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SUMMARY The obligate intracellular bacterium Orientia tsutsugamushi is the causative
agent of scrub typhus in humans, a serious mite-borne disease present in a widespread
area of endemicity, which affects an estimated 1 million people every year. This disease
may exhibit a broad range of presentations, ranging from asymptomatic to fatal condi-
tions, with the latter being due to disseminated endothelial infection and organ injury.
Unique characteristics of the biology and host-pathogen interactions of O. tsutsuga-
mushi, including the high antigenic diversity among strains and the highly variable,
short-lived memory responses developed by the host, underlie difficulties faced in the
pursuit of an effective vaccine, which is an imperative need. Other factors that have hin-
dered scientific progress relative to the infectious mechanisms of and the immune re-
sponse triggered by this bacterium in vertebrate hosts include the limited number of
mechanistic studies performed on animal models and the lack of genetic tools currently
available for this pathogen. However, recent advances in animal model development are
promising to improve our understanding of host-pathogen interactions. Here, we com-
prehensively discuss the recent advances in and future perspectives on host-pathogen
interactions and the modulation of immune responses related to this reemerging dis-
ease, highlighting the role of animal models.
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INTRODUCTION

Orientia tsutsugamushi is a Gram-negative, obligate intracellular bacterium known
as the etiological agent of scrub typhus, a mite-borne disease with endemic

presentation in vast regions of Asia and insular territories of the Pacific and Indian
Oceans (1, 2). While areas of endemicity continue to expand in Asian regions (3, 4),
strong molecular, serological, and clinical evidence of transmission of O. tsutsugamushi
in Africa and South America has been reported (5–7), suggesting that the global health
burden of this severe infection may currently be underestimated. The Orientia genus
belongs to the Rickettsiales order, Rickettsiaceae family, and is therefore closely related
to the Rickettsia genus. Both genera have in common that infectious particles are
located free in the cell cytoplasm; however, the absence of peptidoglycan, lipopoly-
saccharide (LPS), and genes involved in the lipid A biosynthetic pathway is a feature
that differentiates this pathogen from the Rickettsia genus. Interestingly, the presence
of peptidoglycan-like structures in Orientia was recently reported, turning this into an
interesting field of debate (8–11). These molecular features may shape the immune
response to different O. tsutsugamushi strains, since the presence of classical LPS or
peptidoglycans usually contributes to the generation of cross-protective responses.
According to the antigenic variation of the major outer membrane protein 56-kDa
type-specific antigen (TSA56), several strains of O. tsutsugamushi have been described
(12, 13). Nevertheless, to date, the genomes of only two strains, Ikeda and Boryong,
have been reported, revealing high levels of sequence variation among surface genes.
The circular genome of O. tsutsugamushi has a length of 2.0 to 2.1 Mb, showing high
levels of sequence repeat density and complexity, making this species one of the most
remarkable species, in genomic terms, within the Rickettsiaceae family. Genes encoding
proteins that mediate interactions with host cells and constituents of the conjugative
type IV secretion system (T4SS) have undergone massive proliferation, while the
intensive amplification of several mobile elements reveals evolutionarily recent ge-
nome shuffling (9, 12, 14).

Scrub typhus is described as an acute affection, usually febrile, with a wide range
of clinical manifestations, including nonspecific signs such as headache, fever, rash,
breathlessness, cough, nausea, vomiting, myalgia, and regional lymphadenopathy,
which are observable after a 6- to 21-day incubation period. A highly variable percent-
age of patients may develop a distinctive eschar at the inoculation site. Despite
self-limiting clinical conditions being commonly reported, fatal multiple-organ involve-
ment may be observed in an important percentage of cases (7 to 15%). In these cases,
a syndrome of acute respiratory distress may occur, related to lung injury, hepatitis,
renal failure, myocarditis, encephalitis, and central nervous system involvement. Usu-
ally, these severe manifestations develop 2 weeks after infection and are frequently
related to inappropriate or absent antibiotic treatment (13, 15–20). Moreover, antibiotic
resistance has been reported, which sums to the natural resistance of the pathogen to
fluoroquinolones and beta-lactam drugs (1, 21–23). The broad range of unspecific
manifestations may lead to the late establishment of a diagnosis, contributing to
aggravation of the clinical condition. Several other factors may be involved in misdi-
agnosis or delayed diagnosis, such as the suboptimal capacity of available serological
tests, the high number of strains of the pathogen, the presence of serum IgG and IgM
from previous infections, the time of generation of new detectable antibodies, and the
difficult access to rural medical attention within zones of endemicity (24, 25). To
complement serological assays and overcome the difficulties in diagnosis, the routine
use of serum- or biopsy specimen-based molecular assays for scrub typhus diagnosis,
including PCR, quantitative PCR (qPCR), and loop-mediated isothermal PCR (26–34), is
hopefully increasing.

Although the physiopathology of this disease is not fully understood, immune-
mediated processes are thought to contribute, along with direct bacterial damage, to
cause local or disseminated vasculitis that drives the pathological mechanism (20, 35).
Humans acquire the pathogen during the feeding of trombiculid mite larvae (chiggers),
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which host Orientia tsutsugamushi in salivary glands (36). Humans are incidental hosts
of Leptotrombidium species and dead-end hosts of O. tsutsugamushi. Transovarian
transmission between mites and parasitism of the larvae on infected animals maintain
the bacterium in its natural cycle (36–38). In rural areas of endemicity, more than 20%
of hospitalized patients that present with acute undifferentiated fever are diagnosed
with this infection, and 1 million cases are detected every year, with an estimated 1
billion people being at risk (24, 39, 40). Outbreaks of scrub typhus and Orientia
reinfections are frequent, possibly due to the heterogeneity of the organism and the
suboptimal development of immunity from natural infections (15, 41). Despite decades
of research efforts, the development of an effective vaccine eliciting long-lasting
protection against O. tsutsugamushi has not been achieved. The urgent need for this
vaccine is supported by several reasons, such as (i) the high public health burden
caused by this pathogen, (ii) the expansion of anthropic environmental modifications
that impact the epidemiology of the disease, (iii) the ever-growing geographical areas
of endemicity where cases are reported, (iv) the deficient natural immune response that
lacks cross-protection, (v) the challenges underlying the achievement of early diagnosis,
(vi) reports of antibiotic resistance, and (vii) the mortality rate related to systemic
infections, among others (24, 42, 43). Currently, in order to achieve a comprehensive
understanding of host-pathogen interactions and immune responses, promising ad-
vances are opening alternatives to carry out profound mechanistic studies, including
the development of accurate animal models that resemble the natural inoculation
routes, the dissemination of the pathogen into the vertebrate host, or the human-
pathological characteristics of the disease (43–49). Thus, the aim of this review is to
present an update on studies of the O. tsutsugamushi-host interplay and immunological
responses to this pathogen, which constitute a basis for the development of disease
control strategies, highlighting the current state of the art and future perspectives on
animal model employment.

HOST-PATHOGEN INTERPLAY IN ORIENTIA TSUTSUGAMUSHI INFECTION
Target Cells

To accomplish its replicative cycle, Orientia tsutsugamushi may infect a wide range
of cells, displaying differential tropism depending on the phase of infection and the
affected tissue. After initial inoculation in the dermal layer, dermal dendritic cells (DCs)
and activated monocytes constitute the main target cells, as reported in an ex vivo
study of human eschar biopsy specimens (50). Infection of monocytes has also been
observed in studies based on isolated cells from healthy human donors both ex vivo
and in vitro (51). Activated DCs and monocytes may constitute a rapid, potential
dissemination vehicle for the pathogen while circulating to lymph nodes (50). The
accumulation of O. tsutsugamushi in these organs in a sublethal, footpad-injected
BALB/c mouse model has been reported. Posterior systemic dissemination along with
macrophage tropism are characteristic of this model, instead of disseminated endo-
thelial infection (44), which constitutes a hallmark of lethal infection in humans (52).
Endothelial infection involves several organs, including skin, heart, lung, kidney, pan-
creas, and brain, with additional infection of macrophages in the liver and spleen, as
reported in postmortem analyses of human patients (52). In addition, endothelial cell
(EC) infection has been observed in several rodent models of Orientia infection,
including intradermal (i.d.) and intravenous (i.v.) models (45, 46, 48, 49). Also, mouse
fibroblasts (51, 53), cultured polymorphonuclear leukocytes (PMNs) of guinea pigs, and
neutrophils in intraperitoneal (i.p.) infection in BALB/c mice are reported target cells
(54, 55).

Cell Invasion and Intracellular Life Cycle

Although a precise understanding of host cell invasion mechanisms remains to be
elucidated, some molecular interactions concerning the attachment and entry of
Orientia have been described. The internalization of intracellular bacteria requires initial
attachment to the extracellular matrix (ECM) and host cells, mediated by high-affinity
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binding to host receptors. Fibronectin, a glycoprotein of the ECM involved in the
binding and entry of several intracellular bacteria, takes part in this process by inter-
acting with the Orientia TSA56 antigen (56) and potentially with one of the autotrans-
porter proteins, ScaC (57). The interaction of fibronectin with an extracellular binding
region of TSA56, formed by amino acids (aa) 312 to 341, decreases the invasion of the
bacteria in L929 cells (56, 58). Moreover, the potential interaction of ScaC with fibronec-
tin may be responsible for the demonstrated adherence to nonphagocytic cells medi-
ated by this antigen (57). Additionally, Orientia ScaA, another autotransporter protein,
mediates bacterial adhesion to nonphagocytic cells, since adhesion is enhanced by the
recombinant expression of this antigen in Escherichia coli, while treatment with anti-
ScaA antibody neutralizes it. However, an interacting host protein has not been
reported for this antigen (59). Heparan sulfate (HS) proteoglycans (HSPGs), which are
molecules expressed on cell surfaces and the ECM, are also involved in the attachment
of viruses and the uptake of intracellular bacteria. Low expression levels of HSPGs in
mutant Chinese hamster ovarian cell lines lead to a diminished infection capacity of O.
tsutsugamushi. Specifically, HS and heparin may be involved in the infectious process,
since invasion of L929 cells is inhibited with HS or heparin pretreatment (60).

