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Ticks are obligatory hematophagous arthropods that harbor and transmit
infectious pathogens to humans and animals. Tick species belonging to
Amblyomma, Ixodes, Dermacentor, and Hyalomma genera may transmit certain
viruses such as Bourbon virus (BRBV), Dhori virus (DHOV), Powassan virus (POWYV),
Omsk hemorrhagic fever virus (OHFV), Colorado tick fever virus (CTFV), Crimean-
Congo hemorrhagic fever virus (CCHFV), Heartland virus (HRTV), Kyasanur forest
disease virus (KFDV), etc. that affect humans and certain wildlife. The tick vectors
may become infected through feeding on viraemic hosts before transmitting the
pathogen to humans and animals. Therefore, it is vital to understand the eco-
epidemiology of tick-borne viruses and their pathogenesis to optimize preventive
measures. Thus this review summarizes knowledge on some medically important
ticks and tick-borne viruses, including BRBV, POWV, OHFV, CTFV, CCHFV, HRTV,
and KFDV. Further, we discuss these viruses' epidemiology, pathogenesis, and
disease manifestations during infection.

ticks, tick-borne viruses, epidemiology, pathogenesis, manifestations

1. Overview

Ticks are obligatory hematophagous parasites, harboring and transmitting infectious
pathogens to humans and animals in temperate North America, Europe, and Asia. Ticks are
responsible for more than 95% of vector-borne diseases in the United States (Rosenberg et al.,
2018). Tick-borne diseases have a significant economic impact, especially in developing
countries (Estrada-Penia and Salman, 2013). Tick-borne diseases affect approximately 80% of
the world’s cattle population, with an estimated cost of around $13.9-18.7 billion (De Castro
etal., 1997). For country like Tanzania, the economic losses due to tick-borne disease has been
quantified to be $364 million, with an estimated mortality of 1.3 million cattle (Kivaria, 2006).
In the United States, the Powassan virus (POWYV) transmission has been seen as evidence of an
emerging trend, spreading in new areas at a comparable rate (Hermance and Thangamani,
2017). Tick-borne diseases, particularly Crimean-Congo hemorrhagic fever (CCHF), are
persistent problems at the One Health interface between humans, wildlife, and the environment
(Anderson and Armstrong, 2012; Sorvillo et al., 2020). These conditions are often ignored, and
receive less attention and dedicated public health funding than directly transmitted zoonotic
viruses such as the recent COVID-19 pandemic (WHO, 2022b). Tick vector control’s ability to
reduce tick populations is limited by the availability of large-scale mitigation strategies and
preventive control measures, demanding additional research to develop effective tick control
strategies for human and wildlife (Eisen and Stafford, 2021). Current prevention and clinical
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treatment are limited, despite their severe prognosis and high fatality
rate. Many tick-borne infections in humans are also difficult to detect
and diagnose, due to the broad clinical presentation of many tick-
borne diseases, the lack of reliable diagnostic tests, and the multi-
tiered approaches required to confirm pathogens (Fatmi et al., 2017;
Bush and Vazquez-Pertejo, 2018). In brief, the expansion of tick
populations and increasing incidence of tick-borne diseases are
bringing ticks to the attention of public health professionals.

Among the tick families, i.e., hard ticks (Ixodidae), soft ticks
(Argasidae), and Nuttalliellidae, Ixodidae is the most prominent
family, including genera like Amblyomma, Haemaphysalis, Ixodes,
Rhipicephalus, etc., and over 700 species worldwide (Brites-Neto et al.,
2015; Dantas-Torres and Otranto, 2022). Ixodes persulcatus
(Figure 1A) distribution has been reported in north-eastern Europe,
some parts of Russia, China, Korea etc. (Topp et al., 2022); L. ricinus
(Figure 1B) in Europe and northern Africa; Dermacentor reticulatus
(Figure 1C) in some parts of Europe; I. scapularis (Figure 1D);
D. andersoni (Figure 1E); and Amblyomma americanum (Figure 1F)
in Northern America. Most members of the Ixodidae, particularly
I scapularis (Figure 2C), A. americanum (Figure 2D), D. andersoni

10.3389/fmicb.2023.1185829

(Figure 2E), and Haemaphysalis spinigera (Figure 2F) go through four
different life stages, i.e., eggs, larvae, nymphs, and adult ticks (WHO,
2020). Among the two possible vertical transmission routes of tick-
borne viruses (TBVs), transstadial transmission is the sequential
passage that is critical for tick survival and life cycle completion,
whereas transovarial transmission occurs when viruses are transmitted
from an infected tick to their offspring, i.e., the virus remains in the
egg after being laid by an infected female tick and eventually infects
the offspring (Figures 2A,B; Barker and Reisen, 2019).

TBVs use a variety of mechanisms to evade host immune
responses for successful tissue colonization in humans and animals
(Charrel et al., 2004; Belikov et al., 2014; Brites-Neto et al., 2015).
Despite low viremia in infected vertebrates, most organ damage is
caused by host inflammatory responses; for example, induced
inflammatory responses in TBV infections can increase vascular
permeability, neurological complications, and even death in severe
cases (Bente et al., 2013; Hermance et al., 2016; Bhatia et al., 2020;
Campbell and Krause, 2020; Figure 3). Nonetheless, case reports and
preliminary field studies published in the last decade indicate that
TBVs present in different regions are underdiagnosed or misdiagnosed
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FIGURE 1

] Amblyomma americani
o

Approximate global distribution of some medically important ticks. (A) Ixodes persulcatus distribution in north-eastern Europe, some parts of Russia,
China, Korea etc. (B) Ixodes ricinus in some parts of Europe and northern Africa. (C) Dermacentor reticulatus in some parts of Europe. (D) Ixodes
scapularis, (E) Dermacentor andersoni and (F) Amblyomma americanum in Northern America.
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FIGURE 2

The life cycle of some medically important tick vectors and transmission routes of viruses. The two possible transmission types, i.e., (A) transstadial
transmission and (B) transovarial transmission, which is critical for the virus transmission via infected ticks. (C) The life cycle of Ixodes scapularis,
(D) Amblyomma americanum, (E) Dermacentor andersoni, (F) Haemaphysalis spinigera.
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due to their complex behaviors. Although the epidemiological
characteristics of ticks and TBVs are well documented, understanding
pathogenesis, notably host immune responses to the virus and their
impact on disease outcomes, is limited. The main focus of this review
is to summarize the most recent advances in TBV diseases, with a
focus on emerging diseases that pose a public health threat around
the world.

This review thus emphasizes the epidemiological characteristics
of some medically important tick vectors and TBVs, including
Bourbon virus (BRBV), POWYV, Omsk hemorrhagic fever virus
(OHFV), Colorado tick fever virus (CTFV), Crimean-Congo
hemorrhagic fever virus (CCHFV), Heartland virus (HRTV), and
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Kyasanur forest disease virus (KFDV) (Figure 4A). Details on TBVs’
classification and distribution are shown in Table 1. For this review,
we have drawn data from existing literature, our basic research, and
public health experience with TBV diseases. Further, we discuss the
epidemiology, pathogenesis, and disease manifestations of some
medically important TBVs.

2. Bourbon virus

BRBV is a member of the Orthomyxoviridae family, genus
Thogotovirus, infecting humans and animals via tick bites in most
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FIGURE 3
Shows the infection, replication and pathogenesis of TBVs in hosts taking flavivirus as an example. Ticks transmit the virus to susceptible host while
feeding. TBVs enter the host cell via endocytosis or by fusing E protein to the heparan-sulfate and glycosaminoglycan receptors (found on vertebrates
and tick cells). After entering the host cell, the virus fuses with the endosomal membrane and releases its capsid into the cytoplasm. In the infected cell
cytoplasm, the viral RNA is unveiled and transcribed into proteases, which cleave the polypeptides into several NSPs, such as NS1, NS3, 2A, 2B, 4A, 4B,
etc. RNA-dependent RNA polymerase and helicases work together to produce gRNA and RNAs, which are both required for viral replication and
transcription. The newly synthesized viral RNA is translated, producing envelopes, capsids, membrane proteins, and other components that are then
transported to the E.R-Golgi body complex for virion assembly. These virions coat the lipid bilayer completely, mature, and are exocytosed from the
cytoplasm of the infected cell. Following transmission from an infected tick, the TBVs replicate and induces inflammatory responses in infected hosts,
resulting in clinical signs and symptoms. These viruses use a variety of mechanisms to evade host immune responses and colonize host tissues. In
some cases, the host immune responses to TBVs, particularly pro-inflammatory cytokines, can cause neurological and cardiovascular disorders during
persistent infections.

parts of Africa, the Middle East, and Europe (Bai et al., 2019; Fuchs
et al, 2019). Viruses in this family have filamentous, rounded,
enveloped, segmented negative-sense ssRNA genomes comprising six
genes, encoding viral polymerase basic protein 1 (PB-1), polymerase
basic protein 2 (PB-2), polymerase acidic protein (PA), a matrix
protein, a nucleoprotein, and a surface glycoprotein (Kosoy et al.,
2015). The increased prevalence of BRBV in the last decade
emphasizes the importance of tick surveillance; for example,
Haemaphysalis longicornis is an important tick species in eastern Asia,
transmitting viral pathogens to humans and animals (Rainey et al.,
2018). In Ehime, Japan, researchers isolated a novel Oz virus (a close
relative of BRBV) that efficiently replicated and caused a cytopathic
effect in Vero cells. Furthermore, after intracerebral inoculation, OZV
replicates in BHK-21 and DHS82 cells and causes high mortality in
suckling mice (Ejiri et al., 2018). The first sighting of the H. longicornis
tick that transmits BRBV was on a sheep in New Jersey, and later on,
the tick was reported in New Jersey, as well as in the eastern
United States and Arkansas (Rainey et al., 2018). Advanced diagnostic
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methods, such as the IgM antibody capture-enzyme-linked
immunosorbent assay (MAC-ELISA) (Martin et al., 2000; Piantadosi
and Kanjilal, 2020) and microsphere immunoassay (MIA) coated with
recombinant viral antigens (Johnson et al., 2007; Basile et al., 2013),
are recommended for BRBV detection. In severe cases, no specific
treatments or vaccines are available to prevent BRBV infection;
however, disease symptoms can be treated with an intravenous fluid
infusion. Because the symptoms overlap (coinfections acquired via
tick bites carrying BRBV), proper diagnosis is required to understand
preventive strategies. Future research into the transmission and
underlying pathogenic mechanisms of BRBV would aid in our
understanding of their ecology.

2.1. Epidemiology

The BRBV was first isolated from a hospitalized 50-year-old man’s
blood samples after he died in Kansas, United States (Kosoy et al.,
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FIGURE 4

Estimated geographical distribution of selected tick-borne viruses (TBVs) of public health relevance. (A) Distribution of Bourbon virus (BRBV), Dhori
virus (family Orthomyxoviridae, genus Thogotovirus), Powassan virus (POWV), Omsk hemorrhagic fever virus (OHFV), Colorado tick fever virus (CTFV),
Kyasanur forest disease virus (KFDV), Heartland virus (HRTV). (B) The global distribution of the Crimean-Congo hemorrhagic fever virus (CCHFV). Each
virus distribution has been shown according to the guidelines of WHO, the United States Centers for Disease Control and Prevention, and the

European Center for Disease Prevention and Control.

2015). Subsequently, two more deaths were reported from the BRBV
(Miller, 2018; Vallbracht et al., 2018), and two humans recovered after
treatment (Savage et al., 2017; Miller, 2018). The BRBV is genetically
similar to the DHOV, isolated from a man in India (Bricker et al.,
2019). A new Oz-virus isolated in Japan (Ejiri et al., 2018) revealed a
close association with the previously identified BRBV (Fuchs et al.,
2022). A study reported a high BRBV prevalence in raccoons (50%)
and white-tailed deer (86%) in Missouri, USA (Jackson et al., 2019).
During tick surveillance in Bourbon County and neighboring
southern Linn County, 20,639 host-seeking ticks were collected for the
detection of BRBYV, and it was found that the detection of BRBV in
humans after lone star tick A. americanum bites lends support to the
theory that A. americanum serves as a vector for BRBV transmission
to humans and wildlife. In a study, nucleotide sequences revealed
similarities among Thogotovirus European, Asian, and African isolates
(Kuno et al., 2001). A survey in Missouri, United States, discovered
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BRBV-neutralizing antibodies in human sera. Only three of the 440
human sera tested for BRBV were positive, indicating BRBV
circulation in the region (Bamunuarachchi et al., 2022). In North
Carolina, the detection of BRBV antibodies in white-tailed deer
(Komar et al., 2020) aids in identifying new TBVs in the area (Hubalek
and Rudolf, 2012).

2.2. Pathogenesis, and disease
manifestations

According to research findings, A. americanum may be infected
with the BRBV at the larva or nymph stages (Spare et al., 2021; Aziati
etal,, 2022). Multiple BRBV detections in A. americanum indicate that
these viruses have similar life cycles and routes of transmission
(Miller, 2018; Savage et al., 2018). Thogotovirus replication begins with
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TABLE 1 Characteristics of some medically important tick-borne viruses.

Classification (family,

Virus name
genus)

Genome description

10.3389/fmicb.2023.1185829

Distribution Principal tick vector

Bourbon virus (BRBV) Orthomyxoviridae, Thogotovirus Segmented negative-stranded Eastern Asia, China, Japan Haemaphysalis longicornis
RNA
Powassan virus (POWV) Flaviviridae, Flavivirus Positive stranded RNA North America, Russian Ixodes scapularis, Ixodes
Federation cookei
Deer tick virus (DTV) Flaviviridae, Flavivirus Positive stranded RNA North America Ixodes scapularis

Omsk hemorrhagic fever Flaviviridae, Flavivirus

virus (OHFV)

Non-segmented positive ssRNA

Western Siberian regions D. reticulatus, Ixodes

persulcatus

Colorado tick fever virus
(CTEV)

Spinareoviridae, Coltivirus

RNA

segmented double-stranded

Western America, Canada Dermacentor andersoni

Crimean Congo Bunyaviridae, Nairovirus

Tri-segmented negative-

Asia, Africa, Eastern Europe Hyalomma marginatum

virus (KFDV)

hemorrhagic fever virus stranded RNA

(CCHFV)

Heartland virus (HRTV) Bunyaviridae, Phlebovirus Tri-segmented negative- North America Amblyomma americanum
stranded RNA

Kyasanur forest disease Flaviviridae, Flavivirus Positive stranded RNA Southern India Haemaphysalis spinigera

the viral glycoprotein binding to the host cell’s receptors, followed by
virus entry via clathrin-mediated endocytosis. BRBV is then
transported to the endosome, where low pH triggers the viral genome
toward the nucleus for transcription and replication (SIB, 2022).
Understanding the pathogenesis of BRBV and the protective immune
responses of the host cell is critical for disease prevention and control.
BRBV can infect polarized human airway epithelia but not foreskin
fibroblast cells because these cells may have a strong IFN response
against the viral infection (Ryu et al., 2010), therefore, may be resistant
to such virus infection. In addition, IFN-a2a and IFN-y treatment
elicits antiviral immunity that suppresses BRBV propagation (Fuchs
et al, 2019). MRI findings show basal ganglia, brainstem, and
cerebellum involvement in POW V-infected patients (Piantadosi et al.,
2016). In contrast, DHOV-infected Institute of Cancer Research (ICR)
mice provided overall pathological and immunological reactions to
DHOV infection (Li et al., 2008). After DHOV infection, increased
levels of pro-inflammatory cytokines and chemokines were found in
the liver, lungs, and sera of mice (Li et al., 2008), providing a true
alternative animal model for studying virus pathophysiology and
potential treatment (Li et al., 2008). Adult mice infected with the
DHOV intranasally, subcutaneously, or intraperitoneally developed
fatal illnesses with obvious clinical and pathologic findings. In
addition, hepatocellular necrosis and steatosis were found outside of
the lungs, and widespread fibrinous necrosis in lymphoid organs was
marked by severe lymphocyte loss, karyorrhexis, and neuronal
degeneration in the brain. Because of its biosafety level 2 status and its
pathological effect in mice, the DHOV may provide a low-cost,
relatively safe, and realistic animal model for revealing viral
pathogenesis and management studies (Mateo et al., 2007). In vitro,
growth shows increased BRBV replication in a variety of cell lines,
including monkey kidney cells (LLC-MK2 and Vero E6), frog (XLK-
WG), hamster (BHK21Cl-15), duck embryo (DE), human (HeLa and
HUH-7), Aedes, Anopheles (AP-61, C6/36, CCL-125, C7/10,),
Dermacentor ANE58, DAELS5, Hyalomma, and Amblyomma RAE/
CTVMI, HAE/CTVM9 AVL/CTVMI17 (Lambert et al,, 2015).
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Infected individuals have experienced fatigue, nausea, fever, headache,
vomiting, leukopenia, maculopapular rashes, and thrombocytopenia
(Miller, 2018; Savage et al., 2018). Recently, the effective use of
favipiravir medication in mice (Bricker et al., 2019), suggests a possible
treatment for BRBV infection.

