘C’’ (draining
lymph node): O. tsutsugamushi with FITC (green) and DAPI nuclear counterstain in blue (original magnification x600).
doi:10.1371/journal.pone.0054570.g006
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In scrub typhus, bacterial dissemination precedes systemic

infection in vertebrate hosts after ID inoculation [20]. We

evaluated the rate and extent of dissemination of three O.

tsutsugamushi strains with different mouse virulence; Karp (high-

virulent strain), Gilliam (intermediate-virulent strain), and Woods

(low-virulent strain) strains using Orientia-specific qPCR assay to

assess bacterial burden in blood and different organs in a time

course study. At 24 hpi, all Karp inoculated mice demonstrated

systemic infection, and compared to Gilliam and Woods strains,

Karp showed earlier and more extensive dissemination (Figure 7).

Local dissemination of O. tsutsugamushi to draining lymph nodes

was observed by immunohistochemical staining by day 7 pi, in all

strains. Despite the limitations of detecting low-level blood-borne

Orientia by PCR, the evidence of spread to distant organs (within

day 2 pi for Karp) argues that there may be more than one

pathway for dissemination in this early phase of infection (i.e.

lymphatic and hematogenous pathways). Following inoculation

and presumably invasion of host cells in the dermis, some bacteria

can spread gradually to local lymph nodes within a week, whereas

others disseminate more rapidly to distant organs (e.g. hemato-

genously), however the cellular tropism underlying these alterna-

tive routes remain unclear.

Although it was observed that lymphadenopathy and sL-selectin

levels were more pronounced in the lower virulence subgroups

further immunological investigations will reveal if differences and

dynamics of induced immune responses are associated with

bacterial virulence in mice. Further, while in this study the same

dose previously used for IP injection by Chan et al. [7] was used

via an ID route, it has to be considered that the bacterial dose of

an ID inoculum will affect transmission dynamics and host

responses, thus a dose effect experiment will be of high

importance. However, little is known about the natural dose

inoculated by chiggers and how the saliva of chiggers modulates

both sides of the host-pathogen interactions.

In conclusion, CD-1 outbred mice developed regional lymph-

adenopathy and leukocyte and endothelium activation after low

dose intradermal injection with different O. tsutsugamushi (Karp,

Gilliam, and Woods strains). Local dissemination to peripheral

lymph nodes and distant organs was observed; however, no eschar

formation was seen at the inoculation site. Spread to distant

organs, predominantly lung and spleen was rapid, but mediated by

low numbers of organisms below the sensitivity of qPCR assay in

blood to detect circulating rickettsemia. Karp strain inoculation

was associated with more extensive and rapid systemic infection

Figure 7. Bacterial load of O. tsutsugamushi in inoculated mouse tissues. O. tsutsugamushi copy numbers per 107 mouse cells in mouse
tissues (liver, lung, kidney, and spleen) at 2 hpi, 24 hpi, day 3 pi, and day 7 pi were quantitated using an Orientia-specific 47 kDa qPCR assay. The
percentage of O. tsutsugamushi infected mice at each time point is shown in table. Abbreviations used: Karp (K), Gilliam (G), and Woods (W).
doi:10.1371/journal.pone.0054570.g007
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than lower virulence Gilliam and Woods strains. Further

investigations into the host innate immune response at the

inoculation site will require the use of a more suitable animal

model, to determine how a protective immune response can be

achieved against challenge by O. tsutsugamushi via the natural ID

route of infection.
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19. Guinet F, Avé P, Jones L, Huerre M, Carniel E (2008) Defective innate cell

response and lymph node infiltration specify Yersinia pestis infection. PLoS One 3:
e1688.

20. Chattopadhyay S, Jiang J, Chan TC, Manetz TS, Chao CC, et al. (2005) Scrub
typhus vaccine candidate Kp r56 induces humoral and cellular immune

responses in cynomolgus monkeys. Infect Immun 73: 5039–5047.

21. Jiang J, Chan TC, Temenak JJ, Dasch GA, Ching WM, et al. (2004)
Development of a quantitative real-time polymerase chain reaction assay specific

for Orientia tsutsugamushi. Am J Trop Med Hyg 70: 351–356.
22. Ridgway RL, Oaks SC, LaBarre DD (1986) Laboratory animal models for

human scrub typhus. Lab Anim Sci 36: 481–485.

23. Mwangi W, Brown WC, Splitter GA, Zhuang Y, Kegerreis K, et al. (2005)
Enhancement of antigen acquisition by dendritic cells and MHC class II-

restricted epitope presentation to CD4+ T cells using VP22 DNA vaccine
vectors that promote intercellular spreading following initial transfection.

J Leukoc Biol 78: 401–411.

24. Jerrells TR, Eisemann CS (1983) Role of T-lymphocytes in production of
antibody to antigens of Rickettsia tsutsugamushi and other Rickettsia species. Infect

Immun 41: 666–674.
25. Shirai A, Catanzaro PJ, Phillips SM, Osterman JV (1976) Host defenses in

experimental scrub typhus: role of cellular immunity in heterologous protection.
Infect Immun 14: 39–46.

26. Groves MG, Osterman JV (1978) Host defenses in experimental scrub typhus:

genetics of natural resistance to infection. Infect Immun 19: 583–588.
27. Lerdthusnee K, Jenkitkasemwong S, Insuan S, Leepitakrat W, Monkanna T, et

al. (2006) Comparison of immune response against Orientia tsutsugamushi,
a causative agent of scrub typhus, in 4-week-old and 10-week-old scrub

typhus-infected laboratory mice using enzyme-linked immunosorbent assay

technique. Ann N Y Acad Sci 1078: 607–612.
28. Lurchachaiwong W, Monkanna T, Leepitakrat S, Ponlawat A, Sattabongkot J,

et al. (2012) Variable clinical responses of a scrub typhus outbred mouse model
to feeding by Orientia tsutsugamushi infected mites. Exp Appl Acarol 58: 23–34.

29. Nagano I, Kasuya S, Noda N, Yamashita T (1996) Virulence in mice of Orientia
tsutsugamushi isolated from patients in a new endemic area in Japan. Microbiol

Immunol 40: 743–747.

30. Fukuhara M, Fukazawa M, Tamura A, Nakamura T, Urakami H (2005)
Survival of two Orientia tsutsugamushi bacterial strains that infect mouse

macrophages with varying degrees of virulence. Microb Pathog 39: 177–187.
31. Paris DH, Jenjaroen K, Blacksell SD, Phetsouvanh R, Wuthiekanun V, et al.

(2008) Differential patterns of endothelial and leucocyte activation in ‘typhus-

like’ illnesses in Laos and Thailand. Clin Exp Immunol 153: 63–67.

Rapid Dissemination of O. tsutsugamushi in Mice

PLOS ONE | www.plosone.org 8 January 2013 | Volume 8 | Issue 1 | e54570