Other HSPGs involved in Orientia interaction are syndecans, molecules widely
distributed in mammalian cells. Syndecan-4 is the most ubiquitous (61) and participates
in the early attachment of Orientia, as demonstrated by experiments with rat embryo
fibroblasts, where bacterial invasion is correlated with the expression levels of this
transmembrane molecule and is specifically reduced by the addition of a recombinant
core protein of syndecan-4 (62). However, a bacterial ligand for syndecan-4 has not yet
been reported, and the role of this molecule in the invasion mechanism requires further
investigation (62).

Integrins, a family of transmembrane glycoproteins that usually associate with
fibronectin in the bacterial entry process, are also involved in cell invasion by O.
tsutsugamushi. The early colocalization of O. tsutsugamushi with integrin �5�1 has been
related to the activation of integrin-activated signal transduction pathways (56). Focal
adhesion (FAK) and Src kinases as well as RhoA GTPase act as integrin downstream
signaling molecules in nonphagocytic cells, promoting the local induction of focal
adhesion points and the subsequent induction of actin cytoskeleton rearrangement.
Talin and paxillin are also upregulated and mediate this process (56). The role of
integrin �5�1 is also supported by a report showing that the administration of
anti-integrin �5�1 antibodies decreased L929 cell invasion (58).

In summary, it seems that the O. tsutsugamushi strategy of manipulating these
widely distributed cell receptor families and molecules has allowed attachment to host
cells not specialized in phagocytosis, thereby providing a mechanism of active inter-
nalization in target cells.

The internalization of Orientia in human epithelial cells and fibroblasts exploits the
endocytic pathway, particularly clathrin-mediated endocytosis. This has been shown by
the colocalization of the bacterium with clathrin and adaptor protein 2 and confirmed
by inhibition assays with chlorpromazine hydrochloride, monodansylcadaverine, and
sucrose. A similar approach, this time with filipin III inhibition assays, discarded the
utilization of caveola-mediated endocytosis in human epithelial cells and fibroblasts.
Colocalization with early and late endosomal markers has been observed in nonphago-
cytic cells at between 1 and 2 h postinfection (hpi). After this time, visualization of free
Orientia bacteria in the cytoplasm revealed the early escape of the bacteria from the
phagosomal compartment.

Once in the cytoplasm, Orientia can replicate by binary fusion (36, 63), after moving
to a perinuclear region. This is accomplished within the first 2 hpi through specific
interactions with microtubules and the dynein-dynactin motor protein complex (64).
Evidence of replication at this region has been observed in nonphagocytic cells (64) and
phagocytic cells, including macrophages and dermal DCs (50, 65). Although the whole
replicative cycle can be fulfilled within the cytoplasm, an intranuclear location has been
reported (53).
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The early escape from the phagosomal compartment allows this bacterium to
subvert an important innate defense mechanism as well as to establish its intracyto-
plasmic life cycle. Unfortunately, the mechanisms underlying this process are poorly
characterized. Blocking the acidification of the endocytic compartment through NH4Cl
or bafilomycin A treatment impairs Orientia escape, thereby suggesting the require-
ment of this metabolic acidification process (66). However, a detailed mechanism
involved in this escape is lacking. Studies have revealed the presence of a hemolysin
gene and a potential phospholipase D gene in the Orientia genome, along with the
expression of the corresponding protein in cultured mouse fibroblasts, but whether
they have a role in the Orientia replicative cycle or not has not been explored (9, 67).
Considering that the Listeria monocytogenes listeriolysin and phospholipase C proteins
have a role in phagosomal escape by this intracellular bacterium, some authors have
speculated about their potential involvement (68–70). In accordance with the early
escape from phagosome observed for Orientia, it has been reported that nitric oxide
(NO), a potent free radical involved in the killing of engulfed microbes, enhances the
cytosolic replication of O. tsutsugamushi in RAW264.7 murine macrophages through a
mechanism that is not currently elucidated (71).

Infected cells may harbor a high density of Orientia bacteria despite the slow growth
reported at 37°C, reaching a density of 103 bacteria in a single cell (72–74). The release
of infective bacteria from host cells involves budding from the cell surface with the
acquisition of a membrane coat (63). Membrane lipid rafts may participate in this
process, since an Orientia protein, 47-kDa high-temperature requirement A, colocalizes
at 72 hpi with the caveolin raft protein in an endothelial cell line. At this time, Orientia
moves to the cell surface and starts the release process (75). The main events reported in
Orientia infection of nonphagocytic cells are depicted in Fig. 1. Despite reports of budding-
like release, BHK-21 cell line infection results in few extracellular membrane-coated Orientia
bacteria (54). Previous studies suggested that after being released from an infected cell,
Orientia may employ different mechanisms to infect subsequent cells, which may require
the bacteria either to detach from the surrounding membrane to contact further cells or to
involve phagocytosis of membrane-coated Orientia bacteria by host cells (54, 63, 70), as
reported for mouse peritoneal mesothelial cells (63).

Apoptosis Modulation and Subversion of Autophagy

In a cell infection context, apoptosis may be a host defense mechanism aimed at
limiting pathogen replication. Whether this process is detrimental or advantageous to
the host depends on several factors, such as the identity of the infected cell, the stage
of infection, and the nature of the pathogen. This highly regulated cell death process
has a significant role in the infected cell-pathogen interplay, especially in the life cycle
of obligate intracellular pathogens. Interestingly, events taking part in this process are
often the target of extensive modulation by the infectious agent (76, 77). Studies on O.
tsutsugamushi have revealed either the induction or inhibition of cell apoptosis after
infection, with this duality being relative to the strain or host cell/animal model studied.
Most importantly, mechanisms of modulation of apoptosis have been scarcely explored
to date. On the human monocyte cell line THP-1, apoptosis induction by beauvericin
treatment was inhibited by both heat-killed and live Orientia bacteria, with the former
showing greater antiapoptotic activity, thereby suggesting a role for heat-stable mol-
ecules. In general, extensive calcium release from the endoplasmic reticulum (ER)
mediates apoptosis induction triggered by this drug; however, in O. tsutsugamushi-
infected cells, a reduced, retarded cytosolic calcium redistribution may be responsible
for the inhibition of apoptosis (78). Experimental modulation of NF-�B levels did not
influence apoptotic effects, suggesting that this transcription factor is not implicated in
this inhibition pathway (78). That observation contrasts with the reported NF-�B-
dependent antiapoptotic effect on cells elicited by Rickettsia rickettsii (79).

In contrast, apoptotic effects of Orientia have been observed for various cell types
and organs. In O. tsutsugamushi-infected BALB/c mice, nucleus fragmentation has been
observed in a strain-specific manner in lymphocytes located in spleens and lymph
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nodes. This effect was observed 10 days after lethal Karp strain challenge but not after
nonlethal Gilliam strain challenge (80). Moreover, apoptosis of the cultured endothelial
cell line ECV304 has been reported (81, 82). Detachment from the substrate and DNA
fragmentation were observed following infection with the Boryong strain at a multi-
plicity of infection (MOI) of 20:1, accompanied by the disruption of focal adhesions and
changes in the cytoskeleton, which may be related to the apoptotic mechanism (81). It
has been suggested that the replicative capacity of Orientia is associated with the
extent of apoptosis induction, since live bacteria produced apoptosis of 18% and 8% �

1% of human monocyte-derived macrophages and naive monocytes, respectively, with
naive monocytes being less suitable for Orientia strain Kato replication (83, 84). More
recently, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) immunochemistry performed on mouse kidneys revealed apoptotic effects on
ECs after lethal infection with the Karp strain. A large number of apoptotic cells along
with the reduced transcription of antiapoptotic Bcl-2 were observed in wild-type (WT)
mice in comparison to interleukin-33 (IL-33)�/� mice, suggesting a role for this inter-
leukin in promoting EC stress and apoptosis (49).

FIG 1 Reported events related to the replication cycle of Orientia tsutsugamushi in nonphagocytic cells. Fibronectin in the ECM
interacts with the Orientia antigen TSA56, and potentially with ScaC, for the attachment of bacteria to the host cell. This results in
integrin-mediated signaling, involving FAK, Src, and Rho GTPase, with consequent actin cytoskeleton rearrangement, talin/paxillin
recruitment, and clathrin-mediated endocytosis. The Orientia antigen ScaA and transmembrane syndecan-4 also mediate bacterial
adhesion to nonphagocytic cells. At 1 hpi, Orientia colocalizes with early endosomal markers but at 2 hpi escapes from phagosomes
through an unknown mechanism that requires compartment acidification and also evades cellular autophagy. It reaches the
perinuclear region after moving through microtubules associated with the dynein-dynactin protein complex, where it replicates via
binary fission. The secretion of effector cells participates as a virulence factor, probably via the T1SS and T4SS, disrupting the SCF1
ubiquitin ligase complex, degrading EF1�, and impairing protein translation. Also, Orientia colocalizes with the Golgi complex and
moves backwards to the ER, producing membrane instability mediated by the effector protein Ank9. The release of Orientia particles
occurs in a way similar to virus budding at 72 hpi and has been associated with lipid rafts and caveolin colocalization. MTOC,
microtubule organizing center.
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Considering these results, it may be hypothesized that the existence of differential
pro- and antiapoptotic effects may vary within different stages of target cell infection
or host dissemination to decrease the spread of O. tsutsugamushi. However, to unveil
the mechanisms and objectives of apoptosis modulation in an infection context,
integrative studies on susceptible cell lines and animal models should be performed.