3. Powassan virus

POWYV is a type of tick-borne flavivirus (TBFV), first isolated from
a human who died from encephalitis in Powassan, Ontario, Canada,
in 1958 (Goethert et al., 2021). Later, POWYV was classified into two
genetically and ecologically distinct lineages: Lineage-I (the prototype
POWYV) and Lineage-II (also known as the deer tick virus) (Goethert
etal, 2021). The flavivirus family has an ssRNA genome (about 11kb)
with a 5" UTR (loops A and B) and a 3" UTR that becomes infectious
when it enters the host cell (Choi, 2021). Flavivirus attaches its surface
glycoprotein to the host cell receptors, such as heparan-sulfate,
laminin-binding protein, etc. The fusion of virus-containing vesicles
with endosomes causes nucleocapsid release into the cytoplasm,
where viral genomic RNA is translated into a single polypeptide at
endoplasmic reticulum-associated ribosomes. Cellular and viral
proteases process the newly synthesized structural and non-structural
proteins into new virions. The mature virions exit from the cell
cytoplasm via exocytosis. Except for some morphological differences
between tick cells and the membranous structures of infected
vertebrate cells, virus replication in mammals and ticks exhibits
similar mechanisms in the cytoplasm and the formation of
membranous replication compartments (Mackenzie, 2005; Bollati
etal, 2010). Except for a few human isolates, the majority of lineage-I
isolates from northern America have come from Ixodes cookei and
their hosts (such as groundhogs, skunks, or red squirrels; Mostafa and
Dean, 2022), suggesting the need for a deep molecular-level
investigation to understand their underlying association with ticks
and vertebrate hosts.
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3.1. Epidemiology

POWYV Lineage-II has been primarily associated with Ixodes
scapularis ticks and white-footed mice in northern and north-central
America (Ebel et al., 1999; Brackney et al., 2008; El Khoury et al.,
2013) before transmission to humans and other vertebrates. Evidence
of POWYV incidence has been reported in the United States (Goethert
et al., 2021), Canada, Primorsky krai of Russia (Uvov et al., 1974;
Leonova et al., 2009), Alaska and New Mexico (Deardorff et al., 2013).
Between 2003 and 2018, over 106 POWV meningoencephalitis cases
were reported, with a 15% mortality rate. The recent emergence of
Powassan encephalitis in North America (Campbell and Krause,
2020) was most likely attributed to the POWYV lineage-II transmitted
to humans via I scapularis bites (Goethert et al., 2021). A 50 to
59-year-old male from Windham, Connecticut, United States, was
hospitalized with a known tick bite history and a central nervous
system (CNS) illness. Although POWY, particularly lineage II, is rare,
with only a few dozen cases reported in the United States each year, it
is considered a serious public health threat due to its potential for
severe illness and death (Ebel, 2010; Piantadosi et al., 2016; Mlera
etal.,, 2017). POWYV has also been linked to human disease in eastern
Russia (Deardorff et al., 2013). Other closely related POWV
serogroups were reported in Siberia, India, the United Kingdom,
Ireland, Norway, Spain, Malaysia, and Saudi Arabia (Calisher et al.,
1989). The post-infection complications involve damage to the
patient’s CNS and other body organs (Goethert et al., 2021). Following
the identification of the first human case, the geographic distribution
of the POWYV revealed high transmission with a higher fatality rate
(over 30%) (Goethert et al., 2021). The adaptation of the POWYV to
invertebrate and vertebrate hosts directly influences the pathogen’s
transmission in a specific area. Other factors, such as climate change,
global warming, and agricultural practices, influence POWV’s
geographic distribution (Lasala and Holbrook, 2010; Ostfeld and
Brunner, 2015). Migratory birds may also aid in transmitting Ixodes
species and their associated POW'V over long distances (Waldenstrom
etal., 2007).

3.2. Pathogenesis, and disease
manifestations

POWYV is transmitted through Ixodes species (I. cookei,
I scapularis, and I. marxi) after feeding on infected rodent blood (Ebel
and Kramer, 2004). The primary POWYV replication site is close to the
tick bite, followed by the migration of the virus to lymph nodes via
dendritic cells and macrophages, resulting in increased viral load/
viremia in infected female BALB/c mice (Hermance et al., 2016). In
the case of a neurotropic infection, POWVs can cross the blood-brain
barrier and damage neurons (Belikov et al., 2014). A study investigated
POWYV pathogenesis using C57BL/6 mice. After footpad inoculation,
infected mice exhibited severe infection with 100% mortality (Santos
2016). In addition, detected
meningoencephalitis with mononuclear cell infiltration, activated

et al, immunofluorescence
microglia, and a polio-like disease. Moreover, the pathological analysis
showed increased splenic macrophage counts, exploring the spleen’s
role in POWYV pathogenesis (Santos et al., 2016). A biopsy was
performed to investigate the skin at the POWV-positive tick bite site.
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The findings showed that increased neutrophils, macrophages,
dendritic cells, and mononuclear cells infiltrated the infected areas,
resulting in a transient viremia stage that led to multiple organ
dissemination (Hermance et al., 2016). The virus crosses the blood-
brain barrier during the viremia stage. TNF-a may also be important
in modulating the permeability of the POWYV blood-brain barrier
(Suthar et al, 2013). Although the exact underlying molecular
mechanism of this blood-brain barrier crossing is unknown; however,
brain capillary endothelium’s role in this mechanism cannot
be ignored (Suthar et al., 2013). In the neurological stage of infection,
POWYV targets neurons and glial cells in the CNS (Kemenesi and
Banyai, 2019). Surprisingly, rat astrocytes (a type of neuroglia in the
CNS) POWV-mediated cell death by
pro-inflammatory IFN-« response, indicating dormant infection in

resist eliciting a
rodent species (Potokar et al., 2019). The astrocyte’s resistance capacity
may keep the enzootic transmission cycle going through long-term
illnesses. POWYV hemorrhagic disease with liver and spleen tropism
can cause viscerotropic disease (Kemenesi and Béanyai, 2019).
I ricinus-associated POWYV modulates dendritic cell responses,
pro-inflammatory cytokines, TNF-a, IL6, and immune cells at the
biting site (Kemenesi and Banyai, 2019). The pattern-recognition
receptors (PRRs) (host cells express helicases that function similarly
to PRRs) and toll-like receptors recognize the POWV pathogen
(Diamond et al., 2009; Clarke et al., 2021). These PRRs induce
pro-inflammatory cytokines, IFN-a, and dendritic cells to mount an
immune response against the invading POWV (Kawai and Akira,
2006; Kemenesi and Banyai, 2019). Viral recognition by dendritic cells
regulates multiple pathways, including increased expression of
MHC-II, T-lymphocytes (T helper and T cytotoxic cells),
pro-inflammatory cytokines, and chemokines via molecular signaling
(Masson et al., 2008; Diamond et al., 2009; Clarke et al., 2021), as
determined in acute human infections (Blom et al., 2015). Another
study reported a significant response of natural killer cells against
POWYV infection in humans (Blom et al, 2016). The antibody
response in POWYV diseases appears at the end of the viremia phase
when IgM levels rise within 1-2 days of infection. On the other hand,
IgM titers show a slight increase in secondary infections, whereas the
IgG response is rapid and effective in eliminating POWYV infection
(Kemenesi and Banyai, 2019). Infected individuals experience flu-like
symptoms, i.e., chills, headache, mild fever, sore throat, neurological
complications, apnea, cognitive deficits, dysarthria, encephalitis,
memory impairment, spasticity, and psychosis. Clinical diagnosis is
generally based on symptoms, signs, and a person’s exposure history
to ticks. According to serological diagnosis, a fourfold increase in
POWV-specific IgG makes the presence of POWYV in blood serum,
tissue, or cerebrospinal fluid standard for laboratory diagnosis. IgM,
which appears 6-14days following infection, can be detected via
ELISA (Kemenesi and Banyai, 2019). Further, the presence of POWV
antibodies in patient serum at the CDC Laboratory in Ft. Collins,
Colorado, emphasizes the need to adopt preventive measures to avoid
infections (CDC, 2022). Due to the lack of effective medications/
vaccines for Powassan virus prevention, people should be educated on
how to avoid tick bites by treating their clothing with permethrin
solution after outdoor activities in tick-endemic areas (Connally et al.,
2019). People should also be educated on how domestic animals or
pets can bring ticks into their homes, and a thorough tick inspection
of animals after outdoor activities is recommended.
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4. Omsk hemorrhagic fever virus

OHFV is a type of flavivirus that causes hemorrhagic fever
primarily in the western Siberian region, including Omsk,
Novosibirsk, Kurgan, and Tyumen (Rizek et al., 2010; Zhang et al.,
2019). Ticks (D. reticulatus, D. marginatus, and I. persulcatus) transmit
OHFV to humans and animals after feeding on infected hosts (Wagner
et al., 2022). The D. reticulatus has evolved several extraordinary
characteristics; for example, it has a high reproduction rate, a rapid life
cycle completion, can survive underwater for months, and has a
diverse host range (Foldvari et al., 2016), which could enable OHFV
transmission outside Russia (Wagner et al, 2022). In Russia,
Dermacentor ticks serve as parasites that feed on small mammals, wild
ungulates, domestic animals, and humans throughout their life cycle
(Ruzek et al., 2010), as shown in Figure 1C. According to evidence,
ticks transmit OHFV to rodents (muskrats, narrow-skulled voles, and
water voles) after feeding on an infected host. Moreover, OHFV has
also been isolated from mosquitoes, Coquilletidia richiardii,
Ochlerotatus excruciates, and yellow pygmy rice rat, Oligoryzomys
flavescens (Wagner et al., 2022). Findings also show that OHFV
isolated from different ticks and hosts differs from the early isolated
strains (Rizek et al., 2010; Zhang et al., 2019).

4.1. Epidemiology

In mammalian cell lines, OHFV induces cytotoxic effects, i.e.,
changes in the cell through oxyphilic cytoplasmic inclusion formation
(Ruzek et al, 2010). It was speculated that the introduction of
muskrats to Siberia might be responsible for the OHFV emergence, as
the area was disease-free before (Riizek et al., 2010). Russians and
Kazakhstanis have reportedly been aware of OFHV’s chronic and fatal
infections (Ruzek et al., 2013; Wagner et al., 2022). Recently, Wagner
and researchers reported OHFV incidence outside Russia (i.e., in the
Republic of Kazakhstan) (Wagner et al., 2022). It was speculated that
the virus could spread outside of endemic areas due to several factors,
particularly climate change, shifting/migrating mammals, or birds that
may carry tick vectors.

4.2. Pathogenesis, and disease
manifestations

Although OHFV is potentially pathogenic in endemic areas, little
is known about its underlying pathogenic mechanism or the immune
response in infected individuals. Research findings show that the virus
has a high affinity for hemopoietic (hematopoietic tropism) and
vascular tissues (vascular tropism). However, in vivo, studies have
investigated OHFV pathogenesis in laboratory mice and non-human
primates. A study’s findings show that OHFV infection in BALB/c
mice developed mild meningoencephalitis and significant cerebellar
disorders (Holbrook et al., 2005), similar to symptoms previously
described in OHFV-infected humans (Holbrook et al., 2005). The
effects on the CNS and vascular systems were most prominent.
Hemorrhages, focal glial cell proliferation, and perivascular
inflammation infiltrate the brain parenchyma, causing CNS disorders
(Holbrook et al., 2005). The OHFV infection did not cause paralysis
or a fatal cerebrum infection. Distinct pathological findings in the
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OHFV-infected mice’s spleens revealed different immune responses,
supporting the BALB/c mouse as an OHFV disease model (Holbrook
et al., 2005). Generally, information is scarce on the impact of a
persistent OHFV infection on its natural hosts. Laboratory tests detect
a fatal neuro-infection (Shestopalova et al., 1972) in the susceptible
wild muskrat (Ondathra zibethicus) after an extraneural or
intracerebral injection (Kharitonova and Leonov, 1986). Other wild
vertebrates show mostly asymptomatic diseases with viremia
(Kharitonova and Leonov, 1986; Riizek et al., 2010). Some infected
animals showed poor mobility, weakness, and hyperpnoea. In
addition, the cerebellum and brain hemispheres accumulated the
highest viral load, followed by the lungs, kidneys, blood, feces, spleen,
and liver (Shestopalova et al., 1972). The viral persistence in infected
subcutaneous tissues and internal organs is a defining characteristic
of the pathogenesis processes in mice. In severe infections, OHFV
may cross the blood-barrier and infiltrate the brain, resulting in
increased INF production in the CNS of baby mice (Hofmann et al.,
1969). Further, edema in the infected mice causes sensory disturbances
that may lead to collapse and shock (WHO, 1985), which may also
increase the host’s susceptibility to other pathogens (Novitskiy, 1948).
In a study, OHFV-infected mice developed pneumonia, paralysis
(Chumakov, 1948), meningoencephalitis with a high viral load in the
cerebellum, and other pathological findings such as enlarged spleens
and impaired gastrointestinal tracts, kidneys, and liver (Rizek et al.,
20105 Li et al., 2021). In contrast, the infected macaques (Macaca
radiata) showed no obvious pathological or histological symptoms,
and no virus was isolated from their blood. Furthermore, high
aminotransferase levels were observed, indicating viral replication in
the liver (Kenyon et al., 1992). Direct contact with an infected animal’s
blood, body fluids, virus-carrying tick bites, or the feces/urine of an
infected or dead rodent can result in chronic infection (Ruzek et al.,
2013; Wagner et al., 2022). There has been no evidence of person-to-
person transmission so far. High-grade fever, headache, cough,
myalgia, moderate to severe hemorrhagic manifestations, pneumonia,
nephrosis, and meningitis are all symptoms of OHE with a mortality
rate ranging from 0.4 to 3% (Kharitonova and Leonov, 1986; Riizek
et al., 2010; Zhang et al., 2019). Currently, no specific treatment or
vaccine is available to treat or prevent OHF; however, symptoms can
be treated to minimize disease manifestations (Orlinger et al., 2011).
Based on the antigenic similarity, available tick-borne encephalitis
(TBE) vaccines were used as a preventive measure against OHFV
during the 1991 outbreak. However, no clinical data support the
vaccine’s efficacy for complete prevention (Rizek et al., 2010). General
disease management strategies include early hospitalization, drinking
more water, and a nutritious diet supplemented with potassium,
chloride, and vitamins K and C, which are recommended for quick
recovery. OHF can be diagnosed based on clinical and epidemiological
observations. ELISA is crucial for the accurate diagnosis of antibody
titers in OHFV patients’ serum samples following 1-3weeks of
infection (Ruzek et al., 2010; Orlinger et al., 2011).

5. Kyasanur forest disease virus

The KFDV is a TBFV that spreads from infected mammals,
notably monkeys, to humans via H. spinigera bites. The KFDV
transmission cycle involves multiple Haemaphysalis species, notably
H. spinigera, some Ixodes species, and hosts, such as bats, birds,
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(Pattnaik, 2006). KFD
disproportionately impacts low-income rural communities in India,

monkeys, rodents, and shrews
including forestry workers and smallholder farmers who harvest
non-timber forest products (Pattnaik, 2006; Burthe et al., 2021), which
may be attributed to their intervention in the natural ecosystem.
However, no study confirms direct virus transmission from human to
human (Shah et al, 2018; Bhatia et al, 2020). According to
experimental evidence, adult female ticks transmit the KFDV to their
offspring (Matser et al., 2009; Burthe et al., 2021).

