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Abstract

Scrub typhus is a neglected tropical disease that affects one-third of the world’s population. The disease is caused by Ori-
entia tsutsugamushi (OT), an obligate intracellular Gram-negative bacterium. OT efficiently escapes from the endosomal
pathway after entering the host cell and replicates inside cytosol. OT infection promotes cellular autophagy, the autonomous
defense mechanism unlike other bacteria. This study has discussed the bacterial invasion process through the extracellular
matrix and the immune response activated by the bacterium within the hosts. Furthermore, we have emphasized the impor-
tance of extracellular matrix and their cross-talk with the immune cells, such as, macrophages, neutrophils, and dendritic
cells followed by their inflammatory response. We have also put an insight into the host factors associated with signaling
pathways during scrub typhus disease with a special focus on the OT-induced stress response, autophagy, apoptosis, and
innate immunity. Multiple cytokines and chemokines play a significant role in activating different immune-related signaling
pathways. Due to the presence of high antigenic diversity among strains, the signaling pathways during the host—pathogen
interplay of OT with its host is very complicated. Thus, it hinders to mitigate the severity of the pandemic occurred by the
respective pathogen. Our investigation will provide a useful guide to better understand the virulence and physiology of this
intracellular pathogen which will lead towards a better therapeutic diagnosis and vaccine development.
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The Bacterium (Rajapakse et al. 2012; Bhate et al. 2017). Some cases from

Chile and Northern Laos have been documented where the

Orientia tsutsugamushi (OT) is an intracellular bacterium,;
the causative agent of scrub typhus that affects Imllion
people per year globally, especially in the Asia—pacific
region (Watt et al. 2003; Xu et al. 2017). The trombicu-
lid mites infect humans through larval bites, and responsi-
ble for spread of different genotype strains within human
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terrestrial leeches are the vector of scrub typhus-like ill-
ness (Balcellset al. 2011). The bite of leeches is not familiar
in urban areas but might play a considerable role in rural
places. Although global data on leech transmission are yet
not available, parasitological research is required to con-
clude the role of leeches as a vector for infectious diseases
(Slesaket al. 2015). The mite-borne disease’s clinical pres-
entations and symptoms range from asymptomatic to fatal
conditions, including headache, fever, rash, myalgia, and
lymphadenopathy after 6 to 10 days of post-infection. If it
remains untreated, patients leads to multiorgan dysfunction
like respiratory involvement, myocarditis, renal impairment,
leucocytosis, and thrombocytopenia and death.

India has experienced a significant increase in scrub
typhus incidence and documented an expansion in geo-
graphic distribution throughout the country. From the obser-
vational, interventional, and population-based studies, it has
been seen that the Northeast region of India is prone to scrub
typhus disease. In the last decade, approximately 18,781
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cases of scrub typhus were reported from all over India
(Devasagayam et al. 2021). The highest cases were from
the southern region such as Tamilnadu, Puducherry, during
the cooler months, and the northern Himalayan region dur-
ing the rainy season (Chakraborty and Sarma 2017). Previ-
ously, it was endemic to the Asia—pacific region known as
the “tsutsugamushi triangle”, but many reports suggest that
it is spreading all over the world including Dubai, United
Arab Emirates, Chile, Peru, and Africa and cause a severe
public health problem throughout the globe (Xu et al. 2017).
Though scrub typhus is becoming a common life-threatening
and re-emerging disease that accounts for one million cases
every year with a high mortality rate, still, it is neglected
and underdiagnosed (Luce-Fedrowet al. 2018; Swain et al.
2022).

OT penetrates the target cell, disrupting physiological cell
functions and interrupting the host immune response. The
survival strategy employed by the bacterium can be under-
stood by studying the mechanisms by which OT enters the
host cell. Host cell signaling subverts and provides new
insight into drug discovery and therapeutics design (Seong
et al. 2001). There is no effective vaccine available as the
adaptive immunity appears short-lived against Orientia
infection. However, the route of infection, infectivity, and
protective mechanisms of the host immune response to OT
is unclear.

Structure

The molecular systems of bacteria have been developed
over a million years, and the evolutionary study remains
limited compared to the diversity of the bacterial kingdom.
To maintain correct cell shape and protect themselves from
extreme environmental conditions, many bacteria synthesize
arigid cell wall that mainly forms from the macromolecule
peptidoglycan. Almost all known bacteria have some form
of peptidoglycan (Vollmer et al. 2008). The cell envelope
stability is due to the presence of a peptidoglycan-like struc-
ture, also a network of cross-linked proteins in the outer
membrane. Orientia was initially thought to be devoid of
peptidoglycan, but Atwal et al. 2017 suggested the pres-
ence of a peptidoglycan-like structure and an outer mem-
brane comprising a network of cross-linked proteins that
together confers cell envelope stability (Atwal et al. 2017).
Previously it was concluded that Orientia does not have both
peptidoglycan and LPS, which leads to insensitive to penicil-
lin (Amao et al. 1987). However, the genome sequence of
the Orientia shows a lack of LPS biosynthesis gene, but it
possesses peptidoglycan biosynthesis genes. Therefore, in
response to Orientia infection, an intracellular host immune
receptor Nod1 recognizes the peptidoglycan fragments and
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gets activated. However, the structure is challenging to
detect as it is present at a low level (Cho et al. 2010a, b).