Another defense strategy that counters intracellular pathogen growth is au-
tophagy, a regulated catabolic process aimed at degrading cytosolic components.
To accomplish this, endomembrane-based organelles, called autophagosomes, en-
gulf components targeted for degradation, which is achieved by the fusion of the
organelle with other endosomal and lysosomal compartments (85, 86). One of the
first studies addressing the role of autophagy showed increased autophagosomal
formation on Orientia tsutsugamushi-infected PMNs (87). Subsequently, immuno-
blot and immunofluorescence confocal microscopy studies employing phagocytic
and nonphagocytic cell lines revealed the formation of autophagosomes within 1 h
after Boryong strain infection, as identified by LC3B marker recruitment (86). Later,
at 2 hpi, escape from autophagosomes was observed in HeLa cells, revealed by the
scarce colocalization of the bacterial particles with LC3B. This evasion was evident even
in the presence of rapamycin, an autophagy inducer. It is noteworthy that the induction
of autophagy did not impair bacterial growth (86). Moreover, phagosome formation
also takes place with live and UV-inactivated Boryong strain bacteria in bone marrow-
derived DCs (bmDCs), with only live bacteria showing an ability to evade the au-
tophagic system (65). An elucidation of virulence factors that impair the phagosome
degradation of O. tsutsugamushi has not yet been described, but it has been proposed
that this bacterium may carry several factors involved in this process. Finally, since
autophagy may have a role in inflammasome activation and naive T cell antigen
presentation (85, 88), the extent and mechanisms of autophagy subversion should be
further explored in order to understand the mechanisms underlying the impaired
adaptive responses related to human O. tsutsugamushi infection.

Secretion Systems and Effectors

Genome sequencing of the Boryong strain of O. tsutsugamushi revealed the pres-
ence of 79 genomic sites, encompassing 359 tra genes related to constituents of
conjugative T4SSs, a strikingly high number in comparison to those of other intracel-
lular bacteria and the Rickettsia genus (9, 89, 90). Several bacteria and some archaea use
T4SSs, which are large protein complexes that allow the translocation of DNA and
protein substrates through a channel assembly that connects two cells. These struc-
tures participate in horizontal gene transfer and in delivering virulence factors to the
cytosol of infected cells, enabling bacteria to subvert host cell processes (91, 92). Strain
Ikeda also exhibits an important set of genes of the T4SS. Genome analysis of T4SSs in
Rickettsia and Orientia revealed a highly conserved gene organization, as observed for
the Anaplasma genus, which suggests an essential role for this secretion system in the
replicative cycle of these intracellular pathogens (14). The Orientia genome also harbors a
high number of genes encoding host cell interaction and signaling proteins, such as
histidine kinases, ankyrin repeat proteins, and tetratricopeptide repeat proteins (TRPs) (9).

The tetratricopeptide repeat structural motif, present in prokaryote and eukaryote
organisms, functions as a scaffold for assembling multiprotein complexes. Every TPR
fold structure may participate in several protein-protein interactions and therefore
impact different facets of cellular metabolism, including the functional modulation of
steroid receptors, gene regulation, cell cycle control, protein folding, and protein
transport (93, 94). Importantly, they serve as virulence factors in several bacterial
pathogens, such as Francisella tularensis, Francisella novicida, Mycobacterium tubercu-
losis, Shigella spp., Pseudomonas, and Yersinia (95–103). In O. tsutsugamushi, this family
of proteins may interfere with host cell metabolism through interactions with DDX3, an
RNA helicase that belongs to the multifunctional DEAD box family of proteins (104,
105). Proteins encoded by trp genes are expressed after L929 cell infection and interact
with DDX3, as revealed by pulldown assays with ECV304 cell lysates and immunoblot
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assays with specific antibodies. In vitro translation assays employing reticulocyte cell
lysates have shown dose-dependent translation impairment of a reporter by the TRP43
and TRP46 proteins (94).

Another important family of molecules employed by intracellular organisms to
accomplish their infectious cycle is the family of Ank-containing proteins. These pro-
teins mediate various protein-protein interactions aimed at impeding normal processes
of eukaryotic cells (106–108). In this regard, the Ikeda strain carries 38 ank open reading
frames and 9 ank pseudogenes (14). L929 cells respond to Orientia infection by
upregulating the transcription of type I secretion systems (T1SSs), T4SSs, and several
ank genes (109, 110). The products of these ank genes may be T1SS substrates, as
revealed by the examination of C termini of Ank-containing proteins. It is noteworthy
that after their ectopic expression in HeLa cells, Ank-containing proteins are distributed
in diverse cellular locations, suggesting a vast potential to modulate many host cellular
functions (109, 110). Particularly, the interaction of these proteins with core compo-
nents of the SCF1 ubiquitin ligase complex has been documented in two reports.
Interactions with Cullin-1 in ECV304 cell lysates have been revealed by using glutathi-
one S-transferase (GST) pulldown assays with E. coli-purified GST fusion proteins, while
immunoblot analysis revealed interactions with Skp1 (109, 111). F-box-like motifs,
homologous to those found in eukaryotes and poxvirus, are present in Ank-containing
proteins, as revealed by in silico and manual sequence analyses (109, 111). This F-box
motif is required for the interaction of the Ank-containing proteins with Skp1, as
demonstrated in transfected HeLa cells by coimmunoprecipitation of FLAG-tagged
Ank-containing proteins with GST-tagged Skp1 and GST-Skp1 pulldown analyses per-
formed with FLAG-tagged Ank-containing proteins with a deletion of their F-box
motifs. In addition to this recombinant-protein approach, the expression of the Ank9
protein and interaction with Skp1 also occur after Orientia infection of mammalian host
cells, which were observed by antiserum recognition of the Ank9 protein coprecipitated
with GST-Skp1. This interaction is due to residues L384, I392, and E400 in the F-box-like
motif of Ank9 (111).

Furthermore, an Orientia mechanism for targeting the eukaryotic secretory pathway
was recently proposed, where Ank9 plays a key role (112). Experiments with Ank9
ectopic expression in HeLa cells allowed the recognition of a novel GRIP-like motif in
Ank9, which is necessary and sufficient for the protein to localize within the Golgi
complex, to reach the ER by retrograde trafficking, and to generate instability in both
compartments. The binding of coatomer protein complex subunit beta 2, involved in
vesicular trafficking, Golgi budding, and Golgi-to-ER trafficking, may be a factor con-
tributing to the instability of the Golgi complex. As a result of the interaction of Ank9
and coatomer protein complex subunit beta 2, ER stress and the impairment of
eukaryotic cell protein secretion are generated. In addition, Golgi instability, the
impairment of host cell protein secretion, and the enhanced replication of bacteria
have also been observed during O. tsutsugamushi infection (112), highlighting the
importance of Ank-containing proteins as virulence factors in O. tsutsugamushi. More-
over, GST pulldown assays and immunoblot analyses have confirmed the interaction of
several of these proteins with eukaryotic elongation factor 1� (EF1�). In a functional
analysis of transfected HeLa cells expressing of AnkU5 and AnkD, colocalization of
AnkU5 with Cullin and EF1� was observed mainly in nuclei by using immunofluores-
cence confocal microscopy. This interaction mediated a reduction of the host protein
level via polyubiquitination, as revealed by in vitro ubiquitination reactions. Following
Orientia infection, a reduction in EF1� levels in endothelial, epithelial, and monocytic
cell lines was observed at 2 days postinfection (dpi) by using a specific anti-EF1�

antibody, with this reduction being triggered by posttranscriptional proteosomal deg-
radation (109). Although the EF1� function is canonically related to the cytosolic
loading of aminoacyl-tRNAs, there may be several other functions related to this protein
in physiological and pathological scenarios (113, 114). Nonetheless, the impact of EF1�

degradation on O. tsutsugamushi infection has not yet been assessed.
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Unveiling the potential roles of virulence factors and pathways related to secretion
systems, repeat-containing proteins, and effector proteins in general constitutes an
exciting area of study that should be promptly explored. Considering the range of
effects of a unique Ank-containing protein, Ank9, it may be speculated that the entire
repertoire of Ank-containing proteins may potentially exert a vast effect on host cell
biology.

INNATE IMMUNITY CELLS: EARLY RESPONSES AND EFFECTOR ROLES
Dendritic Cell Responses to Orientia Infection

With the objective of surviving and perpetuating in a host, several pathogens
prevent or modulate the normal function of cells involved in innate immune responses
(115, 116). Considering that the main infection targets of O. tsutsugamushi are DCs,
monocytes, and ECs (50, 52), it is of major importance to understand the response of
these cells and host immunity to infection.

In vitro studies have revealed that Orientia infection of monocyte-derived DCs
(moDCs) or bmDCs drives the activation of these cells, but some of their functions may
be severely impaired (65, 117, 118). Upregulated expression of major histocompatibility
complex (MHC) class II and CD40, CD80, CD86 (65), and CD83 costimulatory molecules
(117, 118) has been reported prior to 24 hpi, revealing DC activation. Interestingly, no
differences were found in the expression levels of costimulatory molecules between
live and heat-inactivated bacteria, suggesting the involvement of heat-stable molecules
in the activation of DCs (117). A reduction of endocytic activity is also associated with
the maturation of DCs and has been reported for Orientia-infected moDCs in an in vitro
assay of fluorescein isothiocyanate (FITC)-coupled albumin uptake (65). The upregula-
tion of a proinflammatory profile, including tumor necrosis factor alpha (TNF-�), IL-6,
IL-8, IL-12p70, and the chemoattractant molecules CCL3 and CCL5, provides additional
evidence of Orientia-infected DC activation (65, 117) and suggests that these sentinel
cells participate in lymphocyte and monocyte recruitment. Orientia infection also
upregulates the antiviral type I interferon (IFN) pathway, enhancing the phosphoryla-
tion of p38 mitogen-activated protein kinase (MAPK) and IFN-� production, a feature
also observed in other intracellular pathogens after being sensed in the cytosolic
compartment of dendritic cells, such as Listeria and Francisella (119–121). Once acti-
vated, DCs must move toward lymph nodes to prime naive T cells in a tightly regulated
event required for the proper development of adaptive immunity (122, 123). In vitro
assays indicate that infected moDCs retain activity to activate CD4� T cells, as revealed
by lymphocyte IFN-� secretion (117). However, the migration process seems to be
impaired in O. tsutsugamushi infection, as demonstrated by a migration assay in a
three-dimensional collagen matrix using the chemoattractant CCL19, where Orientia-
infected DCs exhibited a diminished chemotactic response, in a way similar to that
exhibited by immature DCs. This diminished chemotactic response was not related to
decreased levels of CCR7 (65), which is the receptor for the CCL19 and CCL21 che-
moattractant molecules (124), and was confirmed by ex vivo and in vivo assays.
Therefore, Orientia exhibits the potential to interfere with the migration of DCs while
harnessing this niche for replication.