5.1. Epidemiology

In southern India, this TBV causes a devastating, deadly
hemorrhagic disease with approximately 500 cases and a 10%
mortality rate per year (Pattnaik, 2006). KFDV was first isolated from
a sick monkey in the Kyasanur Forest in Karnataka State, India, in
1957. KFDV is carried by ticks, Hemaphysalis spinigera, after being
bitten by an infected tick, rodents, shrews, and monkeys, causing
epizootics with high fatality in primates (Pattnaik, 2006; Burthe et al.,
2021). Asymptomatic infections result in KFDV-specific antibody
responses (Stone, 2014). Ticks also transmit the virus between the
co-feeding ticks, i.e., without involving hosts (Randolph, 2011).
Several reports have discussed the route of KFDV transmission from
tick to human after being bitten or having direct contact with an
infected Haemaphysalis species (becomes infected by feeding on viral
reservoirs). Humans are merely incidental hosts for the KFDV and
play no role in disease transmission (Matser et al., 2009), representing
the KFDV as a spillover pathogen from wildlife reservoirs. However,
no empirical data exist that describe the role of tick species that
transmit KFDV to their hosts (Burthe et al., 2021). This virus affected
those who visited the forests to cut wood, graze cattle, and engage in
other agricultural-related activities. In the early stages of the disease,
insect collectors on their way to investigating outbreaks become
infected. Since 2005, KFD cases have increased, with recent outbreaks
in neighboring Karnataka districts like Chikamagalur, Dakshina
Kannada, Uttar Kannada, and Udupi, Karnataka, India (Gurav et al.,
2018). The disease has now spread to Maharashtra, Kerala, Tamil
Nadu, and Goa because of deforestation, agricultural use of
forestlands, and subsequent displacement of land and animals (Burthe
etal, 2021). A household survey of smallholder farmers, forest users,
and native tribes in KFD-affected regions revealed that 69% of the
respondents were concerned about the disease’s repercussions,
highlighting it as a major public health issue (Asaaga et al., 2021).

5.2. Pathogenesis, and disease
manifestations

Humans, wild rodents (i.e., shrews, squirrels, white-bellied/white-
tailed rats), bats, black-faced langurs, bonnet macaques, grey langurs,
ground-nesting birds, Indian crested porcupines, cattle, and gerbils
are all susceptible to the KFDV infection (Sreenivasan et al., 1986;
Muraleedharan, 2016; Bhatia et al., 2020). Infected macaques exhibit
leucopenia, thrombocytopenia, and high levels of alkaline
phosphatase, alanine transaminase, and nuclear material phagocytosis
in the peripheral-endothelial system. KFDV causes hemorrhagic
disease, implying the presence of molecular determinants within the

Frontiers in Microbiology

10.3389/fmicb.2023.1185829

genome linked to viral pathogenicity. The E protein is a critical causal
element of tissue tropism, mediating virus entry into the host cell and
is responsible for virus immunogenic and phenotypic properties,
thereby playing important roles in pathogenesis and immune evasion
(Barker et al., 2009). The virus targets the endothelial cells lining the
blood vessels, causing endothelial damage and leakage, bleeding,
organ damage, and even shock in severe cases. High fever (lasting
6-11days), anorexia, abdominal pain, cough, body ache, diarrhea,
headache, insomnia, leucopenia, myalgia, thrombocytopenia,
increased intravascular permeability, prolonged clotting time,
bleeding from the gums/nose (Shah et al., 2018; Bhatia et al., 2020;
Gupta et al., 2020), decreased heart rate, elevated creatinine
phosphokinase, and elevated blood urea nitrogen levels are among the
KFD symptoms (Bhatia et al., 2020). The infected person may also
express reduced eosinophils, neutrophils, and lymphocyte counts
within the first week of illness. About 10-20% of KFDV patients
experience a secondary phase relapse (Muraleedharan, 2016),
characterized by neurological disorders, including confusion,
convulsions, drowsiness, tremors, etc. KFDV infection is diagnosed
based on clinical symptoms and confirmed by laboratory tests. Virus
isolation is the gold standard for diagnosing KFDV infection but it is
risky and expensive. Molecular diagnosis, particularly the reverse
transcription loop-mediated isothermal amplification (RT-LAMP)
assay, is a quick, sensitive method for detecting KFDV infection and
would be useful for high throughput screening of clinical samples
(Kumar et al., 2021). The Indian Council of Medical Research
developed the first vaccine to prevent KFDV (Bhatia et al., 2020);
although the vaccine is safe, but has a low efficacy rate in humans
(only 62%) (Kasabi et al., 2013). KFDV case is not treatable with
antiviral medications; however, disease complications can be treated
based on the signs and symptoms. Supportive therapies, such as
intravenous electrolyte transfusions and maintaining oxygen levels
and blood pressure, are suggested to manage patient health status
(Bhatia et al., 2020).

6. Colorado tick fever virus

The CTFV member of the Reovirales order, Spinareoviridae family,
and Coltivirus genus comprises a 12-segmented dsRNA genome
(Owen et al,, 2021). The CTFV genome is approximately 29,000 base
pairs in size and contains an icosahedral capsid of about 80 nm in size
(CDC, 2021a). CTF is a rare viral disease spread in humans by CTFV-
infected Rocky Mountain wood tick (D. andersoni) bites (CDC,
2021a). Ticks become infected after feeding on the blood of host
animals, such as rodents, squirrels, chipmunks, etc. Other animals,
such as elk, marmots, and deer, can also be infected by D. andersoni
(CDC, 2021a).

6.1. Epidemiology

Infected D. albopictus, D. arumapertus, D. andersoni,
D. occidentalis, Haemaphysalis leporispalustris, Otobius lagophilus,
L sculptus, and I. spinipalpis may also transmit the CTFV to animals
(Attoui et al., 2005); however, there is no evidence of CTFV
transmission from person to person. Virus transmission via blood
transfusion cannot be ignored due to the evidence that CTFV can live
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for several months in human and animal red blood cells, suggesting
that blood donation should be avoided for at least 6 months after
CTFV infection (CDC, 2021a). Approximately 400 CTF cases have
been reported each year, with 0.02 cases per 1 million people between
2002 and 2012 (Yendell et al., 2015), whereas only 59 cases were
reported to the CDC from 2010 to 2019 (CDC, 2021a). As of
September 2020, CTF cases were reported in Arizona, Colorado,
Dakota, Idaho, New Mexico, Montana, Oregon, South Utah, and
Wyoming (CDC, 2021a). In addition, CTFV has been reported in
Canada (British Columbia and Alberta).

6.2. Pathogenesis, and disease
manifestations

The incubation period, i.e., the time between a tick bite and the
onset of illness, can range from 1 to 14days (Romero and Simonsen,
2008; Burrell et al., 2016). Hospitalization is required in approximately
20% of severe CTF cases with hemorrhagic fever, meningitis, and
meningoencephalitis (Romero and Simonsen, 2008; Burrell et al.,
2016). In children, fatal CNS or hemorrhagic complications are
commonly attributed to intravascular coagulopathy (Bennett et al.,
2019), bleeding, and shock (Romero and Simonsen, 2008), with 5 to
10% of deaths. Persistent viremia is caused by virus replication in
erythroblasts, reticulocytes, and CD34+ hematopoietic cells (Attoui
et al., 2005). According to a survey, only 6.6% of D. andersoni in
Western Montana were infected with CTFV (Williamson et al., 2019),
indicating the virus’s persistent infection by targeting skin endothelial
cells (Owen et al., 2021). Endothelial cells play an essential role in
homeostasis, regulation, and molecular trafficking by controlling
vascular permeability and coagulation (Mai et al., 2013). In addition,
endothelial cells facilitate immune cell trafficking, antigen
presentation, and the production of increased pro-inflammatory
cytokines and chemokines. In the case of severe infections, the
induced pro-inflammatory cytokine/chemokine levels, innate
immune response, and inflammatory response may cause endothelial
cell injury, vascular dysfunction, or even patient death (Owen et al.,
2021). In vitro, CTFV caused cytopathic effects on BHK21 cell lines,
KB cell lines, glial progenitor cell lines, and hematopoietic stem cell
lines (Owen et al.,, 2021). A study found that after CTFV infection,
HMEC-1 human cell lines died via an apoptotic-like pathway that was
not dependent on caspase-3/7 activity. Furthermore, in the presence
of caspase inhibition, the HMEC-1 accumulated fewer viruses (Owen
etal,, 2021). CTF symptoms are typically flu-like, with fever, headache,
muscle aches, and fatigue, but the illness can progress to more serious
complications such as meningitis or encephalitis (Romero and
Simonsen, 2008; Burrell et al., 2016). Serological tests are typically
used in laboratory diagnosis, and supportive treatment is required.
Although CTFV infection cannot be treated due to a lack of specific
viral medications or vaccines, the risk of infection can be reduced by
taking preventive measures (Burrell et al., 2016; CDC, 2021a), such as
avoiding unnecessary exposure to tick-infested areas (WDH, 2022).

7. Crimean-Congo hemorrhagic fever
virus

CCHEFV, which causes CCHE, is one of the most severe viral
diseases in humans. The virus is transmitted via ixodid ticks,
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particularly those of the genus Hyalomma, and is initially characterized
by unspecific signs and symptoms (Rathore et al., 2021). The CCHFV
genome is a tri-segmented, negative-sense ssRNA with a conserved 3
and complementary 5" ends, allowing the RNA to form a looped
structure. The small (S) segment (~1.6kb in size) encodes the
multifunctional nucleocapsid (N) protein, which is an important
virion structural component and is involved in viral infection. The
medium (M) segment (~5.4kb in size) encodes a glycoprotein
precursor, which is further processed into glycoprotein-N (Gn),
glycoprotein-C (Gc), and other non-structural proteins. CCHFV
envelope glycoproteins have a crucial role in virus formation, RNA
binding, oligomerization, and infectivity (Erickson et al.,, 2007).
CCHFV invades the host cell through clathrin-mediated endocytosis
and fuses with endosomal membranes (Bertolotti-Ciarlet et al., 2005).
A recent study found that a single amino acid substitution in the
CCHFV glycoprotein significantly reduced viral fusion with human
cells, indicating that a glycoprotein variant in ticks may reduce viral
infectivity in humans (Hua et al., 2020). This suggests that extensive
CCHFV genome sequence variability may contribute to divergent
clinical outcomes. In addition, to tick bites, CCHFV can be transmitted
to humans through direct contact with infected animal tissues or other
bodily fluids (i.e., during slaughter, handling of meat, or caring for
infected patients). Furthermore, nosocomial outbreaks in healthcare
settings have been reported in which infected blood or bodily fluids
were handled incorrectly, resulting in human-to-human transmission
(Tsergouli et al., 2020).

7.1. Epidemiology

CCHEF transmitted via Hyalomma species, is widely distributed
in Asia (Iraq, Iran, India, China, Pakistan, Afghanistan, Russia,
Tajikistan, Uzbekistan, Kazakhstan, Kuwait, Oman, UAE, and
Saudi Arabia) (Al-Abri et al., 2017), Africa (Sudan, Kenya, Egypt,
Nigeria, Senegal, Chad, Uganda, Tanzania, South Africa,
Mauritania, and Congo) (Temur et al., 2021), and Europe (Albania,
Bulgaria, Turkey, Greece, Georgia, and Spain) (Maltezou et al.,
2010; Figure 4B). In humans, the time required for the virus
infection to cause hemorrhage is approximately 5-6 days. The first
case of CCHFV was reported in a 51-year-old man in Tintane,
Assaba, Mauritania, who had abdominal pain, diarrhea, vomiting,
a 41°C body temperature, epistaxis, gingivorrhagia, diffuse
ecchymosis, severe anemia, thrombocytopenia, etc. (Boushab et al.,
2020). Later, an unusual CCHF case was reported in Nouakchott,
Mauritania (Kleib et al., 2016), raising the prospect of the virus
spreading from Mauritania to West Africa (Kleib et al., 2016). These
findings, combined with CCHF cases and other findings in
neighboring countries such as northwestern Senegal (Tall et al.,
2009) and Mauritania (Kleib et al., 2016), suggest that CCHF is
endemic in West Africa, emphasizing accurate disease diagnosis
and raising awareness. CCHF was first described in Turkey in 2002,
and more than 9,000 human cases were confirmed in 2015. During
the COVID-19 pandemic, another CCHF outbreak occurred in
Turkey (Leblebicioglu et al., 2016). Later, the Turkish Ministry of
Health confirmed 243 CCHF human cases with 13 deaths
(Infectiousdiseasenews, 2021). Most of the CCHF cases were
reported in northern, eastern, and central Anatolia, where
agricultural hubs exist, as well as the central Black Sea region
(Daily-Sabah, 2022). Apart from disease awareness campaigns in
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areas where cases are more common, the State Ministry of
Agriculture and Forestry initiates programs to eradicate the tick
Hyalomma marginatum in endemic regions. From January 1 to May
22,2022, Iraqs health authorities notified the WHO of 212 cases of
CCHE of which 115 were suspected, and 97 polymerase chain
reaction (PCR) confirmed cases, with an overall of 27 deaths (14
suspected and 13 PCR-confirmed cases). These reported cases are
significantly higher than the 33 PCR-confirmed reported cases in
2021. Cases have been reported in several areas of Iraq, and the
outbreak may put additional strain on an already overburdened
healthcare system. Most confirmed cases had a history of direct
contact with animals, including butchers and livestock breeders.
Over half of the confirmed cases were among males aged
15-44years (WHO, 2022c). Travelers from CCHF endemic
countries were responsible for transmitting the virus to the
non-endemic regions of the United Kingdom (for example,
imported from Bulgaria and Afghanistan) (Chamberlain et al.,
2013; Lumley et al., 2014), France (tourists from Senegal) (Tall
et al, 2009), Germany (an American soldier returning from
Afghanistan) (Conger et al., 2015), and a traveler from Bulgaria
(Olschldger et al., 2011). In Iran, CCHF cases have been reported
in almost every province. In a study, four sheep (three from
Gachsaran and one from Dena regions) reported positive for
CCHFV IgG, indicating virus circulation in Kohgiluyeh and Boyer-
Ahmad Province, Iran. This finding suggests comprehensive
monitoring programs to understand the CCHFV’s circulation in
ticks and host animals (Ghasemian et al., 2021). In 1998, 19
confirmed CCHF cases were reported in northeastern Afghanistan,
making them the country’s first documented cases. Later, an
outbreak was reported in Afghanistan in 2008 (Mofleh and Ahmad,
2012). Regarding seasonal prevalence, the highest CCHF cases
found from June to September probably coincide with Eid-al-Adha,
with 13.7% of butchers and 11.8% of shepherds being two high-risk
occupations in Afghanistan for CCHFV infection (Qaderi et al.,
2021). ELISA and immunofluorescence assays detected CCHFV-
specific IgG in 19% of sheep and 5% of goat serum samples in
Balochistan, Pakistan (Kasi et al., 2020). In addition, this cross-
sectional study also identified potential risk factors for CCHF
seropositive sheep and goats. For example, open housing systems,
grazing, vegetation in or around the yard, a lack of tick preventive
measures, rural poultry absence, and tick-infested animals were all
significant risk factors for CCHFV. Identifying risk factors may aid
in lowering the CCHFYV infection risk in cattle and humans (Kasi
etal., 2020). A recent study examined the seroprevalence of CCHFV
in sheep sera (n=176) and found that CCHFV-specific antibodies
were detected in 17 sera, indicating CCHFV circulation in the
westernmost region of the Balkans, Bosnia and Herzegovina, which
raises concerns about CCHFV transmission out of this region
(Satrovic et al., 2022). A cross-sectional survey tested 800 humans,
666 cattle, 549 goats, and 32 dogs’ sera samples from the Ugandan
cattle corridor for CCHFV-specific IgG antibodies. Results show
221/800 CCHFV seropositivity in humans, 612/666 in cattle,
413/549 in goats and 18/32 in dogs. Human seropositivity was
significantly associated with livestock farming, age, and collecting/
eating engorged ticks. High CCHF seropositivity among livestock
farmers, including collecting/eating engorged ticks, highlights the
need for further surveillance and disease control strategies (Atim
etal., 2022).
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7.2. Pathogenesis, and disease
manifestations