The OT cell shape is asymmetrical and more variable
than other Rickettsiaceae, peptidoglycan-containing bacteria
(Atwal et al. 2017). Low-requirement and minimal pepti-
doglycan in OT is similar to the cell wall of Chlamydiae,
an unrelated group of bacteria. The genes responsible for
peptidoglycan biosynthesis show similarities with Chlamy-
diae and suggest a few conserved gene set. MurA-G gene
regulate the shape, elongation, division, and sporulation;
and class B penicillin-binding proteins (PBPs) are conserved
in both Orientia and Chlamydiae, and are responsible for
peptidoglycan transpeptidase activity (Salje et al. 2017). In
peptide side chains of peptidoglycan, the d-isomer amino
acids (d-Glu and d-Ala) and the diamino acid meso-diami-
nopimelic acid (meso-DAP) are present. b-amino acids are
seldom found in proteins. It is synthesized by a particular
activity of amino acid Racemases, which is absent in the OT
genome (Vollemer and Bertsche 2008; Vollemer et al. 2008).
Even though OT does not encode the main L-alanine race-
mase, the DDL gene produces a protein that catalyzes the
ligation of two d-Ala residues present in peptidoglycan side
chains. In Chlamydia pneumonia, the GlyA enzyme may
represent an alternate for d-Ala biosynthesis and considered
as a homolog of Orientia (OTBS 0253) (Shostak et al. 1988;
DeBenedetti et al. 2014).

OT has a highly repetitive single chromosomal genome
of 2.1 megabases consisting of short repetitive sequences,
transposable elements (miniature inverted-repeat transpos-
able elements, Group II intron), and a massively amplified
integrative and conjugative element (ICE) termed the rick-
ettsial-amplified genetic element (RAGE) represent 42% of
the whole genome. It also undergoes a lot of reshuffling.
Type IV secretion systems and possible effector proteins like
ankyrin repeat-containing proteins, histidine kinases, and
tetratricopeptide repeat (TPR) domain-containing proteins
are controlled by the integrase and transposase genes found
in ICE. Due to numerous repetitions and mobile DNA ele-
ments, there is a bare connection between the positions of
the genes in the two complete genome sequences of OT and
other rickettsial genomes.

Intracellular bacterial pathogens use ankyrin repeat-con-
taining protein (Anks) as a virulence factor. These proteins
include one or more ankyrin repeats of 33-amino acid resi-
due motifs, which induce protein—protein interaction. Within
a protein, these domains generate a helix-turn-helix structure
that mediates interaction with the target protein (Al-Kho-
doret al. 2010). The OT genome of strain Ikeda has 47 Ank
open reading frames (ORFs), the most obligate intracellular
bacterium (Nakayama et al. 2008; VieBrock et al. 2015).
The whole-genome structure of Orientia shows the origin of
replication, the repetition rate of each chromosomal region,
transposable elements, RAGE sequences, and forward and
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reverse strands. OT, strain Ikeda has a circular chromosome
that consists of 2008987 bp. It contains a higher number
of protein-coding genes, i.e., 1967CDS. Of 1196 repeated
CDSs, 64% (766 CDSs) are pseudogenes among the single-
ton genes (Nakayama et al. 2008) (Fig. 1). Eighteen types
of a repetitive sequence having 933.8 kb have been identi-
fied, that contributes 46.5% of the genome. The repetitive
sequence is characterized as a Orientia tsutsugamushi ampli-
fied genetic element (OtAGE). In the Boryong strain, there
are 2179 protein-coding sequences, of which 963 are frag-
mented genes, revealing a minimal percentage (49.6%) of
coding capacity. The genome size of Boryong is 2127051 bp
which is longer than Ikeda. More than 200 bp, 4197 identi-
cal repeats are reported, which is the unique feature of OT,
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Fig.1 The genome structure of Orientia tsutsugamushi showing
genome size, CDS, distribution of Simple Sequence Repeats (SSR)
markers, and GC content. The outermost red rays show the replica-
tion rate of each chromosomal region. Origin of replication (Ori)
is on the top. The feature of the genome moving inwards from the
outermost region shows; Red: repeated genes, Black: singleton
gene, Green: core gene, Blue: pseudogene, Orange: OtAGE forward
sequence, Greenish yellow: OtAGE reverse sequence

consisting of 37.1% of the total genome. The mean size is
about 947 bp of the perfect repeat with a maximum length
of 8909 bp, corresponding to approximately 40% of the total
genome (Cho et al. 2007). These genome informations will
be helpful in the study of OT molecular pathology, followed
by genotype evaluation and effective vaccine development.

OtAGE is a significant genetic element consisting of
33 kb, which encodes about 33-38 genes. Mainly it encodes
an integrase gene (int gene) followed by a set of other genes
regarded as integrative and conjugative element (ICE). Min-
iature inverted-repeat transposable element (MITES) and
group II intron were also identified (Nakayama et al. 2008).
Seven short repeat sequences (SRS) have been reported, but
their functions and origins are still unknown. The genome
backbone is highly conserved and similar, but for surface
proteins, sequence variations were reported. Batty et al. 2018
reported a high-quality genome of OT of six strains such as
Gilliam, Karp, Kato, UT76, UT176, and TA686 compared
with the Boryong and Ikeda strains having the genes 2709,
2578, 2406, 2247, 2086, and 2546, respectively (Batty et al.
2018) (Table 1).