Taking these data in consideration, along with the reported accumulation of DCs in
eschars of infected human patients (50), we recommend performing future in vivo
studies with rodent animal models for characterizing dendritic cell dynamics employing
i.d. (47, 48, 125) or laboratory-reared chigger infection models that closely resemble the
natural acquisition of this pathogen (126, 127).

Monocyte/Macrophage Responses to Orientia Infection

As mentioned above, monocytes are either present at or recruited to the inoculation
site in dermal tissue, where they contribute to early inflammatory responses and serve
as a niche for bacterial replication (Fig. 2) (50, 83, 84, 128–131). Moreover, they may
contribute to Orientia dissemination toward the bloodstream and lymph nodes as well
as mononuclear cell recruitment at the infection site (50). Early insights into the
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importance of monocytes and macrophages in combating initial phases of Orientia
infection were reported in challenges of mice by i.p. inoculation (132, 133), a route that
does not mimic natural inoculation but nevertheless may enlighten us about the
activities of these cells during infection. Additional evidence of monocyte/macrophage
activation comes from markers detected in South Indian scrub typhus patients. Some
of these markers have been associated with severe disease presentation, including
sCD163 and sCD14, and even with host lethality in the case of macrophage migration
inhibitory factor (MIF) and tyrosine-lysine-leucine-40 (YKL-40) (134).

Except for those reports, most subsequent studies have been performed by em-
ploying murine cell lines. Infection of the J774A.1 mouse macrophage cell line with
either live or heat-inactivated Orientia bacteria triggered similar expression levels of
CCL2, CCL3, CCL4, CCL5, and CXCL2 transcripts without the need for de novo protein
synthesis and mostly within 0.5 hpi. The NF-�B transcription factor may be responsible
for the induction of these chemokines, since NF-�B nuclear translocation was observed,
while the inhibition of its activation resulted in the downregulation of chemokine
expression (128). Additionally, live, but not heat-inactivated, Orientia bacteria also
upregulated IFN-�. MAPK pathways were required for this upregulation, as suggested
by the reduced levels of IFN-� transcripts resulting from extracellular signal-regulated
kinase 1/2 (ERK1/2) and p38 phosphorylation inhibition (129). Moreover, the MAPK
pathways are also involved in the upregulation of TNF-� at the transcriptional and
posttranscriptional levels (131). Consistent with the lack of LPS (8, 14), both pharma-
cological blockade of LPS, which did not affect TNF-� production, and Toll-like receptor
4 (TLR4) mutation, which rescued its production only slightly, suggest that TNF-�
production may be independent of TLR4 and LPS (131). In contrast, a very weak
stimulation of TNF-� expression, along with a repression of its production in LPS-
stimulated J774A.1 cells, has been reported after infection with the Boryong strain,
without affecting NF-�B activation. Similar inhibitory effects were seen with culture

FIG 2 Early events following Orientia tsutsugamushi infection. An initial tropism for dendritic cells (DCs) and monocytes at the
inoculation zone induces infection and maturation of these cell populations. Infection of DCs impairs their migration, but this
promotes rickettsial dissemination nonetheless. Additionally, DCs secrete proinflammatory cytokines and activate the type I IFN
response. Monocyte recruitment occurs, which results in mononuclear cell perivascular infiltration and the activation of several
transcriptional programs and pathways ending in the upregulation of proinflammatory genes and of the antiviral response and the
recruitment of other cell subsets. In summary, by exploiting immune cells, early infection events may favor rickettsial dissemination
and an inflammatory profile in Orientia tsutsugamushi infection.
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medium stimulation of J774A.1 cells, which contained high levels of an uncharacter-
ized, potent IL-10-inducing factor, suggesting that Orientia increases the production of
this immunosuppressive molecule in order to inhibit TNF-� production and enhance
bacterial survival inside phagocytic cells (135). Therefore, Orientia may exploit a strategy
similar to those observed for several bacterial intracellular pathogens (136, 137),
including Mycobacterium tuberculosis (138), Coxiella burnetii (139), and Yersinia entero-
colitica (140).

The discrepancies among data from studies of TNF-� expression in monocytes may
be attributed to several factors, including the strain and dose of Orientia as well as the
nature of the infected cell line, tissue, or animal model employed. A recent study
revealed differential responses of THP-1 macrophages to different doses of the highly
virulent Karp strain (141), in contrast to previous reports, where a low-virulence
Boryong strain was used on murine macrophages (131, 135, 142, 143). NF-�B/TNF-�
pathway inhibition via STAT3 as well as high-level IL-10 expression via ERK/IL-10 were
observed with low-dose infection, promoting bacterial replication. An opposite re-
sponse was observed with high-dose infection, characterized by the upregulation of
NF-�B/TNF-� along with diminished IL-10 production. Moreover, pretreatment of mac-
rophages with this cytokine completely suppressed IL-1�, IL-6, and TNF-� production,
even during high-dose infection, suggesting that this interleukin contributes to the
regulation of the inflammatory response. MicroRNAs (miRNAs) may participate in this
process, with miRNA-155 being a molecule that acts as a fine-tuner of the inflammatory
response, acting with IL-10 to prevent cytokine hyperproduction. In response to Karp
strain challenge, peripheral blood mononuclear cells obtained from patients who
recovered from severe scrub typhus and a cytokine storm were low producers of IL-10
and miRNA-155 but high producers of proinflammatory TNF-�, IL-1�, and IL-6 in
comparison to patients who recovered from mild scrub typhus. These observations
support the role of IL-10 and miRNA-155 cross talk in modulating cytokine production
(141). In addition, an early peak from day 9 postinfection, followed by elevated IL-10
production for 8 days, was observed in a sublethal i.d. mouse model, which was
characterized by bacterial persistence in several tissues and enhanced, but nonlethal,
pathology (48). In this model, lung and spleen histological lesions did not resolve
before 60 dpi, suggesting that early, sustained IL-10 production contributed to ame-
liorating tissue injury (48). In summary, these results suggest a significant role for this
cytokine in the regulation of widespread tissue damage and in the modulation of
proinflammatory cytokine levels.

Moreover, cytokine overproduction has also been observed in rodent models of i.p.
infection, where the susceptibility of C3H/HeN and BALB/c mice to Gilliam and Karp
strain challenges, respectively, was accompanied by the overexpression of chemokines
and cytokines that clearly correlated with inflammatory cell infiltration. This was
otherwise not observed in BALB/c mice resistant to the Gilliam strain (130). Moreover,
analyses of human clinical samples revealed increased IFN-�, IL-1�, IL12p40, TNF-�, and
IL-10 levels and, interestingly, a significant correlation between TNF-� and disease
severity in early phases of infection (144–146). Those results highlight the inflammatory
response program elicited after Orientia infection and its impact on disease suscepti-
bility and development. Gene expression analysis following Orientia strain Kato infec-
tion in human naive monocytes revealed a massive modification of transcriptional
programs, with both downregulation and upregulation of several groups of genes.
Particularly, immune response, inflammatory response, cell-cell signaling, and chemo-
taxis-related genes showed 20% transcriptional enrichment, while genes involved in
the antiviral state reached up to 40% upregulation (84). The upregulation of genes that
encode IFN-�, IFN-�, and several interferon-stimulated genes has been observed after
inoculation with live, but not heat-killed, bacteria, along with a marked type I IFN
signature characterized by IFN-�8, IFN-�, MX1, and OAS1 expression. In contrast,
proinflammatory cytokine genes were upregulated by both live and heat-killed bacte-
ria, including IL-1�, IL-6, IL-12p40, IL-23p19, and TNF-�. However, infected cells showed
reduced TNF-� production and an inability to produce IL-1� when infected with
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heat-killed bacteria. Indoleaminepyrrole 2,3-dioxygenase (INDO), a protein involved in the
killing of intracellular bacteria and several other functions, was upregulated, and an
M1-specific prolife of monocyte activation was, in summary, evident in the presence of both
live and heat-killed bacteria. These in vitro results correlated with IFN-related genes and
certain characteristics of M1 polarization that occur in human patients (84). Furthermore,
Kato strain infection of macrophage-derived monocytes may also trigger the enhanced
transcription of genes that participate in inflammation, the type I IFN response, and M1
activation. Differences regarding bacterial viability were also reported, with a type I IFN
response being present only in response to live organisms and a reduced inflammatory
response being observed after infection by heat-killed bacteria (83, 84).