The first contact between the tick-host occurs during the ticK’s bite
or feeding on the host. The tick secretes saliva into the feeding lesion,
via which pathogens mediate vertebrate host inflammatory and
immune responses (Kaufman, 1989). Despite the hosts inflammatory
and immune responses, the tick attaches to hosts for blood-feeding
via the pharmacy located in its salivary glands (Connolly-Andersen
et al,, 2007). CCHFV Gn and Gc help their attachment to the target
cell surface receptors. An interaction between viral Gn/Gc and target
cell surface protein (i.e., nucleolin found within nucleoli may work as
a putative entry factor) (Xiao et al.,, 2011) demands deep investigations
to unveil the role of nucleolin in CCHFV internalization. CCHFV
enters the cells using clathrin and the clathrin pit adaptor protein-2
complex (Simon et al., 2009; Garrison et al., 2013). CCHFV particles
enter the cell and travel to endosomes and vesicular bodies, where the
virus envelope fuses with cellular membranes. Cellular microtubulin
and actin filaments are essential for CCHFV internalization,
replication, and progeny production (Andersson et al., 2004; Simon
et al., 2009). It has also been shown that the virus Gn interacts with
cellular chaperones of the heat shock protein 70 families in association
with Dna]J cofactor adapter proteins, which play roles in folding and
transporting newly synthesized proteins (Surtees et al., 2016).
Aquaporin 6 protein (a channel that facilitates water and small solutes
across the plasma membrane) has also been shown to be involved in
CCHFV replication (Molinas et al., 2016). DC-SIGN (C-type lectin)
expressed on the surface of antigen-presenting dendritic cells probably
acts as an entry factor for CCHFV (Suda et al., 2016). CCHFV highly
replicates in epithelial cells, dendritic cells, and tissue-resident
macrophages at the inoculation site. Apart from increased macrophage
counts, more natural killer cells, CD4+, and CD8+ lymphocytes have
been observed in CCHFV infections (Yilmaz et al., 2008; Akinci et al.,
2009). As the disease progresses, the uncontrolled apoptosis of T
lymphocytes contributes to lymphopenia (reduced lymphocyte count)
in a STAT-1 knockout mouse model (Bente et al., 2010). These cells
facilitate virus spread and infect local lymph nodes and peripheral
blood-borne monocytes (Connolly-Andersen et al., 2007; Akinc
et al,, 2013). The infection of endothelial cells and peripheral blood-
borne monocytes results in extravasation into parenchymal tissue,
enabling virus interaction with basolateral cell receptors (Connolly-
Andersen et al., 2007). Secondary replication in these body parts
facilitates systemic virus spread (Alinci et al., 2013), as demonstrated
by an experimental animal model: viral replication occurs in the blood
on the first day of infection, then in the spleen and liver on the second
day, and then spreads systemically to the lungs, kidneys, and brain
(Bente et al., 2010). Endothelial cell damage is responsible for cellular
hemostasis failure by platelet stimulation and degranulation as well as
activation of the intrinsic coagulation cascade in host organs (Weber
and Mirazimi, 2008; Bodur et al., 2010). It has been shown that
CCHFV non-structural proteins may induce apoptosis via both
intrinsic and extrinsic pathways (Barnwal et al., 2016). The induced
apoptosis was attributed to releasing cytokines and chemokines from
CCHFV-infected cells (Weber and Mirazimi, 2008; Barnwal et al.,
2016). In vitro study showed that RIG-I acts as a PRR for CCHFV and
mediates type I IFN response (Spengler et al., 2015). Tick cell lines
enable CCHFV studies to offer an alternative approach to
understanding tick cells’ response to invading viruses (Bell-Sakyi
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etal,, 2012). In vivo, CCHFV transmission has been established using
IFN knockout mice, an additional tool for studying tick-pathogen
interactions(Gargili et al., 2013). CCHF manifestations include high
fever, myalgia, dizziness, neck pain and stiffness, backache, headache,
sore eyes, nausea, vomiting, diarrhea, abdominal pain,
thrombocytopenia, leukopenia, and elevated liver enzyme levels. After
a few days, the agitation may be replaced by sleepiness, depression,
and lassitude, and the abdominal pain may localize to the upper right
quadrant, with detectable liver enlargement. Patients may also
experience a fast heart rate, enlarged lymph nodes, and a petechial
rash on internal mucosal surfaces. There is usually evidence of
hepatitis; severely ill patients may experience rapid kidney
deterioration and sudden liver or pulmonary failure following an
illness. The CCHF mortality rate is approximately 30%, with deaths
occurring in the second week of illness (Yakut et al., 2021; WHO,
2022a). In brief, over the last decade, considerable progress has been
made in exploring cellular components involved in tick-host-pathogen
interactions; however, there is limited knowledge in the case of
CCHFV due to its high-level containment requirement. Identifying
the underlying molecular drivers that promote CCHFV survival in
tick vectors may allow us to disrupt these processes and reduce tick
populations and CCHF prevalence (de la Fuente et al., 2017).
Moreover, the identification of the signaling pathways taking place
during CCHFV-host interactions provides the opportunity to design

novel control strategies for CCHE.

8. Heartland virus

The genus Bandavirus, classified under the order Bunyavirales,
family Phenuiviridae, including HRTV, Dabie bandavirus (SFTSV),
etc., poses threats to public health. The genus Bandavirus contains
viruses that comprise three segments, i.e., small (S~1.7kb in size),
medium (M ~3.2kb in size), and large (L ~6.4kb in size) (Adams
etal,, 2017). The M segment encodes Gn and Gc, which are crucial for
the viral interaction with host receptors to neutralize host immune
responses (Walter and Barr, 2011). The S segment encodes the
structural protein nucleocapsid (N). In addition, the L segments
synthesize NS proteins (RNA-dependent RNA polymerase). The viral
Gn and Gc fused with the host cell's DC-SIGN, heparan-sulfate, and
non-muscle myosin heavy-chain IIA receptors. This interaction is
mediated by the viral Gc and is a critical step for pathogenesis. HRTV
replication is complete in the host cell’s cytoplasm and begins with the
release of ribonucleoproteins, followed by the synthesis of new viral
RNA. Ribonucleocapsids are formed in the Golgi apparatus, and
progeny virions are exocytosed via the plasma membrane (Spiegel
etal., 2016).

8.1. Epidemiology

HRTYV transmitted by tick bites (A. americanum) was first
reported in northwestern Missouri in 2009 (Pastula et al., 2014). In
2010, a tick-borne phlebovirus caused similar symptoms in China,
Korea, and Japan, whereas a bat-borne, Malsoor virus, was responsible
for HRT'V-like symptoms in western India (Mourya et al., 2014). In
2018, two HRT V-infected cases were reported in Illinois, United States
(McMullan et al.,, 2012). HRTV is closely related to the Albatross
Hunter Island virus, isolated from ILxodes species and dying sea birds
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in Australia (Gauci et al., 2015). As of January 2021, more than 50
HRTYV cases had been reported in midwestern regions (such as
Illinois, Indiana, and Iowa), southwestern (Arkansas), southeastern
(Georgia, Kentucky, North Carolina, and Tennessee), midwestern
(Kansas and Missouri), and south-central (Oklahoma) of the
United States. It has been shown that all local populations and visitors
to HRTV endemic areas are at increased risk (Tuten et al., 2020; CDC,
2021b). Most patients reported seeing ticks (A. americanum) on their
bodies 2weeks before becoming ill (Brault et al., 2018). A study
reported A. americanum’s presence on the bodies of two HRTV-
positive adult males (Tuten et al., 2020), indicating that the virus is
widespread in these ticks in Illinois. The emergence of HRTV is a
significant concern because of the geographic distribution and
increased abundance of A. americanum (Tuten et al., 2020). Some
HRTYV patients have a high viral load in their bloodstream, indicating
that healthy people in contact with patient blood are at an increased
risk of getting infections (Brault et al., 2018). HRTV case mortality has
ranged from 13 to 16%, with the highest rate occurring in 50-year-old
men with sepsis and multiple organ failure (Fill et al., 2017). The first
fatal case was an 80-year-old Tennessee man who died after being
hospitalized with fever, leukopenia, thrombocytopenia, organ failure,
and bleeding. In the post-mortem, HRTV was detected in the spleen
and lymph node samples (Muehlenbachs et al., 2014).

8.2. Pathogenesis, and disease
manifestations

HRTV disease symptoms are very similar to tick-borne
ehrlichiosis, transmitted via the same tick (A. americanum). For
example, two HRTV-infected farmers in northwestern Missouri
developed ehrlichiosis-like mild fever, leukopenia, and
thrombocytopenia (Pastula et al., 2014). A study injected HRTV into
animals to assess potential vertebrate hosts and establish a tick-
vertebrate model for evaluating vector competence. Seronegative
raccoons from various fields in the Midwestern United States were
challenged with HRTV and produced a high rate of neutralizing
antibodies (Bosco-Lauth et al., 2015; Riemersma and Komar, 2015).
None of the susceptible raccoons demonstrated disease signs or a
detectable HRTV load (Bosco-Lauth et al., 2016). In a similar
experiment, naive goats exposed to SFTSV experienced high viral
loads (Jiao et al., 2015). In contrast, goats exposed to SFTSV-infected
ticks and virus-infected needles failed to develop detectable viremia
(Jin et al., 2012). In an experiment, goats were exposed to SFTSV-
infected ticks, suggesting that a long-term vertebrate host’s exposure
to ticks could result in high viral loads sufficient to infect other ticks
(Jin etal., 2012). A study also found that after being inoculated with
HRTYV, experimental mouse models failed to develop lesions or
detectable viremia. In addition, HRTV-infected chickens, rabbits, and
hamsters could not produce antibodies against the HRTV infection
(Bosco-Lauth et al., 2016). This study further reports that when
outbred CD-1 mouse models (immune-competent mice) were
inoculated with HRTYV, they failed to demonstrate neurovirulence
(Bosco-Lauth et al,, 2016). A dose-dependent response was observed
in INF-type-I and -type-II deficient mice when a lethal dose of 50%
of 10 plaque-forming units of HRTV was administered
intraperitoneally, given that the low feeding efficiency of ticks in
immune-compromised mice may differ from that of HRT V-infected
vertebrates (Bosco-Lauth et al, 2016). On the other hand,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shah et al.

SFTSV-inoculated immune-competent mice exhibit pathological
abnormalities similar to those seen in HRTV patients with
leukopenia, thrombocytopenia, and elevated liver transaminases.
These manifestations were mild, and the SFTSV replication was
restricted to the spleen (Jin et al., 2012), indicating a protective INF
response within mouse models. Hamsters deficient in INF type-I
signaling were susceptible to HRT'V lethality, indicating that rodents’
protective INF response against HRTV infection was well-established
(Westover et al., 2017). Phleboviruses infect mononuclear cells,
eliciting strong INF-type-I reactions (Wuerth and Weber, 2016).
More research is needed to determine these cells’ direct and indirect
roles in HRTV trafficking within hosts and their precise roles in
pathological abnormalities in humans. Fever, fatigue, anorexia,
diarrhea, leukopenia, thrombocytopenia, and elevated liver
transaminases were all symptoms of HRTV infection (McMullan
etal,, 2012). Other disease symptoms are headaches, nausea, myalgia,
arthralgia, and weakness. Some patients reported a local rash
frequently associated with the initial tick bite (Brault et al., 2018).
Patients with fever, leukopenia, and thrombocytopenia should seek
laboratory testing in A. americanum endemic areas (Staples
et al., 2020).

In brief, the evidence presented above shows that ticks transmit
the most diverse array of infectious agents to animals and humans.
Thus, there is a need to explore the global distribution of ticks that
transmit infectious diseases to humans and animals. Further, there is
a need to develop the latest novel diagnostic tools and treatment
options to control these diseases. Interestingly, clinical manifestations
in infected individuals highlight distinct features of each virus, such
as thrombocytopenia in BRBV, CCHFV, HRTV, and KFDV. In some
cases, TBV RNA and their associated induced IgM and IgG antibodies
can be detected in infected individuals with leukopenia,
thrombocytopenia, and mild to moderate elevations of liver
transaminases (CDC, 2019; Madison-Antenucci et al., 2020). There is
a need to develop novel in vitro and in vivo models to understand
TBV’s underlying pathogenic mechanisms, which will ultimately help
with disease prevention and control measures.

9. Conclusions and future
perspectives

Ticks transmit increased numbers of viral pathogens, such as
BRBYV, POWYV, OHFYV, CTFV, CCHFV, HRTYV, and KFDV, which
constantly threaten human and animal life worldwide, particularly
those doing outdoor activities, increasing contact with ticks, their
potential hosts. Ticks carrying viruses or their infected hosts’
migration from endemic areas may increase the risk of infections in
humans and animals. Therefore, identifying ticks and their
associated pathogens will be of great importance in preventing
TBV diseases.

Physicians should consider TBV infections in differential
diagnostics in endemic regions, especially locally active TBVs, as most
viruses are geographically restricted. Diseases occurring in remote
areas should be reported to the local health department, which can
issue preventive measures against ticks and their associated viruses.
People should avoid contact with sick animals, particularly bats,
muskrats, and monkeys, and avoid drinking non-pasteurized goat
milk. The public should also be encouraged to report dead or sick
animals, particularly muskrats or monkeys, as an early warning for
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TBV infections (WHO, 1985). In addition, short-term efforts should
increase public awareness of the BRBV, POWYV, CTFV, CCHFYV,
HRTV, and KFDV-associated illnesses. People should avoid
unnecessary visits to tick-endemic areas. In case of visiting, certain
preventive measures should be taken, such as wearing long-sleeved
nylon clothes (WHO, 1985), apart from applying tick repellants
containing n-n-diethylmetatoluamide and permethrin to the skin,
clothes, and other items (Pages et al., 2014). Wearing light-colored
clothing is suggested as an option for observing crawling ticks on the
body before returning from tick-endemic areas. To prevent ticks from
crawling up inside, pants legs should be tucked into socks, and long-
sleeved shirts should be tucked into pants. Furthermore, spraying
permethrin-containing repellents on boots and clothing can deter tick
attachment (WDH, 2022). It has strongly encouraged people to seek
medical attention when they notice a tick on their body parts or
experience their first sign in endemic areas.

Improved healthcare infrastructure, new diagnostic tools, and
trained personnel should be deployed in tick-endemic areas for
disease control. Seasonal migratory birds, animals, or mammals may
transmit ticks or TBV's across many regions and countries, suggesting
that advanced research will aid in developing surveillance systems
(such as radio-tracking) to track the emergence of TBVs. Surveillance
programs should also identify relevant animals or mammals that help
the tick vectors complete their life cycle. For example, birds and bats
have gained attention due to their role in spreading ticks and their
associated viruses during seasonal migration (Calisher et al., 2006;
Buczek et al., 2020). Humans traveling with ticks or viruses from
endemic areas have also gained attention for spreading TBV diseases
(Tall et al., 2009; Lumley et al., 2014; Conger et al., 2015). Therefore,
long-term efforts should be directed toward various parameters
influencing the ecological distribution of ticks to investigate global
disease circumstances and countermeasures. There is an urgent need
to develop new vaccines/drugs and make them available to inaccessible
remote tick endemic areas for public immunization and
disease management.

Author contributions

TS and XX conceptualized the study. QL conducted the database
search. TS, XX, BW, and ZB narratively screened the databases, then
extracted their data and prepared the initial draft of the manuscript.
TS prepared the final draft of the manuscript. XX supervised the
project and critically assessed the manuscript. All authors contributed
to the article and approved the submitted version.

Funding
This study was supported by the Yunnan Key R&D Program (No.

202103AQ100001) and Yunnan Major Scientific and Technological
Project (No. 202202AG050013).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shah et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Adams, M. ], Lefkowitz, E. J., King, A. M. Q., Harrach, B., Harrison, R. L.,
Knowles, N. J,, et al. (2017). Changes to taxonomy and the international code of virus
classification and nomenclature ratified by the international committee on taxonomy of
viruses (2017). Arch. Virol. 162, 2505-2538. doi: 10.1007/s00705-017-3358-5

Akincy, E., Bodur, H., and Leblebicioglu, H. (2013). Pathogenesis of Crimean-Congo
hemorrhagic fever. Vector Borne Zoonotic Dis. 13, 429-437. doi: 10.1089/vbz.
2012.1061

Akinci, E., Yilmaz, M., Bodur, H., Ongiirii, P, Bayazit, . N., Erbay, A., et al. (2009).
Analysis of lymphocyte subgroups in Crimean-Congo hemorrhagic fever. Int. J. Infect.
Dis. 13, 560-563. doi: 10.1016/}.ijid.2008.08.027

Al-Abri, S. S., Abaidani, I. A., Fazlalipour, M., Mostafavi, E., Leblebicioglu, H.,
Pshenichnaya, N, et al. (2017). Current status of Crimean-Congo haemorrhagic fever
in the World Health Organization eastern Mediterranean region: issues, challenges, and
future directions. Int. J. Infect. Dis. 58, 82-89. doi: 10.1016/j.ijid.2017.02.018

Andersson, L, Simon, M., Lundkvist, A., Nilsson, M., Holmstrom, A., Elgh, E, et al.
(2004). Role of actin filaments in targeting of Crimean Congo hemorrhagic fever virus
nucleocapsid protein to perinuclear regions of mammalian cells. J. Med. Virol. 72, 83-93.
doi: 10.1002/jmv.10560

Anderson, J. E, and Armstrong, P. M. (2012). Prevalence and genetic characterization
of Powassan virus strains infecting Ixodes scapularis in Connecticut. Am J Trop Med
Hyg. 87, 754-9. doi: 10.4269/ajtmh.2012.12-0294

Asaaga, F A, Rahman, M., Kalegowda, S. D., Mathapati, J., Savanur, L, Srinivas, P. N,
et al. (2021). 'None of my ancestors ever discussed this disease before!' how disease
information shapes adaptive capacity of marginalised rural populations in India. PLoS
Negl. Trop. Dis. 15:¢0009265. doi: 10.1371/journal.pntd.0009265

Atim, S. A., Ashraf, S., Belij-Rammerstorfer, S., Ademun, A. R., Vudriko, P,
Nakayiki, T, et al. (2022). Risk factors for Crimean-Congo Haemorrhagic fever (CCHF)
virus exposure in farming communities in Uganda. J. Infect. 85, 693-701. doi: 10.1016/j.
jinf.2022.09.007

Attoui, H., Mohd Jaafar, F, de Micco, P, and de Lamballerie, X. (2005). Coltiviruses
and seadornaviruses in North America, Europe, and Asia. Emerg. Infect. Dis. 11,
1673-1679. doi: 10.3201/eid1111.050868

Aziati, I. D., McFarland, D., Antia, A., Joshi, A., Aviles-Gamboa, A., Lee, P, et al.
(2022). Prevalence of Bourbon and heartland viruses in field collected ticks at an
environmental field station in St. Louis County, Missouri, USA. Ticks Tick Borne Dis.
14:102080. doi: 10.1016/j.ttbdis.2022.102080

Bai, C., Qi, J., Wu, Y., Wang, X,, Gao, G. F, Peng, R., et al. (2019). Postfusion structure
of human-infecting Bourbon virus envelope glycoprotein. J. Struct. Biol. 208, 99-106.
doi: 10.1016/j.jsb.2019.08.005

Bamunuarachchi, G., Harastani, H., Rothlauf, P. W,, Dai, Y. N., Ellebedy, A.,
Fremont, D., et al. (2022). Detection of Bourbon virus-specific serum neutralizing
antibodies in human serum in Missouri, USA. mSphere 7:¢0016422. doi: 10.1128/
msphere.00164-22

Barker, W. C., Mazumder, R., Vasudevan, S., Sagripanti, J. L., and Wu, C. H. (2009).
Sequence signatures in envelope protein may determine whether flaviviruses produce
hemorrhagic or encephalitic syndromes. Virus Genes 39, 1-9. doi: 10.1007/
511262-009-0343-4

Barker, C. M., and Reisen, W. K. (2019). “Epidemiology of vector-borne diseases” in
Medical and veterinary entomology. eds. G. Mullen and L. Durden. 3rd ed (Cambridge:
Academic Press), 33-49.