Diagnosis strategies and treatment

Scrub typhus is associated with various clinical manifesta-
tions, and the key diagnostic indicator is the presence of
eschar. However, in the absence of pathognomonic eschar,
different serological diagnostic tests such as the Weil-Felix
test (WF) followed by ELISA (IgM and IgG), rapid immuno-
chromatographic test, Immunofluorescent assay (IFA), and
molecular-based methods such as polymerase chain reac-
tion (PCR) and nested PCR (nPCR) are commonly used.
The serological test method ELISA for antibody detection,
is most widely used due to its ease of availability and cost-
effectiveness. However, PCR method is still considered as
a gold standard method for identification and strain demar-
cation of the respective bacterium (Varghese et al. 2014).
But still it requires an efficient tool like Variable Number of
Tanden Repeats (VNTRs) multiplexing for genotype evalu-
ation. For treatment, patients are well respond to antibiotics

Table 1 Orientia tsutsugamushi

. . . Strain Serotype Genome length (bp) Predicted gene References

strain with protein-coding gene numbers

numbers
Boryong Boryong 2,127,051 2443 Chang et al. (1990)
Tkeda Tkeda 2,008,987 2186 Tamura et al. (1984)
Gilliam Gilliam 2,465,012 2709 Rights and Smadel (1948)
Karp Karp 2,469,803 2578 Enatsu et al. (1999)
Kato Kato 2,319,449 2406 Enatsu et al. (1999)
UT76 Karp 2,078,193 2247 Blacksell et al. (2008)
UT176 Karp 1,932,116 2086 Paris et al. (2009)
TA686 TA686 2,254,485 2546 Enatsu et al. (1999)
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such as chloramphenicol, tetracycline, doxycycline and
azithromycin (Mahajan et al. 2016). Due to the genotype
complexity, evidence of antibiotic resistance strain that with-
stand to the commonly used antibiotic mentioned above as
well as widespread other antibiotics like p-lactams, fluoro-
quinolones, and aminoglycosides (Watt et al. 1999; Takhar
et al. 2017). The mortality rate ranged from 1 to 40% was
observed depending on different endemic are as and encoun-
tered OT strain if the patients remained untreated (Luce-
Fedrow et al. 2018). So, it is necessary to understand in
depth regarding the bacterium biology to develop an effec-
tive treatment strategy.

Pathogenicity

Orientia tsutsugamushi infects nonphagocytic cells such
as fibroblasts, endothelial cells, and phagocytic cells, i.e.,
monocytes/macrophages, neutrophils, and dendritic cells
(Jeong et al. 2007). Endothelial cells with dendritic and mac-
rophages are the primary targets of infection in vivo, innate
phagocytes of the dermal layer. The pathogen recognition
receptors (PRR), macrophages, dendritic cells, and neutro-
phils sense the invading pathogens to activate the natural
immune response and promote adaptive immune responses
(Ting et al. 2008). At the chigger bite site, the bacteria infect
leukocytes. Infected leukocytes travel to regional lymph
nodes and spread throughout the body via the peripheral
vascular system. The pathogen eventually egresses from leu-
kocytes and infects the skin and significant organ endothelial
cells (Paris et al. 2012, 2013). The bacteria escape their host
cell-derived vacuole and replicate in the cytosol within the
first hour after uptake into the host cell (Ge and Rikihisa
2011).

The bacterial replication occurs within a polysaccharide-
enriched microcolony (Lee et al. 2009) when it traffics to the
perinuclear region after evading autophagy in the cytoplasm
(Ko et al. 2013; Choi et al. 2013). OT enters the host cells
through a clathrin-mediated zipper-like mechanism and exits
through late endosomes to avoid the endolysosomal route.
The microtubule-mediated process is not standard for OT
intracellular trafficking (Kim et al. 2001). The synthesis
of polymerized microtubules and the minus—end-directed
motor protein dynein is required for microtubule-mediated
motility (Kim et al. 2001). It's still unclear whether OT sur-
face proteins facilitate the linking to microtubule-binding
proteins, how this is regulated, or why the perinuclear area
is employed for bacterial reproduction (Salje et al. 2017).

Leptotrombidium mite infection

The disease is transmitted to humans through the bite of
infected Leptotrombidium mites' larval stage. They feed for
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3-5 days utilizing a cyclostome to deliver salivary secre-
tions that lyse host tissue into the skin through hair follicles
and pores (Cho et al. 2007). Infection is spread by biting
"chiggers" (the larvae of trombiculid mites, Leptotrombid-
ium deliense). Chiggers eat a variety of vertebrates, but the
disease's primary and possible reservoir is the vector itself,
which maintains the pathogen via transovarial and transsta-
dial transmission. The bacterium is detected in the cytosol
of host cells in numerous organs, including the oocytes, in
infected mites and is efficiently passed on to the offspring
by transovarial transmission. Trombiculid mites only suck
mammalian tissue fluid once throughout their life cycle,
when the bacteria is introduced to the animal, it can causes
scrub typhus.