The generation of active IL-1� requires a first signal derived from the activation of
pattern recognition receptors (PRRs) and a second one involving nucleotide-binding
oligomerization domain-containing protein (NOD)-like receptor (NLR) inflammasomes.
These signals lead to pro-IL-1� transcription and the cleavage of the IL-1� precursor,
respectively, to produce active interleukin (147, 148). In Orientia infection of bone
marrow-derived macrophages, the secretion and processing of IL-1� require the inter-
nalization of live bacteria and phagosome maturation, including the acidification of the
endosomal compartment. The NLR involved in the recognition of live cytosolic Orientia
bacteria and the triggering of this process remains to be characterized, since LPS-
stimulated macrophages from Nlrp3-, Nlrc4-, or Aim2-deficient mice challenged with
Orientia tsutsugamushi were able to produce IL-1� and the caspase-1 p10 subunit,
which is a hallmark of caspase-1 activation (149), in a way similar to that of macro-
phages from WT C57BL/6 mice (143). Furthermore, rip2-deficient macrophages, which
do not produce the RIP2 downstream effector of NOD1 or NOD2, also showed IL-1�

production similar to that of WT mice, suggesting that caspase-1 production does not
depend on signaling from these PRRs (143). The apoptosis-associated speck-like protein
containing a CARD (ASC) adaptor protein is present in all inflammasomes, connecting with
the sensor molecule of the inflammasome via a pyrin domain. It possess an activation-and-
recruitment domain, which participates in the activation of caspase-1 (150). The inability of
Asc-deficient macrophages to produce active IL-1� after Orientia infection supports the role
of this adaptor molecule in the activation of caspase-1 (143). Finally, data from in vivo
studies with C57BL/6 mice support evidence of the role of the downstream signaling of IL-1
receptors (IL-1Rs) in protection against O. tsutsugamushi infection, as revealed by an
elevated pathogen load within blood and spleen of IL-1R-deficient animals at 6 and 19 dpi
in comparison to WT mice (143). However, supporting data for the role of this receptor
family in human scrub typhus, from either clinical samples or in vitro studies, are scarce, and
a study of scrub typhus patient samples revealed that neither a correlation between IL-1�

and serum bacterial loads nor differences in bacterial loads between the acute and
posttreatment phases were evident (146).

Data from studies addressing the impact of the type I IFN response do not support
a clear protective role for this innate mechanism. The administration of IFN-� and IFN-�
showed a modest or even absent capacity to reduce the bacterial replication of the
Karp, Gilliam, and TA716 strains on fibroblasts of C3H and BALB/c mice, suggesting that
the inhibitory effect elicited by the type I IFN response is strain and host cell specific but
may not be a strong factor in bacterial clearance (151). It is noteworthy that the effects
of type I IFN induction may be related to several factors, which include the time after
infection, the specific intracellular pathogen involved, and the local levels of mediators
produced, thereby showing various outcomes of analyses of these variables (152). Also,
various and negative effects on host cells and in vivo models of intracellular pathogen
infections have been widely documented in several reviews (152–154). Thus, elucidat-
ing the impact of this innate defense mechanism requires exhaustive research using
different models of infection.

Endothelial Cell Responses to Orientia Infection

Endothelial activation plays a substantial role in processes leading to pathogen
clearance, through the development of self-proinflammatory, prothrombotic, and per-
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meable conditions. Endothelial cells are greatly influenced by cytokine signaling, which
controls most of the physiological and pathological processes in which they participate.
The expression of intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and other adhesion molecules mediates leukocyte adhesion and
trafficking in cooperation with chemokines. The expression of procoagulant factors
participates in the containment of the pathogen in local foci. In addition, the detection
of molecules involved in endothelial activation may serve as biomarkers of clinical
prognosis and disease severity. However, as a negative effect of these molecules,
sustained, widespread endothelial activation and dysregulation may enhance the
severity of disease (155, 156).

Once the pathogen has disseminated, ECs constitute an important target in human
Orientia infection (Fig. 3), as observed in human autopsy tissues (52) and diverse rodent
models of lethal and sublethal infection recently reported. These models include i.v.
and i.d. C57BL/6 mouse challenge models of Gilliam and Karp strain infections that,
interestingly, reflect several aspects of Orientia infection in humans, including Orientia
dissemination to several organs, namely, brain, lung, liver, and kidney (43, 45, 46, 48,
49). Activation markers of ECs, including activated leukocyte cell adhesion molecule
(ALCAM) and VCAM-1, have been linked to scrub typhus disease severity (134). More-
over, early activation and dysregulation of ECs have been observed in a mechanistic
study of a mouse model of lethal i.v. inoculation of the Karp strain, suggesting a role
of EC activation in the pathogenesis of scrub typhus (46). In this model, two regulators
of EC function were analyzed: angiopoietin 1 (Ang-1), a constitutively expressed
regulator of activation, and Ang-2, which is normally kept in ECs but is released after
inflammatory signals to trigger endothelial activation (155, 156). An augmented Ang-
2/Ang1 ratio due to altered levels of both molecules was observed in this model (46),
a pattern that was previously observed for septic shock, streptococcal toxic shock, and
cerebral malaria (155, 157–160). This elevated ratio along with the enhanced produc-
tion of endothelin 1 and endothelial nitric oxide synthase (eNOS) were observed at 2
dpi in a lethal model of Karp strain inoculation in C57BL/6 mice, where renal pathology,
including cellular infiltration in and around the glomeruli and in the intertubular region,

FIG 3 Model for endothelial infection and renal injury in severe, disseminated O. tsutsugamushi infection. Orientia tsutsugamushi
uptake in ECs is followed by cytosolic sensing, where a confirmed role for NOD1 has been described. This leads to the activation of
the infected endothelium, with the IL-32-mediated upregulation of inflammatory (IL-1�, IL-6, and IL-8) and adhesion (ICAM-1, VCAM-1,
and E selectin) molecules. The increased expression of adhesion molecules in other cell subsets may be involved, as suggested by
studies of human patients. The activation of ECs may present a dysfunctional phenotype, with an increased Ang2/Ang1 ratio and
altered levels of endothelial nitric oxide synthase (eNOS) and endothelin (ET-1), in which the intranuclear expression and liberation
of the alarmin IL-33, along with the upregulated expression of its receptor STL2, play a significant role. Renal tissue damage is
enhanced by endothelial apoptosis, where the recruitment of cellular components by chemokine expression and the downregulation
of antiapoptotic Bcl-2 may also be involved.
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was evident. Interestingly, the upregulation of IL-33 and its receptor was observed in
livers and kidneys of challenged WT mice, whereas IL-33�/� mice showed marked
decreases in endothelium stress and renal pathology (49). This interleukin is a nuclear
factor belonging to the IL-1 family that may modulate inflammatory responses in either
a pro- or an anti-inflammatory way and has a well-supported role in the development
of acute or chronic kidney injury and disease (161–163). In this lethal Karp strain
infection model, a tissue-specific pathogenic role was attributed to IL-33 promoting EC
activation and dysregulation as well as extensive tissue damage (49). Additionally, an
apoptotic response of ECs that was present in WT mice but greatly diminished in
IL-33�/� mice provided further evidence of the proapoptotic effects of Orientia ob-
served previously (81, 82) but suggested that apoptotic effects may also be dependent
on the tissue and infection model, highlighting the importance of dissecting its
underlying mechanisms.

Another interleukin that may be involved in the response of ECs to Orientia infection
is IL-32, a constitutively expressed regulator of ICAM-1 expression and endothelial
inflammation, along with IL-1�. This interleukin has been related to a protective effect
in bacterial control, especially against Mycobacterium, but also to the immunopatho-
genesis of some infectious and noninfectious diseases (164, 165). Via NF-�B and p38
MAPK pathways, IL-32 induces several proinflammatory molecules. The role of IL-32 in
EC activation has been studied by Boryong strain infection of the ECV304 cell line,
where the production and secretion of ICAM-1, IL-1�, IL-6, and IL-8 occur after the
activation of an upstream NOD1–IL-32 pathway, as revealed by the diminished pro-
duction of IL-32 and these cytokines after treatment with specific NOD1 short interfer-
ing RNA and by the reversion of this phenotype after exogenous IL-32 treatment (142).
This role has not yet been addressed in mechanistic studies, which are required to draw
conclusive results.

In summary, the studies discussed above highlight the known importance of ECs in
their cross talk with immune cells and as key mediators of inflammatory responses and
immunopathology. Most importantly, these studies strongly suggest that ECs and the
induced vasculitis are protagonists in Orientia-induced pathogenesis and provide evi-
dence of the importance of mouse models in characterizing molecular interactions
regarding Orientia infection.

Bacterial Recognition by PRRs and Activation of Inflammatory Responses

A major gap in understanding the Orientia-host interplay and immune responses to
this infection is the limited knowledge of bacterial antigens and molecules sensed by
PRRs. This information gap, partially explained by the unavailability of appropriate
genetic tools to manipulate Orientia and the scarce mechanistic studies performed on
animal models, has been delaying the development and testing of efficient, long-
lasting, cross-protective vaccines. The recognition of ligands, receptors, and pathways
involved in the host response to Orientia infection is of vital importance for developing
therapeutic and vaccine formulations. For instance, the identification of immunodom-
inant antigens and epitopes is the basis of epitope-focused vaccinology, aimed at
designing safe and effective vaccines through appropriately delivering selected mole-
cules that are able to generate a protective response in the host (166, 167). Finding
conserved epitopes is particularly relevant for pathogens that display antigens with
high genetic diversity, such as O. tsutsugamushi. Likewise, the selection of proper
vaccine adjuvants, which are molecules that act as agonists of PRRs, may enhance the
magnitude and quality of innate and adaptive responses and therefore may shape an
improved response to vaccination (168, 169).