Barnwal, B., Karlberg, H., Mirazimi, A., and Tan, Y. J. (2016). The non-structural
protein of Crimean-Congo hemorrhagic fever virus disrupts the mitochondrial
membrane potential and induces apoptosis. J. Biol. Chem. 291, 582-592. doi: 10.1074/
jbe.M115.667436

Basile, A. J., Horiuchi, K., Panella, A. J., Laven, J., Kosoy, O., Lanciotti, R. S., et al.
(2013). Multiplex microsphere immunoassays for the detection of IgM and IgG to
arboviral diseases. PLoS One 8:¢75670. doi: 10.1371/journal.pone.0075670

Belikov, S. I., Kondratov, I. G., Potapova, U. V., and Leonova, G. N. (2014). The
relationship between the structure of the tick-borne encephalitis virus strains and their
pathogenic  properties. PLoS One 9:¢94946. doi: 10.1371/journal.pone.
0094946

Bell-Sakyi, L., Kohl, A., Bente, D. A., and Fazakerley, J. K. (2012). Tick cell lines for

study of Crimean-Congo hemorrhagic fever virus and other arboviruses. Vector Borne
Zoonotic Dis. 12, 769-781. doi: 10.1089/vbz.2011.0766

Bennett, J. E., Dolin, R., and Blaser, M. J. (2019). Mandell, Douglas, and Bennett's
principles and practice of infectious diseases E-book. Amsterdam, Netherlands: Elsevier
Health Sciences.

Frontiers in Microbiology

14

10.3389/fmicb.2023.1185829

or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Bente, D. A., Alimonti, J. B., Shieh, W. J., Camus, G., Stroher, U., Zaki, S., et al. (2010).
Pathogenesis and immune response of Crimean-Congo hemorrhagic fever virus in a
STAT-1 knockout mouse model. J. Virol. 84, 11089-11100. doi: 10.1128/JV1.01383-10

Bente, D. A, Forrester, N. L., Watts, D. M., McAuley, A. J., Whitehouse, C. A., and
Bray, M. (2013). Crimean-Congo hemorrhagic fever: history, epidemiology,
pathogenesis, clinical syndrome and genetic diversity. Antivir. Res. 100, 159-189. doi:
10.1016/j.antiviral.2013.07.006

Bertolotti-Ciarlet, A., Smith, J., Strecker, K., Paragas, J., Altamura, L. A, McFalls, J. M.,
et al. (2005). Cellular localization and antigenic characterization of Crimean-Congo
hemorrhagic fever virus glycoproteins. J. Virol. 79, 6152-6161. doi: 10.1128/
JV1.79.10.6152-6161.2005

Bhatia, B., Feldmann, H., and Marzi, A. (2020). Kyasanur Forest disease and Alkhurma
hemorrhagic fever virus-two neglected zoonotic pathogens. Microorganisms 8:1406. doi:
10.3390/microorganisms8091406

Blom, K., Braun, M., Pakalniene, J., Dailidyte, L., Béziat, V., Lampen, M. H., et al.
(2015). Specificity and dynamics of effector and memory CD8 T cell responses in human
tick-borne encephalitis virus infection. PLoS Pathog. 11:¢1004622. doi: 10.1371/journal.
ppat.1004622

Blom, K., Braun, M., Pakalniene, J., Lunemann, S., Enqvist, M., Dailidyte, L., et al.
(2016). NK cell responses to human tick-borne encephalitis virus infection. J. Immunol.
197, 2762-2771. doi: 10.4049/jimmunol.1600950

Bodur, H., Akinci, E., Ongiirii, P, Uyar, Y., Bastiirk, B., Gozel, M. G,, et al. (2010).
Evidence of vascular endothelial damage in Crimean-Congo hemorrhagic fever. Int. J.
Infect. Dis. 14, €704-e707. doi: 10.1016/}.ijid.2010.02.2240

Bollati, M., Alvarez, K., Assenberg, R., Baronti, C., Canard, B., Cook, S., et al. (2010).
Structure and functionality in flavivirus NS-proteins: perspectives for drug design.
Antivir. Res. 87, 125-148. doi: 10.1016/j.antiviral.2009.11.009

Bosco-Lauth, A. M., Calvert, A. E., Root, ]. J., Gidlewski, T., Bird, B. H., Bowen, R. A.,
et al. (2016). Vertebrate host susceptibility to heartland virus. Emerg. Infect. Dis. 22,
2070-2077. doi: 10.3201/eid2212.160472

Bosco-Lauth, A. M, Panella, N. A, Root, J. J., Gidlewski, T., Lash, R. R., Harmon, ]. R.,
et al. (2015). Serological investigation of heartland virus (Bunyaviridae:
Phlebovirus) exposure in wild and domestic animals adjacent to human case sites in
Missouri 2012-2013. Am. J. Trop. Med. Hyg. 92, 1163-1167. doi: 10.4269/ajtmh.
14-0702

Boushab, B. M., Kelly, M., Kébé, H., Bollahi, M. A., and Basco, L. K. (2020). Crimean-
Congo hemorrhagic fever, Mauritania. Emerg. Infect. Dis. 26, 817-818. doi: 10.3201/
€id2604.191292

Brackney, D. E., Nofchissey, R. A., Fitzpatrick, K. A., Brown, I. K., and Ebel, G. D.
(2008). Stable prevalence of Powassan virus in Ixodes scapularis in a northern Wisconsin
focus. Am. J. Trop. Med. Hyg. 79, 971-973. doi: 10.4269/ajtmh.2008.79.971

Brault, A. C,, Savage, H. M., Duggal, N. K,, Eisen, R. J., and Staples, J. E. (2018).
Heartland virus epidemiology, vector association, and disease potential. Viruses 10:498.
doi: 10.3390/v10090498

Bricker, T. L., Shafiuddin, M., Gounder, A. P,, Janowski, A. B., Zhao, G., Williams, G. D.,
et al. (2019). Therapeutic efficacy of favipiravir against Bourbon virus in mice. PLoS
Pathog. 15:€1007790. doi: 10.1371/journal.ppat.1007790

Brites-Neto, J., Duarte, K. M., and Martins, T. F. (2015). Tick-borne infections in
human and animal population worldwide. Vet. World 8, 301-315. doi: 10.14202/
vetworld.2015.301-315

Buczek, A. M., Buczek, W., Buczek, A., and Bartosik, K. (2020). The potential role of
migratory birds in the rapid spread of ticks and tick-borne pathogens in the changing

climatic and environmental conditions in Europe. Int. J. Environ. Res. Public Health
17:2117. doi: 10.3390/ijerph17062117

Burrell, C. J., Howard, C. R., and Murphy, E. A. (2016). Fenner and White’s medical
virology. United States: Academic Press.

Burthe, S. J., Schifer, S. M., Asaaga, F. A., Balakrishnan, N., Chanda, M. M.,
Darshan, N, et al. (2021). Reviewing the ecological evidence base for management of
emerging tropical zoonoses: Kyasanur Forest disease in India as a case study. PLoS Negl.
Trop. Dis. 15:¢0009243. doi: 10.1371/journal.pntd.0009243

Bush, L. M., and Vazquez-Pertejo, M. T. (2018). Tick borne illness-Lyme disease. Dis.
Mon. 64, 195-212. doi: 10.1016/j.disamonth.2018.01.007

Calisher, C. H., Childs, . E., Field, H. E., Holmes, K. V., and Schountz, T. (2006). Bats:
important reservoir hosts of emerging viruses. Clin. Microbiol. Rev. 19, 531-545. doi:
10.1128/CMR.00017-06

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00705-017-3358-5
https://doi.org/10.1089/vbz.2012.1061
https://doi.org/10.1089/vbz.2012.1061
https://doi.org/10.1016/j.ijid.2008.08.027
https://doi.org/10.1016/j.ijid.2017.02.018
https://doi.org/10.1002/jmv.10560
https://doi.org/10.4269/ajtmh.2012.12-0294
https://doi.org/10.1371/journal.pntd.0009265
https://doi.org/10.1016/j.jinf.2022.09.007
https://doi.org/10.1016/j.jinf.2022.09.007
https://doi.org/10.3201/eid1111.050868
https://doi.org/10.1016/j.ttbdis.2022.102080
https://doi.org/10.1016/j.jsb.2019.08.005
https://doi.org/10.1128/msphere.00164-22
https://doi.org/10.1128/msphere.00164-22
https://doi.org/10.1007/s11262-009-0343-4
https://doi.org/10.1007/s11262-009-0343-4
https://doi.org/10.1074/jbc.M115.667436
https://doi.org/10.1074/jbc.M115.667436
https://doi.org/10.1371/journal.pone.0075670
https://doi.org/10.1371/journal.pone.0094946
https://doi.org/10.1371/journal.pone.0094946
https://doi.org/10.1089/vbz.2011.0766
https://doi.org/10.1128/JVI.01383-10
https://doi.org/10.1016/j.antiviral.2013.07.006
https://doi.org/10.1128/JVI.79.10.6152-6161.2005
https://doi.org/10.1128/JVI.79.10.6152-6161.2005
https://doi.org/10.3390/microorganisms8091406
https://doi.org/10.1371/journal.ppat.1004622
https://doi.org/10.1371/journal.ppat.1004622
https://doi.org/10.4049/jimmunol.1600950
https://doi.org/10.1016/j.ijid.2010.02.2240
https://doi.org/10.1016/j.antiviral.2009.11.009
https://doi.org/10.3201/eid2212.160472
https://doi.org/10.4269/ajtmh.14-0702
https://doi.org/10.4269/ajtmh.14-0702
https://doi.org/10.3201/eid2604.191292
https://doi.org/10.3201/eid2604.191292
https://doi.org/10.4269/ajtmh.2008.79.971
https://doi.org/10.3390/v10090498
https://doi.org/10.1371/journal.ppat.1007790
https://doi.org/10.14202/vetworld.2015.301-315
https://doi.org/10.14202/vetworld.2015.301-315
https://doi.org/10.3390/ijerph17062117
https://doi.org/10.1371/journal.pntd.0009243
https://doi.org/10.1016/j.disamonth.2018.01.007
https://doi.org/10.1128/CMR.00017-06

Shah et al.

Calisher, C. H., Karabatsos, N., Dalrymple, J. M., Shope, R. E., Porterfield, J. S.,
Westaway, E. G., et al. (1989). Antigenic relationships between flaviviruses as determined
by cross-neutralization tests with polyclonal antisera. J. Gen. Virol. 70, 37-43. doi:
10.1099/0022-1317-70-1-37

Campbell, O., and Krause, P. J. (2020). The emergence of human Powassan virus
infection in North America. Ticks Tick Borne Dis 11:101540. doi: 10.1016/j.
ttbdis.2020.101540

CDC (2019). Tickborne diseases of the United States-heartland and Bourbon virus
diseases. Atlanta, Georgia: Centers for Disease Control and Prevention. Aavailable at:
https://www.cdc.gov/ticks/tickbornediseases/heartland-virus.html. (Accessed April 26,
2022).

CDC (2021a). Centers for Disease Control and Prevention: Colorado tick fever (CTF)-
transmission. Available at: https://www.cdc.gov/coloradotickfever/transmission.html.
(Accessed March 31, 2022).

CDC (2021b). Heartland virus: statistics and maps. Available at: https://www.cdc.gov/
heartland-virus/statistics/index.html. (Accesed March 22, 2022).

CDC (2022). Connecticut department of public health confirms Years first case of
Powassan virus. Press Releases: 05/04/2022. Available at: https://portal.ct.gov/DPH/
Press-Room/Press-Releases---2022/POW V-illness. (Accessed June 27, 2022).

Chamberlain, J., Atkinson, B., Logue, C. H., Latham, J., Newman, E. N., and
Hewson, R. (2013). Genome sequence of ex-Afghanistan Crimean-Congo hemorrhagic
fever virus SCT strain, from an imported United Kingdom case in October 2012.
Genome Announc. 1:¢00161. doi: 10.1128/genomeA.00161-13

Charrel, R. N., Attoui, H., Butenko, A. M., Clegg, J. C., Deubel, V., Frolova, T. V., et al.
(2004). Tick-borne virus diseases of human interest in Europe. Clin. Microbiol. Infect.
10, 1040-1055. doi: 10.1111/j.1469-0691.2004.01022.x

Choi, K. H. (2021). The role of the stem-loop A RNA promoter in Flavivirus
replication. Viruses 13:1107. doi: 10.3390/v13061107

Chumakov, M. P. (1948). Results of a study made of Omsk hemorrhagic fever (OL) by
an expedition of the institute of neurology. Vestnik Acad. Med. Nauk SSSR 2,
19-26.

Clarke, P, Leser, J. S., and Tyler, K. L. (2021). Intrinsic innate immune responses
control viral growth and protect against neuronal death in an ex vivo model of West Nile
virus-induced central nervous system disease. J. Virol. 95:e0083521. doi: 10.1128/
JVI1.00835-21

Conger, N. G., Paolino, K. M., Osborn, E. C,, Rusnak, J. M., Giinther, S., Pool, J., et al.
(2015). Health care response to CCHF in US soldier and nosocomial transmission to
health care providers, Germany, 2009. Emerg. Infect. Dis. 21, 23-31. doi: 10.3201/
€id2101.141413

Connally, N. P, Rose, D. A., Breuner, N. E,, Prose, R., Fleshman, A. C., Thompson, K.,
etal. (2019). Impact of wearing and washing/drying of Permethrin-treated clothing on
their contact irritancy and toxicity for Nymphal Ixodes scapularis (Acari: Ixodidae) ticks.
J. Med. Entomol. 56, 199-214. doi: 10.1093/jme/tjy138

Connolly-Andersen, A. M., Magnusson, K. E., and Mirazimi, A. (2007). Basolateral
entry and release of Crimean-Congo hemorrhagic fever virus in polarized MDCK-1
cells. J. Virol. 81, 2158-2164. doi: 10.1128/JV1.02070-06

Daily-Sabah. (2022). Daily-Sabah Zoonotic virus kills 13 since January in Turkey.
Available at: https://www.dailysabah.com/turkey/zoonotic-virus-kills-13-since-january-
in-turkey/news. (Accessed June 27, 2022).

Dantas-Torres, E, and Otranto, D. (2022). “Ixodid and Argasid ticks,” in Encyclopedia
of infection and immunity. ed. N. Rezaei. Ist edn. (United States: Elsevier), 1049-1063.