Cell invasion (bacterial ligand and host cell receptor)

The pathogen internalization with the host cell is done in
two ways: the first one is phagocytosis, where programmed
phagocytic cells activate to internalize the pathogen within
the cells. Another one is pinocytosis, where the pathogens
are exploited to enable invasion. To initiate the infection,
the intracellular bacterium first needs to attach to the host
cell and the extracellular matrix (ECM). Before the inva-
sion, OT attaches to the ECM through the receptor. The
cell surface 56 kDa Type-specific antigen (TSA 56) with
ScaC, the autotransporter protein of OT, interacts with gly-
coprotein fibronectin of ECM. Another transporter protein
ScaA is also involved in the attachment process, although
the bacterial counter-component with which it interacts is
unclear (Ha et al. 2011, 2015). For interaction with Syn-
decans, fibronectin contains heparin-binding domains. The
functional domains serve as motifs, and for interaction with
integrins central cell-binding Arg-Gly-Asp (RGD) motif
is required (Leiss et al. 2008). The cell-surface proteogly-
cans, i.e., heparin sulfate proteoglycans (HSPGs), act as a
co-receptor for the initial attachment of the microbe, and
secondary receptors mediate host cell entry (Chen et al.
2008). The core proteins present in HSPG attach covalently
with other heparin sulfates (HS) glycosaminoglycan (GAG)
chains. They are usually expressed on the adherent cell sur-
face and the ECM (Chen et al. 2008). Further, cytoplasmic
enzymes like focal adhesion kinases (FAK), Src kinases,
and Rho GTPases work downstream to aid the attachment
process (Aguilar et al. 2017).

Major transmembrane HSPGs such as Syndecans are
expressed on the most mammalian cell surface, facilitating
OT’s initial attachment to the host cells (Kim et al. 2004).
In invertebrates, four Syndecan family members are found,
among which syndecan-4 has the highest cell type distribu-
tion (Xian et al. 2010). The expression level of syndecan-4
affects Orientia infection (Kim et al. 2004). Therefore, the
syndecan-4 core protein is also involved in the attachment
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process of OT host cells besides heparin/ heparan sulfate
(Thn et al. 2000). It can signal independently through the
interaction with actin-associated proteins rather than work-
ing as co-receptors. In Orientia attachment, the interaction
component of transmembrane molecules Syndecan 4 and
Integrin a5P1 are still unknown.

The integrins form non-covalent heterodimers where
extracellular domains interact with different ligands of ECM
glycoprotein and other cell-surface proteins, and the actin
cytoskeleton components interact with cytoplasmic domains
(Morgan et al. 2007). It has been seen that the engagement
of integrins may facilitate by the interaction between TSAS56
antigen and fibronectin, by which downstream signaling
molecules may be activated and influence the bacterial inter-
nalization with nonphagocytic cells (Cho et al. 2010a, b).
Still, it is unclear whether fibronectin and Syndecan inter-
action involve in the attachment and cellular uptake of OT.

Orientia tsutsugamushi adopts host cellular
modulation to survive

Activation of autophagy during infection

Autophagy is a regulated catabolic process that inhibits the
growth of the pathogen in a cell by degrading the cytosolic
components. During pathogenesis, autophagy is initiated
in nucleation sites of the endoplasmic reticulum. When
autophagosomes join with other endosomal compartments to
engulf the target, the target is degraded. A part of the cyto-
plasm and different organelles are cut off in autophagosomes
and fused with lysosomes to degrade (Yang and Klionsky
2010). ATGs, a highly conserved autophagy-related gene,
regulate autophagy. In OT-infected polymorphonuclear leu-
kocyte (PMNs5s), more autophagosomes are found, within 1
hour post-infection (hpi) (Ko et al. 2013). Rapamycin, a
chemical inducer of autophagy, is present in the cell that
induces autophagy as soon as 2hpi. The active evasion of
OT from autophagy, which occurred solely in the presence
of rapamycin, suggests that cellular autophagy evasion may
play a key role in inhibiting rather than improving bacterial
clearance (Ko et al. 2013). Autophagy Kkills the bacteria by
lysosome-dependent degradation and presents the antigen to
naive T cells by delivering cyanobacteria to MHC class II
molecules. Autophagy is activated by [FN-gamma and tumor
necrosis factor (TNF) and inhibited by Th2 cytokines IL-4
and IL-13 (Deretic 2009).

Cytotoxic activity and induction of apoptosis
during infection

Apoptosis is a host defense mechanism that the pathogen
replication can be limited by the apoptotic pathway inside

the host cell. Histological studies of different tissues have
shown apoptotic modulation with various OT strains.
This process depends on other factors, such as, the type
of infected cell, the rate of infection, and the strain of OT.
The highly regulated process plays a significant role in the
infected cell-pathogen interplay (Gao and Kwaik 2000;
Sahni and Rydkina 2009). There are two pathways for acti-
vating apoptosis such as intrinsic and extrinsic pathways.
In the intrinsic pathway, BAX and BAK, i.e., B cell lym-
phoma 2 (Bcl2) family proteins (proapoptotic) and Bcl2-like
proteins (Bcl2, Bcel-xL, and Mcl-1) (anti-apoptotic) inhibit
the process. The channel-forming proteins BAX and BAK
increase the mitochondrial outer membrane permeability
(MOMP). BH-only proteins are activated under a stress-
ful condition to overcome the inhibitory effect of Bcl2-like
proteins, resulting in an increased MOMP which secrete
cytochrome c. In the extrinsic pathway, FasL. and TNF-a,
the death ligands bind to Fas and TNF receptor 1, the cell-
surface death receptors. This helps to form a death-inducing
signaling complex and activation of caspase 8. Therefore
effector caspases either directly activated, or BH3-only pro-
tein Bid start to cross-talk with the intrinsic pathway (Taylor
et al. 2008).

Different stages of Orientia infection may differen-
tially modulate the apoptotic pathway. The mouse kidney
endothelial cells demonstrated apoptosis with lethal Karp
infection, whereas endothelial cell line ECV304 infected
with Boryong (20:1) strain culture-induced apoptosis. The
decreasing intracellular calcium level inhibits apoptosis in
Boryong strain infection in the human monocyte cell line.
A calcium-dependent signaling molecule, protein kinase C
(PKC), plays an essential role in apoptosis. So the shortage
of calcium may affect the regulation of PKC and also impact
the apoptotic pathway.