There is no clarity about the ligand-receptor interactions that elicit a type I IFN
response in either DCs or monocytes. Moreover, the Orientia molecules involved in
NOD1 activation are still not identified, but current genomic and structural data about
this pathogen are shedding light on the possible mechanism. Considering (i) that
�-D-glutamyl-meso-diaminopimelic acid of peptidoglycan is responsible for NLR activa-
tion (170, 171), (ii) the existence of metabolic pathways that may be able to synthesize
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peptidoglycan from UDP N-acetyl-D-glucosamine revealed by genome analysis (172),
and (iii) the presence of both diaminopimelic acid and peptidoglycan-like structures in
O. tsutsugamushi (11), it is possible that a unique, still undetermined ligand of this
peptidoglycan-like structure may be responsible for triggering some PRRs or at least the
NOD1 receptor. Furthermore, the role for TLR signaling in human Orientia infection
remains poorly characterized, but initial insights come from studies using murine
and human cell lines and rodent models of infection. Toll-like receptors 2 and 4 have
been related to protective roles in mouse bacterial and fungal infections, including
rickettsial (Rickettsia akari and R. conorii) infections. On the other hand, some studies
have linked the activity of TLR2 to increased susceptibility to infection or enhanced
pathology (173, 174). Recently, a role for TLR2 in recognizing an Orientia ligand and
enhancing susceptibility to disease in a mouse model has been described (47). In
HEK293 cells, heat-stable Orientia molecules are recognized by TLR2 but not TLR4, while
TNF-� and IL-6 secretion in infected bmDCs obtained from C57BL/6 mice requires TLR2
(47), results which are in accordance with data from a previous study suggesting that
TNF-� production was independent of ligand recognition by TLR4 (131). Interestingly,
TLR2-deficient and WT C57BL/6 mice showed similar abilities to restrict bacterial growth
after i.d. challenge with the Karp strain and also were more resistant than WT mice
during the convalescent phase of a lethal i.p. challenge, suggesting that TLR2 is not
necessary for protective immunity against O. tsutsugamushi in this model. Acceler-
ated clearance of Orientia in affected tissues and sustained TNF-� and IL-6 produc-
tion at between 15 and 18 dpi in peritoneal tissue, which is the primary target
following i.p. inoculation, were observed in TLR2-competent mice, suggesting that
neither elevated transcription levels of proinflammatory molecules nor a diminished
ability to minimize bacterial growth was associated with a lethal outcome in this model.
The differential responses in the convalescent phase suggest that adaptive immunity
responses enhanced by TLR2 signaling may be responsible for these differences in
susceptibility (47).

Possible Role for Mucosa-Associated Invariant T Cells

Mucosa-associated invariant T (MAIT) cells are a unique, abundant subset of T cells
expressing a semi-invariant T cell receptor restricted to interactions with the MHC-
related protein, or MR1 (175–177). Due to the highly conserved and nonpolymorphic
nature of MR1, these cells are referred to as T cells with an innate-like phenotype. They
sense infection through the riboflavin synthesis pathway, which is present only in
bacteria and yeast, and have unique, important roles in antibacterial immunity against
pulmonary pathogens and E. coli. After the recognition of antigens, they secrete
proinflammatory cytokines and directly kill infected cells. Regarding this, a reduced
count of circulating MAIT cells has been observed in pneumonia and tuberculosis
sufferers (175, 176, 178–181). Indirect activation after chronically established viral
infections through the IL-12/IL-18 pathway has also been reported (182).

The role of this cell subset in rickettsial infection has barely been explored, but
a recent study of scrub typhus patients reported MAIT cell activation after Orientia
infection and suggested that this cell subset constitutes an important arm of
cell-mediated immunity (CMI). Moreover, MAIT cells may be related to disease severity
after their dysregulation or deficiency (183). Diminished MAIT cell levels in peripheral
blood were revealed when scrub typhus patients (0.69%) were compared to healthy
controls (1.37%). These cells also show diminished production of TNF-� in comparison
to those of healthy donors but increased production in the remission stage of the
disease (183). Performing future studies on MAIT cells may shed light on their role in
rickettsial infections and their potential for the development of immunotherapies
based on cell immunity. Although they display phenotypic differences, mouse MAIT
cells closely resemble human ones (184), and therefore, mouse models have interesting
potential for the study of the physiological and pathological roles of these cells.
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ADAPTIVE IMMUNITY: PROTECTIVE ROLES AND KEY LIMITATIONS
Acquisition of Natural Heterologous and Homologous Immune Responses

One of the most remarkable traits of adaptive immunity is the development of
highly specific immunological memory after encountering a pathogen. This specificity
aims to safeguard the host from successive infections by the same pathogen, a feature
known as homologous protection. Nevertheless, the generated immunological memory
may influence immune responses to other pathogens, which is known as heterologous
immunity. Although usually associated with closely related pathogens (i.e., different
strains of the same bacterial species), it is also observed between unrelated taxa and
may either result in boosting protective responses or favor immunopathology (185).
Observations from studies performed with human volunteers more than 50 years ago
revealed that natural heterologous immunity acquired after O. tsutsugamushi infection
is strikingly short-lived, whereas homologous protection may last some years (186, 187),
observations which are further supported by data from studies performed with non-
human primates (NHPs) (188). Experimental subcutaneous (s.c.) inoculation of the
Gilliam strain in human volunteers who were naturally infected with Orientia 11 to 24
months before the experiment resulted in clinical disease. On the contrary, infection of
patients who were naturally infected 1 to 2 months previously did not result in clinical
disease (186). As discussed by those authors, most of those challenges were probably
heterologous. A different picture comes from homologous challenges, where only an
erythematous lesion surrounding the Gilliam strain inoculation site was observed in a
patient who was infected with the same strain 3 years prior to the study. Additionally,
complete protection was observed in another homologous challenge with a volunteer
who was naturally infected more than 3 years earlier (186, 187). Similar results were
observed in NHPs, where susceptibility to experimental homologous reinfection
was observed 6 years after the initial infection, in contrast to the resistance otherwise
observed when reinfection was performed 8 months after the initial infection (188).
Previous evidence for the lack of heterologous protection came from studies with
formalin-killed vaccine preparations, where lethal i.p. homologous challenge resulted in
the survival of mice, whereas heterologous challenge resulted in various outcomes,
from an absolute lack of protection to significant protection. This was observed only
when immunization was done by the same administration route and not when the
subcutaneous route was used, which resulted in a lack of protection even with
homologous challenge (189). However, when live O. tsutsugamushi bacteria were used
for s.c. immunization, homologous protection was observed even when mice were
challenged by a different route (190). Interestingly, those early studies suggested high
antigen diversity characterizing Orientia strains. Additionally, those studies revealed
that both the viability of vaccine organisms and the immunization/challenge routes
differentially influence the host immune response.

Antigen Diversity

More recent studies on O. tsutsugamushi surface molecules and antigens confirmed
the previously suspected heterogeneity of surface antigens. Despite these studies, we
are still far from having a comprehensive understanding of the diversity of Orientia
antigens and their relevance in immunity. To date, five immunodominant proteins have
been detected by Western blotting, with molecular masses of 22, 47, 56, 58, and
110 kDa (191–195). Some of these antigens show discrete variability: the 22-kDa
antigen is well conserved among several strains (�95% similarity), whereas the
47-kDa antigen is a conserved transmembrane protein that also presents little
contribution to the antigenic variability of Orientia (196, 197). On the other hand,
higher variability is observed for the sequences of the 56- and 110-kDa antigens. TSA56
is the most well-characterized antigen and the major variable immunogenic surface
protein; it contains four major variable domains (VDs) but also conserved epitopes and
is the most frequently recognized antigen in human and animal infections (192,
198–201). This protein has been the subject of several vaccine studies due to its high
immunogenicity; some of these studies are discussed below. The 110-kDa antigen is
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less abundant in outer membranes but also presents strain-specific epitopes and is
recognized in natural human infection. Its study as an immunogen is limited to one
report, where recombinant plasmid expression of this antigen provided partial protec-
tion in a homologous challenge of Swiss CD-1 mice (42).

In many studies performed in several regions of endemicity in Asia examining
rodent, arthropod, and human samples, high antigenic diversity is indeed observed.
However, analysis of Orientia genetic diversity reveals a more complex diversity, where
a variable frequency of genotypes is frequently found either within or between regions
of endemicity (202–211). Moreover, molecular analyses of field samples, which are
commonly based on analyses of outer membrane proteins, mainly the 56-kDa protein,
reveal that common genotypes found in human patients do not reliably represent the
prototype strains widely used in diagnostic assays and vaccine studies but fall into
strain-related genotypes that show higher genotypic diversity (205–207, 209, 210, 212,
213). Thus, the O. tsutsugamushi diversity observed in regions of endemicity represents
a major barrier that is difficult for the development of accurate diagnostic tools and
adequate cross-protection through vaccination. This heterogeneity leads to the inef-
fective development of both effector and memory cross-protective immunity due to
the antigen-specific nature of humoral and cell-mediated responses. Although testing
of either heat-killed, irradiated, or live Orientia vaccines revealed that several subunit
vaccines may provide strong homologous protection (42), on the contrary, the devel-
opment of heterologous protection remains a major challenge. Since immunodomi-
nant, variable antigens have failed to provide long-lasting heterologous protection, it
has been proposed that sustained, cross-protective immunization may be reached by
testing vaccines that include a combination of nonimmunodominant, widely conserved
antigens displayed in an adequate context that favors the development of both
humoral and cellular responses (24). However, candidate antigens remain to be iden-
tified.

Humoral Immunity: Protective Roles and Related Problems

In human patients, levels of specific antibodies against O. tsutsugamushi are main-
tained during a short time, as observed in serological surveillance studies. Orientia-
specific titers rise from the second week postinfection (214), reaching a mean peak titer
of 1:499, but quickly decrease afterwards, with a mean reversion time of �49 weeks,
reaching undetectable levels after 40 months (215). The short duration of serum
antibodies has also been observed in NHPs, where detectable levels disappear within
1 year after generation (188). Complement fixation studies on human strain-specific
antisera show that sample titration results in significantly higher endpoint titers when
tested against homologous strains than when tested against heterologous strains (189,
216).