De Castro, J. J., James, A. D., Minjauw, B., Di Giulio, G. U,, Permin, A., Pegram, R. G.,
et al. (1997). Long-term studies on the economic impact of ticks on Sanga cattle in
Zambia. Exp. Appl. Acarol. 21, 3-19. doi: 10.1023/A:1018450824854

De la Fuente, J., Antunes, S., Bonnet, S., Cabezas-Cruz, A., Domingos, A. G.,
Estrada-Pefa, A., et al. (2017). Tick-pathogen interactions and vector competence:
identification of molecular drivers for tick-borne diseases. Front. Cell. Infect. Microbiol.
7:114. doi: 10.3389/fcimb.2017.00114

Deardorff, E. R., Nofchissey, R. A., Cook, J. A., Hope, A. G., Tsvetkova, A., Talbot, S. L.,
et al. (2013). Powassan virus in mammals, Alaska and New Mexico, U.S.A., and Russia,
2004-2007. Emerg. Infect. Dis. 19, 2012-2016. doi: 10.3201/eid1912.130319

Diamond, M. S., Mehlhop, E., Oliphant, T., and Samuel, M. A. (2009). The host
immunologic response to West Nile encephalitis virus. Front. Biosci. (Landmark Ed) 14,
3024-3034. doi: 10.2741/3432

Ebel, G. D. (2010). Update on Powassan virus: emergence of a north American tick-
borne flavivirus. Annu. Rev. Entomol. 55, 95-110. doi: 10.1146/annurev-
ento-112408-085446

Ebel, G. D., Foppa, L., Spielman, A., and Telford, S. R. (1999). A focus of deer tick virus
transmission in the northcentral United States. Emerg. Infect. Dis. 5, 570-574. doi:
10.3201/eid0504.990423

Ebel, G. D., and Kramer, L. D. (2004). Short report: duration of tick attachment
required for transmission of Powassan virus by deer ticks. Am. J. Trop. Med. Hyg. 71,
268-271. doi: 10.4269/ajtmh.2004.71.3.0700268

Eisen, L., and Stafford, K. C. (2021). Barriers to effective tick management and tick-
bite prevention in the United States (Acari: Ixodidae). J. Med. Entomol. 58, 1588-1600.
doi: 10.1093/jme/tjaa079

Frontiers in Microbiology

15

10.3389/fmicb.2023.1185829

Ejiri, H., Lim, C. K,, Isawa, H., Fujita, R., Murota, K., Sato, T., et al. (2018).
Characterization of a novel thogotovirus isolated from Amblyomma testudinarium ticks
in Ehime, Japan: a significant phylogenetic relationship to Bourbon virus. Virus Res. 249,
57-65. doi: 10.1016/j.virusres.2018.03.004

El Khoury, M. Y., Hull, R. C,, Bryant, P. W, Escuyer, K. L., St George, K., Wong, S. J.,
etal. (2013). Diagnosis of acute deer tick virus encephalitis. Clin. Infect. Dis. 56, e40-e47.
doi: 10.1093/cid/cis938

Erickson, B. R., Deyde, V., Sanchez, A. J., Vincent, M. ], and Nichol, S. T. (2007).
N-linked glycosylation of Gn (but not Gc) is important for Crimean Congo hemorrhagic
fever virus glycoprotein localization and transport. Virology 361, 348-355. doi:
10.1016/j.virol.2006.11.023

Estrada-Pefia, A., and Salman, M. (2013). Current limitations in the control and
spread of ticks that affect livestock: a review. Agriculture 3, 221-235. doi: 10.3390/
agriculture3020221

Fatmi, S. S., Zehra, R., and Carpenter, D. O. (2017). Powassan virus-A new reemerging
tick-borne disease. Front. Public Health 5:342. doi: 10.3389/fpubh.2017.00342

Fill, M. A., Compton, M. L., McDonald, E. C., Moncayo, A. C., Dunn, J. R,
Schaffner, W, et al. (2017). Novel clinical and pathologic findings in a heartland virus-
associated death. Clin. Infect. Dis. 64, 510-512. doi: 10.1093/cid/ciw766

Foldvari, G., Sirok}'f, P, Szekeres, S., Majoros, G., and Sprong, H. (2016). Dermacentor
reticulatus: a vector on the rise. Parasit. Vectors 9:314. doi: 10.1186/s13071-016-1599-x

Fuchs, J., Lamkiewicz, K., Kolesnikova, L., Holzer, M., Marz, M., and Kochs, G. (2022).
Comparative study of ten Thogotovirus isolates and their distinct in vivo characteristics.
J. Virol. 96:¢0155621. doi: 10.1128/jvi.01556-21

Fuchs, J., Straub, T., Seidl, M., and Kochs, G. (2019). Essential role of interferon
response in containing human pathogenic Bourbon virus. Emerg. Infect. Dis. 25,
1304-1313. doi: 10.3201/eid2507.181062

Gargili, A., Thangamani, S., and Bente, D. (2013). Influence of laboratory animal hosts
on the life cycle of Hyalomma marginatum and implications for an in vivo transmission
model for Crimean-Congo hemorrhagic fever virus. Front. Cell. Infect. Microbiol. 3:39.
doi: 10.3389/fcimb.2013.00039

Garrison, A. R., Radoshitzky, S. R., Kota, K. P, Pegoraro, G., Ruthel, G., Kuhn, J. H.,
et al. (2013). Crimean-Congo hemorrhagic fever virus utilizes a clathrin- and early
endosome-dependent entry pathway. Virology 444, 45-54. doi: 10.1016/j.virol.2013.05.030

Gauci, P. ], McAllister, J., Mitchell, I. R., St George, T. D., Cybinski, D. H., Davis, S. S.,
etal. (2015). Hunter Island group Phlebovirus in ticks, Australia. Emerg. Infect. Dis. 21,
2246-2248. doi: 10.3201/e1d2112.141303

Ghasemian, S. O., Fazlalipour, M., Hosseini, G., Pouryaievali, M. H., Azad-Manjiri, S.,
Khakifirouz, S., et al. (2021). Serosurvey of Crimean-Congo hemorrhagic fever virus in
livestock, Kohgiluyeh and Boyer-Ahmad, Iran, 2017. J. Vector Borne Dis. 58, 70-73. doi:
10.4103/0972-9062.313958

Goethert, H. K., Mather, T. N., Johnson, R. W,, and Telford, S. R. (2021). Incrimination
of shrews as a reservoir for Powassan virus. Commun. Biol. 4:1319. doi: 10.1038/
542003-021-02828-1

Gupta, N., Wilson, W., Neumayr, A., and Saravu, K. (2020). Kyasanur Forest disease:
state-of-the-art review. Q/M. doi: 10.1093/gjmed/hcaal19

Guray, Y. K., Yadav, P. D., Gokhale, M. D., Chiplunkar, T. R., Vishwanathan, R.,
Patil, D. Y, et al. (2018). Kyasanur Forest disease prevalence in Western Ghats proven
and confirmed by recent outbreak in Maharashtra, India, 2016. Vector Borne Zoonotic
Dis. 18, 164-172. doi: 10.1089/vbz.2017.2129

Hermance, M. E., Santos, R. L, Kelly, B. C., Valbuena, G., and Thangamani, S. (2016).
Immune cell targets of infection at the tick-skin Interface during Powassan virus
transmission. PLoS One 11:€0155889. doi: 10.1371/journal.pone.0155889

Hermance, M. E., and Thangamani, S. (2017). Powassan Virus: An Emerging
Arbovirus of Public Health Concern in North America. Vector Borne Zoonotic Dis. 17,
453-462. doi: 10.1089/vbz.2017.2110

Hofmann, H., Radda, A., and Kunz, C. (1969). Induction of interferon in the brain of
baby mice by viruses of the tick-borne encephalitis (TBE) complex. Arch. Gesamte
Virusforsch. 28, 197-202.

Holbrook, M. R., Aronson, J. E, Campbell, G. A., Jones, S., Feldmann, H., and
Barrett, A. D. (2005). An animal model for the tickborne flavivirus--Omsk hemorrhagic
fever virus. J. Infect. Dis. 191, 100-108. doi: 10.1086/426397

Hua, B. L., Scholte, E. E., Ohlendorf, V., Kopp, A., Marklewitz, M., Drosten, C., et al.
(2020). A single mutation in Crimean-Congo hemorrhagic fever virus discovered in
ticks impairs infectivity in human cells. Elife 9:¢50999. doi: 10.7554/eLife.50999

Hubilek, Z., and Rudolf, I. (2012). Tick-borne viruses in Europe. Parasitol. Res. 111,
9-36. doi: 10.1007/s00436-012-2910-1

Infectiousdiseasenews. (2021). Turkey records 13 Crimean-Congo hemorrhagic fever
deaths year to date. Available at: http://outbreaknewstoday.com/turkey-records-13-
crimean-congo-hemorrhagic-fever-deaths-year-to-date-37034/. (Accessed on June 27,

2022).

Jackson, K. C., Gidlewski, T., Root, J. ]., Bosco-Lauth, A. M., Lash, R. R., Harmon, J. R.,
et al. (2019). Bourbon virus in wild and domestic animals, Missouri, USA, 2012-2013.
Emerg. Infect. Dis. 25, 1752-1753. doi: 10.3201/eid2509.181902

Jiao, Y., Qi, X,, Liu, D., Zeng, X., Han, Y., Guo, X, et al. (2015). Experimental and
natural infections of goats with severe fever with thrombocytopenia syndrome virus:

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1099/0022-1317-70-1-37
https://doi.org/10.1016/j.ttbdis.2020.101540
https://doi.org/10.1016/j.ttbdis.2020.101540
https://www.cdc.gov/ticks/tickbornediseases/heartland-virus.html
https://www.cdc.gov/coloradotickfever/transmission.html
https://www.cdc.gov/heartland-virus/statistics/index.html
https://www.cdc.gov/heartland-virus/statistics/index.html
https://portal.ct.gov/DPH/Press-Room/Press-Releases---2022/POWV-illness
https://portal.ct.gov/DPH/Press-Room/Press-Releases---2022/POWV-illness
https://doi.org/10.1128/genomeA.00161-13
https://doi.org/10.1111/j.1469-0691.2004.01022.x
https://doi.org/10.3390/v13061107
https://doi.org/10.1128/JVI.00835-21
https://doi.org/10.1128/JVI.00835-21
https://doi.org/10.3201/eid2101.141413
https://doi.org/10.3201/eid2101.141413
https://doi.org/10.1093/jme/tjy138
https://doi.org/10.1128/JVI.02070-06
https://www.dailysabah.com/turkey/zoonotic-virus-kills-13-since-january-in-turkey/news
https://www.dailysabah.com/turkey/zoonotic-virus-kills-13-since-january-in-turkey/news
https://doi.org/10.1023/A:1018450824854
https://doi.org/10.3389/fcimb.2017.00114
https://doi.org/10.3201/eid1912.130319
https://doi.org/10.2741/3432
https://doi.org/10.1146/annurev-ento-112408-085446
https://doi.org/10.1146/annurev-ento-112408-085446
https://doi.org/10.3201/eid0504.990423
https://doi.org/10.4269/ajtmh.2004.71.3.0700268
https://doi.org/10.1093/jme/tjaa079
https://doi.org/10.1016/j.virusres.2018.03.004
https://doi.org/10.1093/cid/cis938
https://doi.org/10.1016/j.virol.2006.11.023
https://doi.org/10.3390/agriculture3020221
https://doi.org/10.3390/agriculture3020221
https://doi.org/10.3389/fpubh.2017.00342
https://doi.org/10.1093/cid/ciw766
https://doi.org/10.1186/s13071-016-1599-x
https://doi.org/10.1128/jvi.01556-21
https://doi.org/10.3201/eid2507.181062
https://doi.org/10.3389/fcimb.2013.00039
https://doi.org/10.1016/j.virol.2013.05.030
https://doi.org/10.3201/eid2112.141303
https://doi.org/10.4103/0972-9062.313958
https://doi.org/10.1038/s42003-021-02828-1
https://doi.org/10.1038/s42003-021-02828-1
https://doi.org/10.1093/qjmed/hcaa119
https://doi.org/10.1089/vbz.2017.2129
https://doi.org/10.1371/journal.pone.0155889
https://doi.org/10.1089/vbz.2017.2110
https://doi.org/10.1086/426397
https://doi.org/10.7554/eLife.50999
https://doi.org/10.1007/s00436-012-2910-1
http://outbreaknewstoday.com/turkey-records-13-crimean-congo-hemorrhagic-fever-deaths-year-to-date-37034/
http://outbreaknewstoday.com/turkey-records-13-crimean-congo-hemorrhagic-fever-deaths-year-to-date-37034/
https://doi.org/10.3201/eid2509.181902

Shah et al.

evidence for ticks as viral vector. PLoS Negl. Trop. Dis. 9:e0004092. doi: 10.1371/journal.
pntd.0004092

Jin, C,, Liang, M., Ning, J., Gu, W,, Jiang, H., Wu, W,, et al. (2012). Pathogenesis of
emerging severe fever with thrombocytopenia syndrome virus in C57/BL6 mouse
model. Proc. Natl. Acad. Sci. U. S. A. 109, 10053-10058. doi: 10.1073/pnas.1120246109

Johnson, A. J., Cheshier, R. C., Cosentino, G., Masri, H. P., Mock, V., Oesterle, R., et al.
(2007). Validation of a microsphere-based immunoassay for detection of anti-West Nile
virus and anti-St. Louis encephalitis virus immunoglobulin m antibodies. Clin. Vaccine
Immunol. 14, 1084-1093. doi: 10.1128/CV1.00115-07

Kasabi, G. S., Murhekar, M. V., Sandhya, V. K., Raghunandan, R., Kiran, S. K.,
Channabasappa, G. H., et al. (2013). Coverage and effectiveness of Kyasanur forest
disease (KFD) vaccine in Karnataka, South India, 2005-10. PLoS Negl. Trop. Dis. 7:€2025.
doi: 10.1371/journal.pntd.0002025

Kasi, K. K., Sas, M. A., Sauter-Louis, C., von Arnim, E, Gethmann, J. M., Schulz, A.,
et al. (2020). Epidemiological investigations of Crimean-Congo haemorrhagic fever
virus infection in sheep and goats in Balochistan, Pakistan. Ticks Tick Borne Dis.
11:101324. doi: 10.1016/j.ttbdis.2019.101324

Kaufman, W. R. (1989). Tick-host interaction: a synthesis of current concepts.
Parasitol. Today 5, 47-56. doi: 10.1016/0169-4758(89)90191-9

Kawai, T., and Akira, S. (2006). Innate immune recognition of viral infection. Nat.
Immunol. 7, 131-137. doi: 10.1038/ni1303

Kemenesi, G., and Bdnyai, K. (2019). Tick-borne Flaviviruses, with a focus on
Powassan virus. Clin. Microbiol. Rev. 32:¢00106. doi: 10.1128/cmr.00106-17

Kenyon, R. H., Rippy, M. K., McKee, K. T., Zack, P. M., and Peters, C. J. (1992).
Infection of Macaca radiata with viruses of the tick-borne encephalitis group. Microb.
Pathog. 13, 399-409. doi: 10.1016/0882-4010(92)90083-Z

Kharitonova, N. N., and Leonov, Y. A. (1986). Omsk hemorrhagic fever. Ecology of the
agent and Epizootiology. Oxonian Press Pvt. Ltd., New Delhi, India.

Kivaria, F. M. (2006). Estimated direct economic costs associated with tick-borne
diseases on cattle in Tanzania. Trop. Anim. Health Prod. 38, 291-299. doi: 10.1007/
s11250-006-4181-2

Kleib, A. S., Salihy, S. M., Ghaber, S. M., Sidiel, B. W, Sidiya, K. C., and Bettar, E. S.
(2016). Crimean-Congo hemorrhagic fever with acute subdural hematoma, Mauritania,
2012. Emerg. Infect. Dis. 22, 1305-1306. doi: 10.3201/eid2207.151782

Komar, N., Hamby, N., Palamar, M. B,, Staples, J. E., and Williams, C. (2020). Indirect
evidence of Bourbon virus (Thogotovirus, Orthomyxoviridae) infection in North
Carolina. N. C. Med. J. 81, 214-215. doi: 10.18043/ncm.81.3.214

Kosoy, O. L, Lambert, A. J., Hawkinson, D. J., Pastula, D. M., Goldsmith, C. S.,
Hunt, D. C,, et al. (2015). Novel thogotovirus associated with febrile illness and death,
United States, 2014. Emerg. Infect. Dis. 21, 760-764. doi: 10.3201/eid2105.150150

Kumar, J. S., Yadav, P. D, Shete, A. M., Majumdar, T, Patil, S., and Dash, P. K. (2021).
Development and evaluation of reverse transcription loop-mediated isothermal
amplification for rapid and real-time detection of Kyasanur forest disease virus. Int. J.
Infect. Dis. 112, 346-351. doi: 10.1016/j.ijid.2021.01.041

Kuno, G., Chang, G. J., Tsuchiya, K. R., and Miller, B. R. (2001). Phylogeny of Thogoto
virus. Virus Genes 23, 211-214. doi: 10.1023/A:1011873028144

Lvov, D. K., Leonova, G. N., Gromashevskii, V. L., Belikova, N. P., and Berezina, L. K.
(1974). Isolation of the Powassan virus from Haemaphysalis neumanni Donitz, 1905
ticks in the maritime territory. Vopr. Virusol. 5, 538-541.