Activation of endoplasmic reticulum (ER)
degradation during infection

The endoplasmic reticulum is the transportation system
with many functions in eukaryotic cells like protein syn-
thesis, folding, and modification of secreted and trans-
membrane proteins. The amount of protein synthesized
is affected by the change in extracellular environment or
physiological changes. The Unfolded Protein Response
(UPR), a signaling pathway that activates when misfolded
proteins get in the ER lumen, triggers the endoplasmic
reticulum-associated degradation (ERAD) pathway to
maintain homeostasis. It consists of interconnected trails
by the transmembrane sensors like RNA-activated ER pro-
tein kinase (PERK), inositol-requiring enzyme 1 (IRE1),
and activating transcription factor 6 (ATF6). Misfolded
proteins are translocated into the cytoplasm through
this pathway, and the lysine residues bind covalently to
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ubiquitin. Within proteasome, multiple ubiquitins are
linked together to create a chain-like structure that serves
as a marker for the degradation of the misfolded proteins.
The polyubiquitination proteins get degraded by proteoly-
sis (Meusser et al. 2005). OT inhibits ERDA and modu-
lates the UPR pathway. OT growth is low during 48 hpi;
during this time, it uses ER stress for stable growth. ER
stress is alleviated after 72 h, during the log phase of OT
amplification, and protein breakdown in ERAD continues
to produce amino acids to provide adequate nutrients. Ank
4 is produced by Orientia and interacts with Bat 3, a chap-
erone found in the host cell essential for ERAD (Rodino
et al. 2017). As a result, Ank 4 is one of the OT virulence
factors targeted to disrupt pathogenesis.

Active escape

The mechanism by which Orientia escapes from the
phagosome is still unclear. When OT was cultured in L.929
cells, a hemolysin gene, tlyC, and a gene that might encode
phospholipase D were expressed (Suttinont et al. 2006;
Kasper et al. 2012). The protein may disrupt the phagoso-
mal membrane and allow the pathogen to discharge into
the host cell’s cytoplasm (Bourgeois et al. 1982; Chat-
topadhyay and Richards 2007). OT release into the cyto-
plasm travels via microtubules to the microtubule-organ-
izing center as a naked cytosolic bacterium (Mendell et al.
2017). Microtubules mediate OT migration from the cell
periphery to the perinucleus in ECV304 cells (Mendell
et al. 2017). OT reproduces via binary fission (Soong et al.
2014) that takes approximately 9 h to complete (Fuxelius
et al. 2007). After proliferation, it is liberated from the
host cell to envelop viral budding (Mendell et al. 2017;
Soong et al. 2014). In mouse peritoneal mesothelial cells,
the host cell membrane covers bacteria, which may start
a new infection cycle through a phagocytic mechanism
(Soong et al. 2014). Before the bacterium infects a new
host cell, the host cell membrane encapsulates budding OT
may be lysed. If the host cells break, intracellular OT may
be discharged straight from highly infected cells (Fig. 2).

Host defense mechanism against Orientia
tsutsugamushi survival

Intracellular pathogens are well organized to hide away
in the host cells. So, they are mainly elicited by T cells
and can evade the antibodies. Because T cells have an
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automatic killing mechanism, they do not allow the infec-
tion to spread to the surrounding cells.

Innate immunity and pro-inflammatory response
against Orientia infection

Bacteria mainly target endothelial cells and retard intra-
cellular calcium releasing that induces apoptosis in dif-
ferent host cells (Watt et al. 2003). OT primarily targets
the macrophages in human skin, but monocytes and neu-
trophils can also be infected. TSAS56, an outer membrane
protein, is the leading cause of adhesion and invasion into
the mammalian cell. It takes 2 h to enter the host cell and
escape from the endosome. Membrane-bound endosome
uptakes the initial phagocytosis, but OT easily escapes and
replicates in the host cytosol. In the dermis, endothelial
cells and macrophages initiate inflammation, and through
monocytes, pathogens spread into the circulatory system.

Role of dendritic cell

Dendritic cells are the antigen processing and present-
ing cells (APCs) that initiate and orchestrate the initial
antigen-specific immune responses when the OT-infected
trombiculid mite bites the host (Kadosaka and Kimura
2003) and also presents specific antigenic molecules to
T cells. The maturational changes occur when foreign
antigens are captured. It includes migratory activity, co-
stimulatory molecule expression, major histocompatibil-
ity complex (MHC) increased expression, cytokine and
chemokines secretion such as CD40, CD80, and CD86.
In vitro studies show evidence of upregulation of MHC
class II molecules and CD40, CD80, CD86, and CD83
co-stimulatory molecules after 24hpi, which indicates DC
activation (Chu et al. 2013; Gorvel et al.2014). Eventually,
the dendritic cells activate T cells (Ho et al. 2004; Lebre
et al. 2005). Once the DCs get started, they move towards
the lymph nodes to prime naive T cells to develop adaptive
immunity (Randolph et al. 2005). The pro-inflammatory
molecules like tumor necrosis factor a (TNF- «), Inter-
leukin-6 (IL-6), IL-8, and IL-12p70 are also upregulated
within Orientia infected dendritic cells (Choi et al. 2013;
Chu et al. 2013).