Those observations are clearly reflected in the characteristics of the natural immune
response acquired by naturally infected individuals, which are discussed above. The
kinetics of antibody production have scarcely been reported in mouse inoculation
studies that resemble human disease, where the duration of significant serum antibody
levels was not measured. In a Karp strain i.v. infection model, animals suffering from
acute lethal disease presented higher levels of IgG2c at 10 dpi than did their uninfected
counterparts, whereas levels of IgG1 antibodies did not differ between the two groups.
Additionally, a marked Th1 cytokine profile was evident in animals presenting serious
disease, giving hints of the importance of this secretory profile in disease development.
Additionally, higher IgM levels were detected by an enzyme-linked immunosorbent
assay (ELISA) at 10 dpi in the lethal challenge group than in uninfected control mice
(46). That same research group reported antibody responses in a sublethal challenge
with the Gilliam strain, where the kinetics of seroconversion were dependent on the
dose of the pathogen and the inoculation route. An overall predominance of IgG2c
over IgG1 isotypes was reported, suggesting a more significant Th1 response. However,
significant levels of IgG1 were also reported, suggesting that a Th2 response was
present, possibly contributing to the improvement of immune homeostasis leading to
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a sublethal outcome rather than a lethal one (43). When considering studies of human
sera, one study reported that the kinetics and levels of antibody responses differ
between conserved and variable antigens; specifically, the variable 56-kDa protein
produced early, robust, and long-lasting antibody responses, while those elicited by the
47-kDa antigen were detectable later and were less pronounced (191).

Although a complete understanding of the robustness of the antibody response
requires further research efforts, the results discussed above suggest that the kinetics
and isotypes implicated in the humoral response may be modulated by several factors
and may impact the general immune response to Orientia and the pathogenesis of
scrub typhus. Despite the short duration of antibody levels in human patients, protec-
tive roles of antibodies were observed in studies reported decades ago, through the
passive transfer of sera from immunized animals to challenged mice. In one study,
complete protection or delayed death was observed after a lethal i.p. challenge when
serum transfer was performed within the first week of infection (217), whereas com-
plete protection against acute disease and enhanced mouse survival were reported in
another study after the transfer of immune sera previously incubated with Orientia in
vitro (218). Protection by antibody neutralization was observed in another report where
strain-specific differences were studied. Particularly, complete protection was achieved
only with homologous strain challenges, whereas no protection was observed with
heterologous strain challenges (219). Hyperimmune serum inhibited infection by Ori-
entia in suspended chicken cells by blocking a strain-specific surface antigen. Additional
studies have shown that strain-specific antibodies enhance the intracellular uptake of
the bacteria by professional phagocytes (54, 133). Guinea pig PMNs enhanced the
uptake of antibody-bound Orientia bacteria, which were subsequently released from
phagosomes to the cytosol, where these antibodies inhibited the translocation of
Orientia to areas where free bacteria usually move (54). When the effect of immune
serum on Gilliam strain infection of resident BALB/c mouse peritoneal macrophages
was evaluated, a 50% reduction in the number of infected macrophages was achieved.
This was improved to a 75% reduction when infection was evaluated in cytokine-
activated macrophages, which also presented enhanced growth suppression of op-
sonized Orientia bacteria (133). Nonetheless, complete suppression of infection by
macrophages was not observed when considering these treatments separately, indi-
cating that the humoral response may not be able to fully subvert the infective process.

Antigens inducing neutralizing antibodies were not identified in those previous
studies. However, other studies reported that sera obtained from human patients show
reactivity with the 56-kDa protein (220, 221), and some important epitopes of this
protein have been identified. These epitopes were mapped in a study where mouse
monoclonal antibodies and sera obtained from naturally infected humans and mice
immunized with the 56-kDa antigen from the Boryong strain (Bor56) were used to
characterize antibody-binding domains through the expression of deletion constructs
of Bor56 recombinantly expressed in E. coli. Antigenic domains (ADs) I (aa 19 to 103),
II (aa 142 to 203), and III (aa 243 to 328) were identified as being important immuno-
genic regions (222). Moreover, in a similar study, sera obtained from Boryong-, Gilliam-,
Karp-, or Kato-immunized mice were employed to analyze homotypic and heterotypic
antibody responses, revealing that different epitopes on the 56-kDa antigen were
involved in distinct antibody responses. Particularly, it was concluded that ADs II and III
and VD IV were relevant for heterotypic antibody responses, whereas VD I defined
homotypic antibody responses (223). Those results suggested that the 56-kDa antigen
plays a significant role in generating protective humoral responses. In fact, C3H/HeDub
mice immunized with recombinant Bor56, but not control mice, showed a triggering of
the secretion of neutralizing antibodies, which conferred enhanced resistance to lethal
challenge. These immunized mice also secreted Th1 cytokines when stimulated with
irradiated strain Boryong bacteria and displayed dose-dependent lymphocytic prolif-
eration, thereby shedding light on the protective responses achieved by targeting this
antigen (224). Additionally, high antibody titers were also observed, which, in other
studies, showed the ability to neutralize infection in an i.p. challenge with a homolo-
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gous strain (222, 225). Also, immunization of cynomolgus monkeys 1 month prior to
challenge with a recombinant truncated fragment of this antigen elicited significant
humoral and cellular immune responses and diminished clinical disease but did not
prevent rickettsemia (42).

The reports discussed above support the idea that humoral immunity has a signif-
icant role in providing protection against homologous infections. On the contrary, a
protective role in the development of heterologous protection is otherwise less well
supported. Several aspects of the humoral response require urgent research, including
the detection of conserved antigens and characterization of their immunogenic po-
tential. Also, specific isotype responses and their kinetics should be further studied,
along with their effect on scrub typhus pathogenesis and diverse aspects of humoral
and cellular responses. The development of accurate animal models may constitute a
powerful tool for the characterization and modulation of these responses.

Contribution of T Cells and Cytotoxic Lymphocytes to Protection and Pathogenesis

According to reports based on human patients and experimental animal studies,
CMI has a significant role in protective responses to Orientia tsutsugamushi, being more
important in the development of cross-protective responses than humoral immunity
(132, 226–233). One study found that mice that survived a first Gilliam strain challenge
were able to survive a subsequent lethal i.p. Karp challenge, despite a lack of cross-
reactive antibodies. Moreover, complete protection of naive mice was observed after
the passive transfer of splenocytes from Gilliam-inoculated immune mice, a protective
effect that was otherwise absent when transferred cells were T cell depleted. Interest-
ingly, no protection against lethal Karp challenge was observed when only sera of
Gilliam-immunized animals were transferred to naive mice, confirming that humoral
responses had a marginal role in these protective responses (226). In another study,
gamma-irradiated Karp strain bacteria, which are able to enter the cells but are unable
to replicate, were employed to perform i.p. immunization of mice, resulting in a
nonlethal outcome. These irradiated immunogens yielded complete cell-mediated
protection against subsequent lethal challenges performed 24 days after immunization
with the Karp and Kato strains, providing further support for the role of CMI in
homologous and heterologous protection (227). When formalin-inactivated Orientia
bacteria were employed instead, neither homologous nor heterologous protection was
achieved, which may be related to a decrease in antigen immunogenicity (227). In
accordance to those previous results, lymphocyte proliferation triggered by both
homologous and heterologous antigens was observed in an in vitro mouse lymphocyte
proliferation assay performed after immunization with the Karp, Kato, or Gilliam strain
(229). It was later reported that proliferating T cells were able to secrete MIF and
interferon (234). A previously reported study using an in vitro assay indicated that CD4�

T cells are activated after encountering infected moDCs, as revealed by IFN-� secretion
(117). Nevertheless, patients with acute scrub typhus present with peripheral CD4�

lymphopenia and regulatory T cell downregulation, along with massive T cell apoptosis,
which may contribute to the poor generation of memory responses and to an unreg-
ulated cytotoxic T lymphocyte (CTL) response (235).

To date, several reports have yielded robust data indicating that protection against
Orientia infection results after IFN-� upregulation. High IFN-� levels were seen in
C3H/He mice previously s.c. immunized with the Gilliam strain, after i.p. challenge with
viable Orientia bacteria. The correlation of these levels with rickettsemia strongly
suggested that this cytokine has an important role in protective responses (230). A
protective role was observed in another study, where an IFN-�-producing immune T
cell line previously exposed to specific antigens provided protection after being
transferred to challenged naive mice. Interestingly, this cell line, which was suggested
to be of a T helper phenotype, showed partial reactivity to Karp but not Kato strain
antigens in a lymphocyte proliferation assay (236). In NHPs, one report indicated that
T cells respond with IFN-� secretion after Orientia infection (188), results which were
recently supported by a study carried out in a rhesus macaque model where Orientia-
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specific cellular IFN-� secretion was observed at between 7 and 28 dpi through an ex
vivo IFN-� enzyme-linked immunosorbent spot (ELISPOT) assay (237). The detection of
the production of this cytokine in peripheral blood mononuclear cells has been related
to the improved control of bacteremia in NHPs vaccinated with a DNA vaccine (pKarp47
DNA) (238). In human scrub typhus patients, an early response of IFN-� and the
IFN-�-inducing cytokines IL-15 and IL-18 occurs early during the acute phase of
infection (144–146). Additionally, a proinflammatory-shaped response is evident, and T
cell recruitment may be enhanced by the release of the chemokines CXCL9 and
CXCL10. Furthermore, increased levels of granzymes A and B indicate the upregulation
of cytotoxic activity (144–146, 232). These responses are likely due to the cytosolic
sensing of Orientia, as discussed above, and support the importance of CMI and
cytotoxicity in early responses against this infection.

Cytotoxicity is an important mechanism that is usually required to eliminate cyto-
solic pathogens. The major effectors of these response are CTLs, which are mainly CD8�

cells. These responses are less studied for Orientia than for the Rickettsia genus (239).
Early reports observing a cytotoxicity effect showed that splenocytes derived from
Gilliam strain-infected C3H/He mice are able to lyse L929 fibroblasts in vitro. Recently,
using a BALB/c mice footpad inoculation model with the Karp strain, it was demon-
strated that the spleen and lung are highly infiltrated by active CD8� T cells at 21 dpi.
The CD8� response is required for the protection of mice, since its depletion results in
elevated bacterial loads from 14 dpi onwards and in mouse mortality, while the
adoptive transfer of these cells to i.p. challenged naive mice prevents lethality. Com-
plementary roles were addressed in a C57BL/6 mice model, where an increased
percentage of CD8� T cells was present in the pulmonary lymphocyte compartment for
several weeks, and their depletion at 84 dpi caused the reactivation of bacterial growth.
Interestingly, the activity of CD8� T cells was required to control infection and protect
mice from lethality even when increased IFN-� levels and activated macrophage
responses were observed in lung and liver. Also, the cytotoxic activity of CD8� T cells
was responsible for liver and lung injury. Those results underscore the relevance of
these cells in orchestrating a protective response that requires several mediators and in
restricting the growth of Orientia in acute and persistent infection. Moreover, those
results demonstrate the role of this cell subset in tissue injury observed in mouse
models that resemble human pathology (231).