Lambert, A. ], Velez, J. O, Brault, A. C.,, Calvert, A. E., Bell-Sakyi, L.,
Bosco-Lauth, A. M., et al. (2015). Molecular, serological and in vitro culture-based
characterization of Bourbon virus, a newly described human pathogen of the genus
Thogotovirus. J. Clin. Virol. 73, 127-132. doi: 10.1016/j.jcv.2015.10.021

Lasala, P. R., and Holbrook, M. (2010). Tick-borne flaviviruses. Clin. Lab. Med. 30,
221-235. doi: 10.1016/j.c11.2010.01.002

Leblebicioglu, H., Ozaras, R., Irmak, H., and Sencan, I. (2016). Crimean-Congo
hemorrhagic fever in Turkey: current status and future challenges. Antivir. Res. 126,
21-34. doi: 10.1016/j.antiviral.2015.12.003

Leonova, G. N., Kondratov, I. G., Ternovoi, V. A., Romanova, E. V., Protopopova, E. V.,
Chausov, E. V, et al. (2009). Characterization of Powassan viruses from far Eastern
Russia. Arch. Virol. 154, 811-820. doi: 10.1007/s00705-009-0376-y

Li, H,, Jiang, X. M., Cui, N., Yuan, C., Zhang, S. F,, Lu, Q. B, et al. (2021). Clinical effect
and antiviral mechanism of T-705 in treating severe fever with thrombocytopenia
syndrome. Signal Transduct. Target. Ther. 6:145. doi: 10.1038/541392-021-00541-3

Li, G., Wang, N., Guzman, H., Sbrana, E., Yoshikawa, T., Tseng, C. T., et al. (2008).
Dhori virus (Orthomyxoviridae: Thogotovirus) infection of mice produces a disease and
cytokine response pattern similar to that of highly virulent influenza A (H5N1) virus
infection in humans. Am. J. Trop. Med. Hyg. 78, 675-680. doi: 10.4269/ajtmh.2008.
78.675

Lumley, S., Atkinson, B., Dowall, S., Pitman, J., Staplehurst, S., Busuttil, J., et al. (2014).
Non-fatal case of Crimean-Congo haemorrhagic fever imported into the United Kingdom
(ex Bulgaria), June 2014. Euro Surveill. 19:20864. doi: 10.2807/1560-7917.
ES2014.19.30.20864

Mackenzie, J. (2005). Wrapping things up about virus RNA replication. Traffic 6,
967-977. doi: 10.1111/j.1600-0854.2005.00339.x

Frontiers in Microbiology

10.3389/fmicb.2023.1185829

Madison-Antenucci, S., Kramer, L. D., Gebhardt, L. L., and Kauffman, E. (2020).
Emerging tick-borne diseases. Clin. Microbiol. Rev. 33:e00083. doi: 10.1128/
CMR.00083-18

Mai, J., Virtue, A., Shen, J., Wang, H,, and Yang, X. E (2013). An evolving new
paradigm: endothelial cells--conditional innate immune cells. . Hematol. Oncol. 6:61.
doi: 10.1186/1756-8722-6-61

Maltezou, H. C., Andonova, L., Andraghetti, R., Bouloy, M., Ergonul, O., Jongejan, E,,
et al. (2010). Crimean-Congo hemorrhagic fever in Europe: current situation calls for
preparedness. Euro Surveill. 15:19504. doi: 10.2807/ese.15.10.19504-en

Martin, D. A., Muth, D. A, Brown, T., Johnson, A. J., Karabatsos, N., and Roehrig, J. T.
(2000). Standardization of immunoglobulin M capture enzyme-linked immunosorbent
assays for routine diagnosis of arboviral infections. J. Clin. Microbiol. 38, 1823-1826. doi:
10.1128/JCM.38.5.1823-1826.2000

Masson, E, Mount, A. M., Wilson, N. S., and Belz, G. T. (2008). Dendritic cells: driving
the differentiation programme of T cells in viral infections. Immunol. Cell Biol. 86,
333-342. doi: 10.1038/icb.2008.15

Mateo, R. 1., Xiao, S. Y., Lei, H., DA Rosa, A. P, and Tesh, R. B. (2007). Dhori virus
(Orthomyxoviridae: Thogotovirus) infection in mice: a model of the pathogenesis of
severe orthomyxovirus infection. Am. J. Trop. Med. Hyg. 76, 785-790. doi: 10.4269/
ajtmh.2007.76.785

Matser, A., Hartemink, N., Heesterbeek, H., Galvani, A., and Davis, S. (2009).
Elasticity analysis in epidemiology: an application to tick-borne infections. Ecol. Lett.
12, 1298-1305. doi: 10.1111/j.1461-0248.2009.01378.x

McMullan, L. K., Folk, S. M., Kelly, A. J., MacNeil, A., Goldsmith, C. S., Metcalfe, M. G.,
et al. (2012). A new phlebovirus associated with severe febrile illness in Missouri. N.
Engl. J. Med. 367, 834-841. doi: 10.1056/NEJMoal203378

Miller, M. (2018). Bourbon virus—now listed as emerging illness. Missourian. Available
at:  http://www.emissourian.com/local_news/county/bourbon-virus-now-listedas-
emerging-illness-new-case-in/article_5d67a0e6-bf55-5ctb-9e6¢-9b73896fafad.html.
(Accessed March 29, 2022).

Mlera, L., Meade-White, K., Saturday, G., Scott, D., and Bloom, M. E. (2017).
Modeling Powassan virus infection in Peromyscus leucopus, a natural host. PLoS Negl.
Trop. Dis. 11:e0005346. doi: 10.1371/journal.pntd.0005346

Mofleh, J., and Ahmad, Z. (2012). Crimean-Congo haemorrhagic fever outbreak
investigation in the Western region of Afghanistan in 2008. East Mediterr. Health J. 18,
522-526. doi: 10.26719/2012.18.5.522

Molinas, A., Mirazimi, A., Holm, A., Loitto, V. M., Magnusson, K. E., and Vikstrém, E.
(2016). Protective role of host aquaporin 6 against Hazara virus, a model for Crimean-
Congo hemorrhagic fever virus infection. FEMS Microbiol. Lett. 363:fnw058. doi:
10.1093/femsle/fnw058

Mostafa, H. H., and Dean, A. B. (2022). Tick talk: Powassan, heartland, and Bourbon
viruses. Clin. Microbiol. Newsl. 44, 13-21. doi: 10.1016/j.clinmicnews.2022.01.001

Mourya, D. T., Yadav, P. D, Basu, A., Shete, A., Patil, D. Y., Zawar, D, et al. (2014).
Malsoor virus, a novel bat phlebovirus, is closely related to severe fever with
thrombocytopenia syndrome virus and heartland virus. J. Virol. 88, 3605-3609. doi:
10.1128/JV1.02617-13

Muehlenbachs, A., Fata, C. R., Lambert, A. J., Paddock, C. D., Velez, J. O., Blau, D. M.,
et al. (2014). Heartland virus-associated death in Tennessee. Clin. Infect. Dis. 59,
845-850. doi: 10.1093/cid/ciu434

Muraleedharan, M. (2016). Kyasanur Forest disease (KFD): rare disease of zoonotic
origin. J Nepal Health Res Counc 14, 214-218. doi: 10.33314/jnhrc.v14i3.881

Novitskiy, V. S. (1948). Pathologic anatomy of spring-summer fever in Omsk region.
Proc. OmGMI 13, 97-134.

Olschléger, S., Gabriel, M., Schmidt-Chanasit, J., Meyer, M., Osborn, E., Conger, N. G.,
etal. (2011). Complete sequence and phylogenetic characterisation of Crimean-Congo
hemorrhagic fever virus from Afghanistan. J. Clin. Virol. 50, 90-92. doi: 10.1016/j.
jcv.2010.09.018

Orlinger, K. K., Hofmeister, Y., Fritz, R., Holzer, G. W, Falkner, F. G., Unger, B., et al.
(2011). A tick-borne encephalitis virus vaccine based on the European prototype strain
induces broadly reactive cross-neutralizing antibodies in humans. J. Infect. Dis. 203,
1556-1564. doi: 10.1093/infdis/jir122

Ostfeld, R. S., and Brunner, J. L. (2015). Climate change and Ixodes tick-borne diseases
of humans. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 370:20140051. doi: 10.1098/
rstb.2014.0051

Owen, S., Gaffney, C., Grado, L., Woodson, M. L., King, J. A., Balaraman, R. P, et al. (2021).
Colorado tick fever virus induces apoptosis in human endothelial cells to facilitate viral
replication. Ticks Tick Borne Dis. 12:101775. doi: 10.1016/j.ttbdis.2021.101775

Pages, E, Dautel, H., Duvallet, G., Kahl, O., de Gentile, L., and Boulanger, N. (2014).
Tick repellents for human use: prevention of tick bites and tick-borne diseases. Vector
Borne Zoonotic Dis. 14, 85-93. doi: 10.1089/vbz.2013.1410

Pastula, D. M., Turabelidze, G., Yates, K. E, Jones, T. E, Lambert, A. J., Panella, A. J.,
et al. (2014). Notes from the field: heartland virus disease - United States, 2012-2013.
MMWR Morb. Mortal. Wkly Rep. 63, 270-271.

Pattnaik, P. (2006). Kyasanur forest disease: an epidemiological view in India. Rev.
Med. Virol. 16, 151-165. doi: 10.1002/rmv.495

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pntd.0004092
https://doi.org/10.1371/journal.pntd.0004092
https://doi.org/10.1073/pnas.1120246109
https://doi.org/10.1128/CVI.00115-07
https://doi.org/10.1371/journal.pntd.0002025
https://doi.org/10.1016/j.ttbdis.2019.101324
https://doi.org/10.1016/0169-4758(89)90191-9
https://doi.org/10.1038/ni1303
https://doi.org/10.1128/cmr.00106-17
https://doi.org/10.1016/0882-4010(92)90083-Z
https://doi.org/10.1007/s11250-006-4181-2
https://doi.org/10.1007/s11250-006-4181-2
https://doi.org/10.3201/eid2207.151782
https://doi.org/10.18043/ncm.81.3.214
https://doi.org/10.3201/eid2105.150150
https://doi.org/10.1016/j.ijid.2021.01.041
https://doi.org/10.1023/A:1011873028144
https://doi.org/10.1016/j.jcv.2015.10.021
https://doi.org/10.1016/j.cll.2010.01.002
https://doi.org/10.1016/j.antiviral.2015.12.003
https://doi.org/10.1007/s00705-009-0376-y
https://doi.org/10.1038/s41392-021-00541-3
https://doi.org/10.4269/ajtmh.2008.78.675
https://doi.org/10.4269/ajtmh.2008.78.675
https://doi.org/10.2807/1560-7917.ES2014.19.30.20864
https://doi.org/10.2807/1560-7917.ES2014.19.30.20864
https://doi.org/10.1111/j.1600-0854.2005.00339.x
https://doi.org/10.1128/CMR.00083-18
https://doi.org/10.1128/CMR.00083-18
https://doi.org/10.1186/1756-8722-6-61
https://doi.org/10.2807/ese.15.10.19504-en
https://doi.org/10.1128/JCM.38.5.1823-1826.2000
https://doi.org/10.1038/icb.2008.15
https://doi.org/10.4269/ajtmh.2007.76.785
https://doi.org/10.4269/ajtmh.2007.76.785
https://doi.org/10.1111/j.1461-0248.2009.01378.x
https://doi.org/10.1056/NEJMoa1203378
http://www.emissourian.com/local_news/county/bourbon-virus-now-listedas-emerging-illness-new-case-in/article_5d67a0e6-bf55-5cfb-9e6c-9b73896fafad.html
http://www.emissourian.com/local_news/county/bourbon-virus-now-listedas-emerging-illness-new-case-in/article_5d67a0e6-bf55-5cfb-9e6c-9b73896fafad.html
https://doi.org/10.1371/journal.pntd.0005346
https://doi.org/10.26719/2012.18.5.522
https://doi.org/10.1093/femsle/fnw058
https://doi.org/10.1016/j.clinmicnews.2022.01.001
https://doi.org/10.1128/JVI.02617-13
https://doi.org/10.1093/cid/ciu434
https://doi.org/10.33314/jnhrc.v14i3.881
https://doi.org/10.1016/j.jcv.2010.09.018
https://doi.org/10.1016/j.jcv.2010.09.018
https://doi.org/10.1093/infdis/jir122
https://doi.org/10.1098/rstb.2014.0051
https://doi.org/10.1098/rstb.2014.0051
https://doi.org/10.1016/j.ttbdis.2021.101775
https://doi.org/10.1089/vbz.2013.1410
https://doi.org/10.1002/rmv.495

Shah et al.

Piantadosi, A., and Kanjilal, S. (2020). Diagnostic approach for Arboviral infections
in the United States. J. Clin. Microbiol. 58:19. doi: 10.1128/JCM.01926-19

Piantadosi, A., Rubin, D. B., McQuillen, D. P, Hsu, L., Lederer, P. A., Ashbaugh, C. D.,
et al. (2016). Emerging cases of Powassan virus encephalitis in New England: clinical
presentation, imaging, and review of the literature. Clin. Infect. Dis. 62, 707-713. doi:
10.1093/cid/civ1005

Potokar, M., Jorgacevski, J., and Zorec, R. (2019). Astrocytes in Flavivirus infections.
Int. J. Mol. Sci. 20:691. doi: 10.3390/ijms20030691

Qaderi, S., Mardani, M., Shah, A., Shah, ], Bazgir, N,, Sayad, J., et al. (2021). Crimean-
Congo hemorrhagic fever (CCHF) in Afghanistan: A retrospective single center study.
Int. J. Infect. Dis. 103, 323-328. doi: 10.1016/j.ijid.2020.11.208

Rainey, T., Occi, J. L., Robbins, R. G., and Egizi, A. (2018). Discovery of Haemaphysalis
longicornis (Ixodida: Ixodidae) parasitizing a sheep in New Jersey, United States. J. Med.
Entomol. 55, 757-759. doi: 10.1093/jme/tjy006

Randolph, S. E. (2011). Transmission of tick-borne pathogens between co-feeding
ticks: Milan Labuda's enduring paradigm. Ticks Tick Borne Dis. 2, 179-182. doi:
10.1016/j.ttbdis.2011.07.004

Rathore, S. S., Manju, A. H., Wen, Q,, Sondhi, M., Pydi, R., Haddad, I, et al. (2021).
Crimean-Congo haemorrhagic fever-induced liver injury: A systematic review and
meta-analysis. Int. J. Clin. Pract. 75:e14775. doi: 10.1111/ijcp.14775

Riemersma, K. K., and Komar, N. (2015). Heartland virus neutralizing antibodies in
vertebrate wildlife, United States, 2009-2014. Emerg. Infect. Dis. 21, 1830-1833. doi:
10.3201/eid2110.150380

Romero, J. R., and Simonsen, K. A. (2008). Powassan encephalitis and Colorado tick
fever. Infect. Dis. Clin. N. Am. 22, 545-559. doi: 10.1016/j.idc.2008.03.001

Rosenberg, R., Lindsey, N. P, Fischer, M., Gregory, C. ], Hinckley, A. F, Mead, P. S.,
et al. (2018). Vital signs: trends in reported Vectorborne disease cases - United States
and territories, 2004-2016. MMWR Morb. Mortal. Wkly Rep. 67, 496-501. doi: 10.15585/
mmwr.mm6717el

Ruzek, D., Holbrook, M. R., Yakimenko, V. V., Karan, L. S., and Tkacheyv, S. E. (2013).
“Omsk hemorrhagic fever virus” in Manual of Securtiy sensitive microbes and toxins. ed.
L. Dongyou (Boca Raton, FL, USA: CRC Press Inc), 193-200.