CCL19 and CCL21, expressed in lymphatic endothe-
lium and the T-cell region of lymph nodes, are the pri-
mary chemokines that drive DC movement (Vivekanan-
dan et al. 2010). In addition, antigen intake by DC causes
maturational changes, including decreased expression of
the chemokines receptors CCR1, CCR2, and CCRS, which
keep DC in peripheral tissue, and increased expression
of CCR7, which helps antigen-bearing DC migrate to
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Fig.2 The repetitive cellular cycle of Orientia tsutsugamushi in
nonphagocytic cells. It represents the detailed overview of the inva-
sion and internalization process of OT as well as the active escape
process. Different proteins involved in this process were mentioned

lymphatic tissue. However, there is currently little under-
standing of the function of DCs during OT infection.

Role of macrophage/monocytes

Macrophages are the primary cellular target of bacterial
replication during the OT infection and act as an inflam-
matory response initiator. It also triggers an inflammatory
signaling cascade and produces chemokines for recruiting
T cells, neutrophils, and monocytes (Cho et al. 2000). In
the dermal tissues, monocytes are either present or draft to
the site of inoculation and instigate an early inflammatory
response. The macrophages also act as a place for bacterial
replication. The innate immunity can detect pathogen recog-
nition receptors (PRRs), and a high level of TLR expressed
on macrophages (Kawai and Akira 2010). In macrophages,
OT induces an M1-type genetic program. Human monocytes
stimulated by the inflammatory response and interferon-
stimulated genes (ISGs) during OT infection. In addition,
circulating leukocyte from scrub typhus patients shows

inside. Invasion of the host through primary barriers, bacterial inva-
sion of host defense, bacterial replication within-host, and host immu-
nological competence to control/eliminate the pathogens are the four
phages of host—pathogen interaction represented in this figure

various hallmarks of M1 polarization and survival of OT in
macrophages (Tantibhedhyangkul et al. 2011, 2013).

Role of endothelial cells

Cytokine signals mainly influence the endothelial cells that
control pathological processes. Pathogen-associated mem-
brane protein (PAMP) and pathogen replications directly
activate endothelial cells whereas damage-associated molec-
ular patterns (DAMP) indirectly activate ECs. The develop-
ment of self-proinflammatory and permeable conditions of
EC activation helps in the clearance of pathogens. It mainly
helps to promote leukocyte adhesion and antigen presenta-
tion that leads to the excessive production of macrophages
and neutrophils. Vascular permeability increases due to the
rise of macrophages and neutrophils that causes edema,
hypoxia, and ARDS.

In vivo studies from a mouse model with the Boryong
strain have revealed the involvement of Interleukin-32 (IL-
32) in response to ECs during Orientia infection. After acti-
vating the upstream NOD1-IL-32 pathway, the production
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and secretion of ICAM-1, IL-1, IL-6, and IL-8 occurs
(Cho et al. 2010a, b). In intravascular inoculation of Karp
strain in a mouse model, early activation and deregulation
of endothelial cells with two regulators, Angiopoieti-1 or
Ang-1 and Ang-2, were observed. Ang-1 acts as a regulator
of activation, and Ang-2 is usually kept in endothelial cells
but triggers the action of ECs that releases after inflamma-
tion (Chousterman et al. 2017).

Role of neutrophils

In humans, neutrophils are present at the site of infection and
also occur during acute infection. During tissue injury or any
disease, neutrophils are considered the 'First responder' and
early control of human pathogens (Summers et al. 2010). Its
main functions are neutrophil extracellular trap, phagocyto-
sis, and also releases antimicrobial granules. Neutrophils not
only kill the bacteria but also damage host tissues. Nearly
40 years ago, it was unclear whether neutrophils could kill
the engulfed pathogen or provide another place for bacte-
ria growth. Neutrophils can be seen at the site of chigger
bites in humans, and neutrophilia can occur during acute
illness (Cho et al. 2012; Paris et al. 2012). Pariset al. 2015,
discovered that, the indicators of neutrophil activation and
potential neutrophil extracellular trap (NET) formation were
considerably increased in the plasma of severe scrub typhus
patients compared to with less severe scrub typhus (Paris
et al. 2015). More research into OT role within neutrophils
is essential; this information will help to clarify bacterial
invasion and its dispersion.

Characterization of chemokines and cytokine
network and expression of genes

OT is a potent inducer of chemokines and observes inflam-
mation by attracting and activating phagocytic leukocytes.
For both innate and acquired immunity, OT stimulates the
production of pro-inflammatory cytokines and chemokines.
The pathogen and endothelial cell interaction trigger many
inflammatory responses, including several cytokines. On
the invasion of OT, monocytes and macrophages primar-
ily release the pro-inflammatory cytokine such as Tumor
necrosis factor-alpha (TNF-a) (Cho et al. 2000). The inflam-
matory cytokines such as TNF and interleukin (IL)-6 were
produced by OT in murine macrophages. The production of
IL-10 inhibits TNF production (Watt and Kantipong 2007).
In scrub typhus patients, an increased level of TNF-a, IL-1f,
IL-6, IFN-y, and IL-10 have been observed. The bacterial
DNA concentration is positively related to IL-10 secretion
levels (Paris et al. 2013). The inflammatory response causes
cytokine storm that leads to respiratory distress syndrome or
multiorgan dysfunction.
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Immune-related signaling and pathway
activation

Integrin signaling

Primarily, the bacterial invasion is mediated by the inter-
action between the host receptor and the ligand of the
bacterial surface compound by which host signal trans-
duction pathways are stimulated for bacterial entry (Lee
et al. 2008). The bacteria enter the host by binding TSA56
protein with fibronectin via interaction with integrins. The
integrins signaling effector is activated when OT localizes
with integrins a5p1 and activates focal adhesion kinase
(FAK), Src kinase, and Rho GTPase. OT utilizes the inte-
grin-mediated signaling pathway to invade the eukaryotic
host cell. The signaling adaptors such as talin and paxillin
recruit to the site of infection (Cho et al. 2010a, b).