Finally, it is interesting to note that humoral immunity also requires T cells for proper
development, as concluded in a study performed with athymic mice, where antibody
responses were dependent on the transfer of T cells (233). Summarizing the data from
recent studies, and considering the characteristics of the infective cycle and systemic
dissemination of Orientia tsutsugamushi in scrub typhus, is clear that a protective
response requires efficient cross talk between humoral and cellular immunity, with a
tight control of effector cells, in order to successfully achieve pathogen clearance
without compromising the host due to exacerbated inflammatory responses. The role
of T cells and cytotoxicity against Orientia infection seems to be crucial for several
aspects of adaptive immunity; however, functional studies unveiling the contribution of
CTLs, apart from the ones mentioned above, as well as studies of other T cell subpopu-
lations in O. tsutsugamushi infection are scarce, particularly in the context of infections
that resemble human pathology. This branch of the immune response should be of
high priority in future studies, since it may constitute an essential component of the
response required to achieve the complete elimination of the pathogen from infected
tissues, acting as a scaffold for humoral and cytotoxic responses and as a basis for the
development of robust cross-protective immunological memory, which is a crucial goal
to reach.

CONCLUDING REMARKS

Scrub typhus remains a neglected disease despite the substantial health burden that
it generates annually. The development of an effective and cross-protective vaccine
constitutes an imperative goal for the prevention and control of this severe infection,
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but current efforts have yielded ineffective results. This bacterium has a complex
infectious cycle that involves several hosts and cell types, where it displays a plethora
of molecular mechanisms required for successful infection and cycle consummation. In
this context, great research progress has been achieved regarding details of the
Orientia-host cell interplay, which have shown that this bacterium extensively modu-
lates human innate immune responses. However, important aspects of innate response
subversion are still not elucidated, including apoptosis modulation and phagosome/
autophagosome escape mechanisms as well as enhanced cytosolic replication with-
standing nitric oxide production. The availability of the complete genomes of two
Orientia strains may help in an understanding of these processes and furthermore has
given evidence of several potential pathogenic mechanisms. For example, the massive
existence of secretion systems and effectors proteins, along with some recent discov-
eries of their roles as virulence factors, has raised an interesting hypothesis about the
extent and mechanisms of the interaction network mediated by Orientia soluble
molecules, making this a fertile field for future investigations. The incorporation of new
methodologies may be useful for expanding current knowledge, as reported for other
intracellular pathogens, where chromatin immunoprecipitation (ChIP) studies have
shed light on the direct DNA-binding capacity of Ank proteins in Anaplasma phagocy-
tophilum (240, 241) and Ehrlichia chaffeensis (242, 243). Similar improved methodolo-
gies for intracellular organisms were recently reported (244), and efforts from research
groups will be required to expand the tools needed for dissecting Orientia modulation
of host cells. Additionally, new releases of draft Orientia genomes (245) may also be
employed to facilitate an understanding of the molecular complexity of different
Orientia strains and the genetic bases of pathogenicity, as exemplified by recent work
addressing strain differences in antibiotic resistance (246). Genomic information should
also be exploited for the detection of conserved subdominant antigens, which may be
crucial for the generation of vaccines that elicit cross-protective responses, as discussed
above.

The bacterial ligands and host cell receptors that participate in the specific recog-
nition of Orientia remain largely unknown, with some exceptions. However, it is well
documented that infection and activation of phagocytic and nonphagocytic innate
cells induce the upregulation of cytokines and chemokines that drive a proinflamma-
tory state, which has been consistently studied by employing in vitro systems. It seems
that these responses are insufficient to control infection and additionally may be
involved in scrub typhus immunopathogenesis. It is interesting to analyze IL-10 secre-
tion, which has been consistently observed in several in vitro and in vivo experiments,
as well as studies carried out in scrub typhus patients (48, 130, 135, 141, 144, 146).
Although not addressed by mechanistic studies, the role of this cytokine seems to be
critical in shaping disease outcomes, possibly being involved in the modulation of the
hypersecretion of inflammatory cytokines and bacterial persistence. Further research,
integrating new molecular techniques and employing recently established mouse
models, will have a fundamental role in determining the impact of key molecules and
actors in the inflammatory response, including ligands and receptors involved in
infection sensing.

Fluorescent chemical probes that allow the tracking and live imaging of cell
compartments are promising tools that are expanding our knowledge of the basic
biology of Orientia and revealing striking characteristics, such as the presence of
peptidoglycan-like structures that may be involved in host cell recognition by unique
patterns, which should be further characterized (11, 247). Moreover, studies based on
TLR2-deficient mice have revealed interesting roles for this molecule (47), and it is
expected that future mechanistic studies performed with models that closely resemble
human infection will greatly improve our understanding of defense and pathogenic
mechanisms. The establishment of these models constitutes a unique advancement,
since in the past, several studies addressing immune responses were performed by
using either i.p. or i.v. inoculation, displaying responses that do not reflect those
observed in mite-borne natural human infection. Further diversification of inoculation

Orientia tsutsugamushi Infection and Immunity Clinical Microbiology Reviews

April 2018 Volume 31 Issue 2 e00076-17 cmr.asm.org 21

 on January 6, 2020 at P
O

N
T

IF
IC

IA
 U

N
IV

E
R

S
ID

A
D

 C
A

T
O

LIC
A

 D
E

 C
H

ILE
http://cm

r.asm
.org/

D
ow

nloaded from
 

http://cmr.asm.org
http://cmr.asm.org/


routes is necessary to explore different aspects of the pathology and immune re-
sponses triggered by Orientia infection. Laboratory-reared chigger infection models
may be the most appropriate approach to study several aspects of Orientia infection,
without neglecting vector-associated factors. Although successful Orientia challenges
employing this inoculation route in mice have been reported (126, 248), it has not been
routinely employed in the latest studies. Furthermore, to better understand natural
human Orientia infection, and to address gaps regarding human immune responses,
this laboratory-reared chigger inoculation approach may be employed on humanized
mice, which constitute an interesting tool that has been unexplored to date. These mice
display a functional human immune system, since they carry a mutation in the IL-2
receptor � chain locus that renders them severely immunodeficient, a condition that
permits the subsequent engrafting of primary hematopoietic cells and tissues from
humans (249, 250). This combined approach would allow the assessment of several
factors that are frequently bypassed, such as the immunomodulatory effects that
arthropod saliva might exert (251). It would also provide a unique platform to inves-
tigate the infective process of Orientia and human immune responses. We expect that
efforts will be made to overcome technical difficulties related to the establishment of
the laboratory-reared chigger inoculation model.

Currently, interesting studies are unveiling the role of T cell subsets in defense
against Orientia, particularly cytotoxic cells (231), but additional progress is required
and expected to be addressed soon to understand the impact of each cell subset
participating in CMI. The role of CD4� cells requires urgent characterization due to their
impact on immunological memory development, especially considering reports of
CD4� human lymphopenia (235). Finally, for achieving an accurate understanding of
immune responses, it is necessary to conduct studies on the contribution of other
less-studied cell subsets, including MAIT and regulatory T cells, which may be achieved
via mechanistic studies thanks to the current availability of mouse models and diverse
genetic backgrounds.

Several factors of this pathogen and the immune response elicited in human hosts
turn the development of an effective cross-protective vaccine into a complex challenge
for scientists. One of the greatest barriers is derived from the high genetic diversity and
antigenic diversity among strains and their major surface proteins. However, other
factors, such as (i) the natural response targeting nonconserved, immunodominant
antigens; (ii) deficient naturally acquired immunity; (iii) the involvement of several
immune cells in the replicative cycle of Orientia tsutsugamushi; (iv) the lack of estab-
lished animal models for the realization of mechanistic studies; and (v) the limited
knowledge on correlates of protective infection, also hinder the development of
therapeutic modulation strategies and of a protective vaccine providing long-lasting
and cross-protective responses. To date, it is well understood that effective immunity
against Orientia requires the synergy of humoral responses and cellular components of
both innate and adaptive responses, but a more realistic study approach will lead to a
more precise understanding. We expect that future mechanistic studies based on
animal models will allow researchers to dissect several branches of immunity against
this pathogen, toward overcoming difficulties the underlie vaccine development. More-
over, other important goals to be achieved, such as the development of diagnostic and
immunogenicity assays for field use as well as the evaluation of therapeutic agents and
candidate vaccines, also require well-established animal models. Determining corre-
lates of protection is therefore required, but this has not been achieved in humans.
Interesting reports based on NHP models are providing a fertile field for future
protection correlate studies and investigations into vaccine-induced immune responses
(238). It is noteworthy that the recent establishment of a high-sensitivity IFN-�-based ex
vivo ELISPOT assay validated in both humans and a NHP model may provide a
remarkable link between animal models and human studies and promises to improve
field immunogenicity and candidate vaccine evaluation (237).

Finally, as stated above, this bacterium remains genetically intractable. Genetic
manipulation of intracellular bacteria has been a challenging goal, mostly due to
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their mandatory intracellular lifestyle. It is noteworthy that during the last decade,
genetic manipulation strategies have been successfully applied to Rickettsia, spe-
cially spotted fever group and typhus group rickettsiae (252, 253). Research groups
should direct efforts toward overcoming this genetic intractability, since genetic
manipulation tools, once protocolized, may notoriously improve the knowledge of
Orientia pathogenesis and immunity.
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