Ruzek, D., Yakimenko, V. V., Karan, L. S., and Tkachev, S. E. (2010). Omsk
haemorrhagic fever. Lancet 376, 2104-2113. doi: 10.1016/S0140-6736(10)61120-8

Ryu, J. H,, Kim, C. H., and Yoon, J. H. (2010). Innate immune responses of the airway
epithelium. Mol. Cells 30, 173-183. doi: 10.1007/s10059-010-0146-4

Santos, R. I, Hermance, M. E., Gelman, B. B, and Thangamani, S. (2016). Spinal cord
ventral horns and lymphoid organ involvement in Powassan virus infection in a mouse
model. Viruses 8:220. doi: 10.3390/v8080220

Satrovic, L., Softic, A., Zuko, A., Kustura, A., Koro, A., Goletic, S., et al. (2022). First
evidence of Crimean-Congo haemorrhagic fever virus circulation in
Bosnia and Herzegovina. Vet. Med. Sci. 8, 1271-1275. doi: 10.1002/vms3.781

Savage, H. M., Burkhalter, K. L., Godsey, M. S., Panella, N. A., Ashley, D. C,,
Nicholson, W. L., et al. (2017). Bourbon virus in Field-collected ticks, Missouri, USA.
Emerg. Infect. Dis. 23, 2017-2022. doi: 10.3201/eid2312.170532

Savage, H. M., Godsey, M. S. Jr., Panella, N. A., Burkhalter, K. L., Manford, J.,
Trevino-Garrison, 1. C., et al. (2018). Surveillance for tick-borne viruses near the location
of a fatal human case of Bourbon virus (family Orthomyxoviridae: genus Thogotovirus)
in eastern Kansas, 2015. J. Med. Entomol. 55, 701-705. doi: 10.1093/jme/tjx251

Shah, S. Z., Jabbar, B., Ahmed, N., Rehman, A., Nasir, H., Nadeem, S., et al. (2018).
Epidemiology, pathogenesis, and control of a tick-borne disease- Kyasanur Forest
disease: current status and future directions. Front. Cell. Infect. Microbiol. 8:149. doi:
10.3389/fcimb.2018.00149

Shestopalova, N. M., Reingold, V. N., Gagarina, A. V., Kornilova, E. A., Popov, G. V.,
and Chumakov, M. P. (1972). Electron microscopic study of the central nervous system
in mice infected by Omsk hemorrhagic fever (OHF) virus. Virus reproduction in
cerebellum neurons. J. Ultrastruct. Res. 40, 458-469. doi: 10.1016/S0022-5320(72)80035-2

SIB (2022). Swiss Institute of Bioinformatics. Thogotovirus. Available at: https://
viralzone.expasy.org/79?outline=all_by_species. (Accessed on: June 2022).

Simon, M., Johansson, C., Lundkvist, A., and Mirazimi, A. (2009). Microtubule-
dependent and microtubule-independent steps in Crimean-Congo hemorrhagic fever
virus replication cycle. Virology 385, 313-322. doi: 10.1016/j.virol.2008.11.020

Sorvillo, T. E., Rodriguez, S. E., Hudson, P, Carey, M., Rodriguez, L. L.,
Spiropoulou, C. E, et al. (2020). Towards a Sustainable One Health Approach to
Crimean-Congo Hemorrhagic Fever Prevention: Focus Areas and Gaps in Knowledge.
Trop Med Infect Dis. 5:113. doi: 10.3390/tropicalmed5030113

Spare, M., Boorgula, G. D., Thomson, D., Bai, J., Goodin, D., Anderson, G., et al.
(2021). Surveillance of host-seeking ticks in the Flint Hills region (USA) and associations
with environmental determinants. Parasitologia 1, 137-147. doi: 10.3390/
parasitologial030015

Spengler, J. R, Patel, J. R,, Chakrabarti, A. K., Zivcec, M., Garcia-Sastre, A.,
Spiropoulou, C. E, et al. (2015). RIG-I mediates an antiviral response to Crimean-Congo
hemorrhagic fever virus. J. Virol. 89, 10219-10229. doi: 10.1128/JVI1.01643-15

Spiegel, M., Plegge, T., and Pohlmann, S. (2016). The role of Phlebovirus glycoproteins
in viral entry, assembly and release. Viruses 8. doi: 10.3390/v8070202

Frontiers in Microbiology

17

10.3389/fmicb.2023.1185829

Sreenivasan, M. A., Bhat, H. R., and Rajagopalan, P. K. (1986). The epizootics of
Kyasanur Forest disease in wild monkeys during 1964 to 1973. Trans. R. Soc. Trop. Med.
Hyg. 80, 810-814. doi: 10.1016/0035-9203(86)90390-1

Staples, J. E., Pastula, D. M., Panella, A.J., Rabe, I. B., Kosoy, O. I, Walker, W. L, et al.
(2020). Investigation of heartland virus disease throughout the United States, 2013-2017.
Open Forum Infect. Dis. 7:0faal25. doi: 10.1093/ofid/ofaal25

Stone, R. (2014). Monkey fever unbound. Science 345, 130-131. doi: 10.1126/
science.345.6193.130

Suda, Y., Fukushi, S., Tani, H., Murakami, S., Saijo, M., Horimoto, T., et al. (2016).
Analysis of the entry mechanism of Crimean-Congo hemorrhagic fever virus, using a
vesicular stomatitis virus pseudotyping system. Arch. Virol. 161, 1447-1454. doi:
10.1007/s00705-016-2803-1

Surtees, R., Dowall, S. D., Shaw, A., Armstrong, S., Hewson, R., Carroll, M. W,, et al.
(2016). Heat shock protein 70 family members interact with Crimean-Congo
hemorrhagic fever virus and Hazara virus Nucleocapsid proteins and perform a
functional role in the Nairovirus replication cycle. J. Virol. 90, 9305-9316. doi: 10.1128/
JVI.00661-16

Suthar, M. S., Aguirre, S., and Fernandez-Sesma, A. (2013). Innate immune sensing
of flaviviruses. PLoS Pathog. 9:e1003541. doi: 10.1371/journal.ppat.1003541

Tall, A, Sall, A. A, Faye, O, Diatta, B., Sylla, R., Faye, J., et al. (2009). Two cases of
Crimean-Congo haemorrhagic fever (CCHF) in two tourists in Senegal in 2004. Bull.
Soc. Pathol. Exot. 102, 159-161.

Temur, A. I, Kuhn, J. H., Pecor, D. B., Apanaskevich, D. A., and Keshtkar-Jahromi, M.
(2021). Epidemiology of Crimean-Congo hemorrhagic fever (CCHF) in Africa-
underestimated for decades. Am. J. Trop. Med. Hyg. 104, 1978-1990. doi: 10.4269/
ajtmh.20-1413

Topp, A. K., Springer, A., Dobler, G., Bestehorn-Willmann, M., Monazahian, M., and
Strube, C. (2022). New and confirmed foci of tick-borne encephalitis virus (TBEV) in
Northern Germany determined by TBEV detection in ticks. Pathogens 11:126. doi:
10.3390/pathogens11020126

Tsergouli, K., Karampatakis, T., Haidich, A. B., Metallidis, S., and Papa, A. (2020).
Nosocomial infections caused by Crimean-Congo haemorrhagic fever virus. J. Hosp.
Infect. 105, 43-52. doi: 10.1016/j.jhin.2019.12.001

Tuten, H. C., Burkhalter, K. L., Noel, K. R., Hernandez, E. J., Yates, S., Wojnowski, K.,
et al. (2020). Heartland virus in humans and ticks, Illinois, USA, 2018-2019. Emerg.
Infect. Dis. 26, 1548-1552. doi: 10.3201/eid2607.200110

Vallbracht, M., Brun, D., Tassinari, M., Vaney, M. C., Pehau-Arnaudet, G.,
Guardado-Calvo, P, et al. (2018). Structure-function dissection of Pseudorabies virus
glycoprotein B fusion loops. J. Virol. 92. doi: 10.1128/JV1.01203-17

Wagner, E., Shin, A., Tukhanova, N., Turebekov, N., Nurmakhanov, T., Sutyagin, V.,
etal. (2022). First indications of Omsk Haemorrhagic fever virus beyond Russia. Viruses
14:754. doi: 10.3390/v14040754

Waldenstrom, J., Lundkvist, A., Falk, K. I, Garpmo, U., Bergstrom, S., Lindegren, G.,
et al. (2007). Migrating birds and tickborne encephalitis virus. Emerg. Infect. Dis. 13,
1215-1218. doi: 10.3201/eid1308.061416

Walter, C. T., and Barr, J. N. (2011). Recent advances in the molecular and cellular
biology of bunyaviruses. J. Gen. Virol. 92, 2467-2484. doi: 10.1099/vir.0.
035105-0

WDH (2022). Wyoming Department of Health. Infectious disease epidemiology unit-
Colorado tick fever. Available at: https://health.wyo.gov/publichealth/infectious-disease-
epidemiology-unit/disease/colorado-tick-fever/. (Accessed April 6, 2022).

Weber, F, and Mirazimi, A. (2008). Interferon and cytokine responses to Crimean
Congo hemorrhagic fever virus; an emerging and neglected viral zonoosis. Cytokine
Growth Factor Rev. 19, 395-404. doi: 10.1016/j.cytogfr.2008.11.001

Westover, J. B., Rigas, J. D., Van Wettere, A. J., Li, R., Hickerson, B. T, Jung, K. H., et al.
(2017). Heartland virus infection in hamsters deficient in type I interferon signaling:
protracted disease course ameliorated by favipiravir. Virology 511, 175-183. doi:
10.1016/j.virol.2017.08.004

WHO (1985). Viral hemorrhagic fevers. Report of WHO Expert Committee: Geneva:
World Health Organization. 128.

WHO (2020). World Health Organization: vector-borne diseases. Available at: https://
www.who.int/news-room/fact-sheets/detail/vector-borne-diseases. (Accessed Oct 6,

2022).

WHO (2022a). Crimean-Congo haemorrhagic fever. WHO-Key facts. Available at:
https://www.who.int/news-room/fact-sheets/detail/crimean-congo-haemorrhagic-fever.
(Accessed at Jan 25, 2023).

WHO (2022b). WHO coronavirus (COVID-19) dashboard. Available at: https://
covid19.who.int/. (Accessed Septemeber 05, 2022).

WHO (2022c¢). World Health Organization. Crimean-Congo hemorrhagic fever-Iraq.
Available at: file:///C:/Users/leiwankeji/Downloads/Crimean-Congo%20
Hemorrhagic%20Fever%20in%20Iraq.pdf.

Williamson, B. N., Fischer, R. J., Lopez, J. E., Ebihara, H., and Schwan, T. G. (2019).
Prevalence and strains of Colorado tick fever virus in Rocky Mountain wood ticks in

the Bitterroot Valley, Montana. Vector Borne Zoonotic Dis. 19, 694-702. doi: 10.1089/
vbz.2018.2407

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/JCM.01926-19
https://doi.org/10.1093/cid/civ1005
https://doi.org/10.3390/ijms20030691
https://doi.org/10.1016/j.ijid.2020.11.208
https://doi.org/10.1093/jme/tjy006
https://doi.org/10.1016/j.ttbdis.2011.07.004
https://doi.org/10.1111/ijcp.14775
https://doi.org/10.3201/eid2110.150380
https://doi.org/10.1016/j.idc.2008.03.001
https://doi.org/10.15585/mmwr.mm6717e1
https://doi.org/10.15585/mmwr.mm6717e1
https://doi.org/10.1016/S0140-6736(10)61120-8
https://doi.org/10.1007/s10059-010-0146-4
https://doi.org/10.3390/v8080220
https://doi.org/10.1002/vms3.781
https://doi.org/10.3201/eid2312.170532
https://doi.org/10.1093/jme/tjx251
https://doi.org/10.3389/fcimb.2018.00149
https://doi.org/10.1016/S0022-5320(72)80035-2
https://viralzone.expasy.org/79?outline=all_by_species
https://viralzone.expasy.org/79?outline=all_by_species
https://doi.org/10.1016/j.virol.2008.11.020
https://doi.org/10.3390/tropicalmed5030113
https://doi.org/10.3390/parasitologia1030015
https://doi.org/10.3390/parasitologia1030015
https://doi.org/10.1128/JVI.01643-15
https://doi.org/10.3390/v8070202
https://doi.org/10.1016/0035-9203(86)90390-1
https://doi.org/10.1093/ofid/ofaa125
https://doi.org/10.1126/science.345.6193.130
https://doi.org/10.1126/science.345.6193.130
https://doi.org/10.1007/s00705-016-2803-1
https://doi.org/10.1128/JVI.00661-16
https://doi.org/10.1128/JVI.00661-16
https://doi.org/10.1371/journal.ppat.1003541
https://doi.org/10.4269/ajtmh.20-1413
https://doi.org/10.4269/ajtmh.20-1413
https://doi.org/10.3390/pathogens11020126
https://doi.org/10.1016/j.jhin.2019.12.001
https://doi.org/10.3201/eid2607.200110
https://doi.org/10.1128/JVI.01203-17
https://doi.org/10.3390/v14040754
https://doi.org/10.3201/eid1308.061416
https://doi.org/10.1099/vir.0.035105-0
https://doi.org/10.1099/vir.0.035105-0
https://health.wyo.gov/publichealth/infectious-disease-epidemiology-unit/disease/colorado-tick-fever/
https://health.wyo.gov/publichealth/infectious-disease-epidemiology-unit/disease/colorado-tick-fever/
https://doi.org/10.1016/j.cytogfr.2008.11.001
https://doi.org/10.1016/j.virol.2017.08.004
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
https://www.who.int/news-room/fact-sheets/detail/crimean-congo-haemorrhagic-fever
https://covid19.who.int/
https://covid19.who.int/
file:///C:/Users/leiwankeji/Downloads/Crimean-Congo%2520Hemorrhagic%2520Fever%2520in%2520Iraq.pdf
file:///C:/Users/leiwankeji/Downloads/Crimean-Congo%2520Hemorrhagic%2520Fever%2520in%2520Iraq.pdf
https://doi.org/10.1089/vbz.2018.2407
https://doi.org/10.1089/vbz.2018.2407

Shah et al.

Wuerth, J. D., and Weber, E (2016). Phleboviruses and the type I interferon response.
Viruses 8:174. doi: 10.3390/v8060174

Xiao, X., Feng, Y., Zhu, Z., and Dimitrov, D. S. (2011). Identification of a putative
Crimean-Congo hemorrhagic fever virus entry factor. Biochem. Biophys. Res. Commun.
411, 253-258. doi: 10.1016/j.bbrc.2011.06.109

Yakut, N., Kepenekli, E., and Dogru, O. (2021). Crimean-Congo hemorrhagic fever
with hemophagocytic lymphohistiocytosis. Rev. Soc. Bras. Med. Trop. 54:¢0438. doi:
10.1590/0037-8682-0438-2020

Frontiers in Microbiology

18

10.3389/fmicb.2023.1185829

Yendell, S. J., Fischer, M., and Staples, J. E. (2015). Colorado tick fever in the United States,
2002-2012. Vector Borne Zoonotic Dis. 15, 311-316. doi: 10.1089/vbz.2014.1755

Yilmaz, M., Aydin, K., Akdogan, E., Sucu, N., Sonmez, M., Omay, S. B., et al. (2008).
Peripheral blood natural killer cells in Crimean-Congo hemorrhagic fever. J. Clin. Virol.
42, 415-417. doi: 10.1016/j.jcv.2008.03.003

Zhang, Q., Li, N., Deng, C., Zhang, Z., Li, X., Yoshii, K., et al. (2019). Trans
complementation of replication-defective Omsk hemorrhagic fever virus for antiviral
study. Virol. Sin. 34, 412-422. doi: 10.1007/512250-019-00109-0

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185829
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/v8060174
https://doi.org/10.1016/j.bbrc.2011.06.109
https://doi.org/10.1590/0037-8682-0438-2020
https://doi.org/10.1089/vbz.2014.1755
https://doi.org/10.1016/j.jcv.2008.03.003
https://doi.org/10.1007/s12250-019-00109-0

	Geographical distribution and pathogenesis of ticks and tick-borne viral diseases
	1. Overview
	2. Bourbon virus
	2.1. Epidemiology
	2.2. Pathogenesis, and disease manifestations

	3. Powassan virus
	3.1. Epidemiology
	3.2. Pathogenesis, and disease manifestations

	4. Omsk hemorrhagic fever virus
	4.1. Epidemiology
	4.2. Pathogenesis, and disease manifestations

	5. Kyasanur forest disease virus
	5.1. Epidemiology
	5.2. Pathogenesis, and disease manifestations

	6. Colorado tick fever virus
	6.1. Epidemiology
	6.2. Pathogenesis, and disease manifestations

	7. Crimean-Congo hemorrhagic fever virus
	7.1. Epidemiology
	7.2. Pathogenesis, and disease manifestations

	8. Heartland virus
	8.1. Epidemiology
	8.2. Pathogenesis, and disease manifestations

	9. Conclusions and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