MAPK signaling

During infection, OT within the dendritic cell in the cyto-
solic compartment enhances the phosphorylation of p38
mitogen-activated protein kinase (MAPK), followed by the
production of IFN-f and upregulation of the TNF (Type 1
interferon) pathway. Previously it has been studied that the
CCL19 ligand of CCR7 activates MAPK members and the
chemotaxis of dendritic cells and are subsequently regu-
lated by these signaling pathways (Koo et al. 2009).
MAPK signaling is involved in the induction of TNF-a
expression and maximal IFN-f gene expression in mac-
rophages during OT infection. The post-transcriptional
level through the p38 and JNK pathway regulates TNF-a
expression. On the other hand, the transcriptional expres-
sion of TNF-a is controlled by the ERK pathway. J774A.1
cells, when infected with OT, the three MAPKSs were phos-
phorylated where ERK1/2 and JNK1/2 phosphorylation
was seen after 15 and 30 min, respectively, whereas p38
phosphorylation was detected at 15 min after OT induc-
tion. Within 1hpi, the MAPK signaling pathway gets acti-
vated. It suggested that MAPK activation in de novo bac-
terial protein synthesis is not required (Yun et al. 2009).
However, it remains to be explored in detail (Fig. 3).
Data from different studies revealed that TNF-a in
monocytes might vary due to factors like the nature of
the cell line, tissue, or animal model during OT infection.
In several studies, a high level of IL-10 expression was
observed in low dose infections, which promotes bacterial
replication. In high-dose infection, diminished IL-10 pro-
duction and upregulation of NF-kB/TNF-a were character-
ized. Kim et al. 2021 predicted the protein—protein inter-
action of 224 genes with candidate genes of scrub typhus
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Fig.3 The participation of
2-ABP can block the increased
in Orientia tsutsugamushi

Orientia tsutsugamushi ligand

induced TNF-a and Ca2 + sign-

aling activity. Ca2 + metabo-

lism can also decrease TNF-a
release and expression. TNF-a
production can be regulated by
the MAPK pathway. 2-ABP
inhibits the JNK and p38 signal-
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ing pathways while activating

ERK to enhance HSP70 over
expression. HSP70 inhibits the
translocation of NF-xB and sup-
presses TNF-a expression

TNF-a

(Kim et al. 2021). The candidate genes were classified
according to the signaling pathways. PRMT6, DTWD2,
BATF, JDP2, ONCUTI1, KLK4, MAP3K7, and TGFBR2
were the eight candidate genes that belong to the same
signaling pathways. Over 10 genes actively engaged in 15
signaling pathways like angiogenesis, apoptosis signaling
pathway, CCKR signaling map, EGF receptor signaling
pathway, FGF signaling pathway, gonadotropin-releasing
hormone receptor pathway, inflammation mediated by
chemokines and cytokine signaling pathway, integrin
signaling pathway, PDGF signaling pathway, Ras path-
way, TGF-beta signaling pathway, Toll receptor signal-
ing pathway, Wnt signaling pathway, and p53 pathway
(Kim et al. 2021). The OT surface antigen activated the
nuclear factor-kB and p53 MAPK pathway, which inva-
sion mediated by integrins signaling pathway (Jan et al.
2018) (Fig. 4). Toll-like receptors (TLRs) are the main
PRRs (pathogen recognition receptors) that (TLR2, TLR4,
TLRS5) can recognize the PAMP (pathogen-associated
molecular pattern) of bacteria at the cell surface or the
intracellular endosomal compartment (TLR3 and TLR7-9)
(Blasius and Beutler 2010).

Gene expressions

OT has a significant effect on human immune responses.
In different in-vitro studies, it has been seen the induction
of MCP-1 (CCL2), RANTES (CCL5), and IL-8 (CXCLS)
genes encoding for chemokines in human endothelial cells

promote:/
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doginius Activation \
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| HSP70

/

«———( TNF-a
Released to| expression

outside the
cell

Fig.4 Model of signaling and gene regulatory mechanisms of TNF-o
biosynthesis during Orientia tsutsugamushi infection. Orientia tsut-
sugamushi stimulates receptor(s) and activates host MAPK and
NF-xB signaling pathways. Signals from NF-kB and ERK pathways
are required to promote strong transcription. Formation of enhanceo-
some was followed. NF-xB and other transcription factors interact
with DNA, co-activators such as CBP/p300, and the RNA polymer-
ase I holoenzyme. Transport of TNF-a mRNA is facilitated by ERK
pathway

after OT infection (Cho et al. 2001, 2002). In protein—protein
interaction, Kim et al. 2021 showed five genes that play an
essential role in immune-related functions which interacts
with the candidate genes of scrub typhus, such as interleu-
kin enhancer-binding factor 2 (ILF2), 2'-5"-oligoadenylate
synthetase 1 (OAS1), BATF, interferon-induced protein 35
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Table 2 Genes involved in host—pathogen interaction and modulation with their mode of activation in other immune cells and function

Gene Gene full name Receptor Chemokine Mode of activation Function
MCP-1 Monocytes chemo-attract- CCR-2 CCL-2 Endothelial cell Regulate migration and
ant protein 1 infiltration of monocytes
and macrophages
RANETS Regulated on activation, CCR-3 CCL-5 Endothelial cell Play role in recruiting leuko-
normal T cell expressed cytes in inflammatory sites
& secreted also activates G-protein
coupled receptor (GPR-75)
IL-8 Interleukin 8 CXCRI1 and CXCR2 CXCL-8 Endothelial cell Attracts and activates neu-
trophils in inflammatory
region
IRF7 Interferon regulatory fac-  IRF3 CCL5 Monocytes Play role in transcriptional
tor 7 activation of virus induc-
ible cellular gene
Promotes macrophage dif-
ferentiation
ISG15 Interferon stimulated exo-  LFAlintegrin receptor C-terminal domain (CTD) Monocytes Modulates host signaling
nuclease gene pathway, host damage and
repair response
IFI35 Interferon induced protein ~ TLR4 - Macrophage Involved in interferon y sign-
35 aling and innate immune
system
STAT2 Signal transducer and acti- IFNARland IFNAR2 IFN o/f and IFN y - Mediates anti-viral and anti
vator of transcription 2 proliferative signaling
AIM2 Interferon inducible protein — IL-1p and IL-18 - Activated AIM2 recruit
AIM?2 or absent in mela- apoptosis associated speck
noma2 like protein contain-
ing CARD and forming
inflammasomes
MCAM Melanoma cell adhesion Laminin al CD146 Endothelial cell Part of endothelial junc-
molecule tion associated with actin
cytoskeleton
ILF2 Interleukin enhancer-bind- CDCS5L - - Transcription factor required
ing factor2 for T-cell expression of
IL2 gene
CTSC Cathepsin C or dipeptidyl - - - Degradation of ECM com-
peptidase 1 ponent
Bacterial properties
Cleavage of inflammatory
mediator
OAS1 2'-5'-oligodenylate syn- - - - Interferon induced, dsRNA

thetasel

HLA-DRA Major histocompatibility

BATF

complex, class II, DRa

Basic leucine zipper ATF-
like transcription factor

activated anti-viral enzyme
plays role in cellular innate
immune system

Presents peptides derived
from extracellular protein

AP-1 family transcription
factor that controls the
differentiation of lineage
specific cell in immune
system

(IFI35) and major histocompatibility complex, class II, DR
alpha (HLA-DRA) genes (Kim et al. 2021). The pro-inflam-
matory cytokine serum level, i.e., TNF, IL-12p40, IL-15,
IL-18, and IFN-y, were increased in scrub typhus patients
(Chierakul et al. 2004). The Cytotoxic T cell, NK cells, and
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Th1 attracted by the CXCL9 (MIG) and CXCL10 (IP-10)
cytokines were also increased (de Fost et al. 2005). In human
monocytes, the gene transcription changes were induced by
OT (Tantibhedhyangkul et al. 2011).
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In microarray analysis, the upregulated inflammation-
related genes were involved. After 8 and 18 hpi of OT,
CCL5, CCL20, CXCL10, and CXCL11, chemotaxis asso-
ciated genes as well as TNF, IL-1b, IL-16, IL-12p40, IL-
23p19, and IL-15 inflammatory cytokine encoding genes
were upregulated, but upregulation was slowed down for
the gene encoding for IL-1b. It can be due to the robust
modulation of inflammatory genes associated with the M1
polarization of macrophages. The genes involved and modu-
lation with their mode of activation with immune cells has
given in Table 2. In bacterial mechanism, several genes
were involved. In macrophages, atrC1 and proP amino acid
transporter genes; for phospholipid biosynthesis uppS, fabl,
pceB, coq7 and ubiA genes were upregulated (Soballe and
Poolle 1999). Within macrophage, four genes i.e. xerD, nth,
dnaB, and a holiday junction resolvase gene involved in
DNA repair. It protects the genome from oxidative damage
in macrophages by increasing the bacterial repair system
(Cho et al. 2010a, b).

Conclusion

OT cause life-threatening disease that can invade and repli-
cate inside various host cell types. The host—pathogen inter-
action has been revealed, but the exact molecular mechanism
of scrub typhus progression has not been fully elucidated
yet. Under specific conditions, different kinds of host and
bacterial protein are involved to regulate host—pathogen
interaction. All pathogens have adopted to hijack host
components to promote their replication. Meanwhile, host
cells have developed complex signaling networks to detect,
regulate, and destroy invading pathogens. However, diverse
pathogenic counter mechanisms frequently resist, inhibit
or subvert these antibacterial pathways. The current study
describes the signaling pathways involved during Orien-
tia infection along with the involvement of various genes
that modulate immune cells. This information would elu-
cidate the important scientific information with regard to
host—pathogen interaction. Due to the genotype complexity
and lack of enough genomic resources, act as abarrier to
mitigate the pathogenesis of the respective bacterium. Thus,
it is hindering to develop an effective diagnostic tool as well
as eradication strategy for this neglected pathogen. So, we
are continuously doing surveillance of the desease outbreak
and planning to decipher several complete genome of this
bacterium derived from India. Hope the present review cor-
roborated with our plan to get an indepth insight into the OT
biology to address the raised concerns.
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