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Abstract: The family Flaviviridae is comprised of a diverse group of arthropod-borne viruses that are
the etiological agents of globally relevant diseases in humans. Among these, infection with several of
these flaviviruses—including West Nile virus (WNV), Zika virus (ZIKV), Japanese encephalitis virus
(JEV), tick-borne encephalitis virus (TBEV), and Powassan virus (POWYV)—can result in neuroinvasive
disease presenting as meningitis or encephalitis. Factors contributing to the development and
resolution of tick-borne flavivirus (TBEV, POWYV) infection and neuropathology remain unclear,
though many recently undertaken studies have described the virus-host interactions underlying
encephalitic disease. With access to neural tissues despite the selectively permeable blood-brain
barrier, T cells have emerged as one notable contributor to neuroinflammation. The goal of this review
is to summarize the recent advances in tick-borne flavivirus immunology—particularly with respect
to T cells—as it pertains to the development of encephalitis. We found that although T cell responses
are rarely evaluated in a clinical setting, they are integral in conjunction with antibody responses to
restricting the entry of TBFV into the CNS. The extent and means by which they can drive immune
pathology, however, merits further study. Understanding the role of the T cell compartment in
tick-borne flavivirus encephalitis is instrumental for improving vaccine safety and efficacy, and has
implications for treatments and interventions for human disease.
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1. Global Public Health Burden of Tick-Borne Flavivirus Encephalitis

Encephalitic flaviviruses have been isolated on almost every continent [1]. Although
the extent to which these flaviviruses contribute significantly to the global health burden is
variable, they nonetheless pose a significant public health threat. Up to 400 million people
are infected with flaviviruses annually; of these, tick-borne flaviviruses in particular have
the potential to cause severe neuroinvasive disease [2]. Many of these are infections that are
predicted to increase as the climate continues to warm and the range of arbovirus vectors
such as mosquitoes [3,4] and ticks [5-7] continues to expand. Already substantial, the risk
of encephalitic flavivirus infection therefore has the potential to further increase as the
global climate continues to change. Many mosquito-borne flaviviruses have been studied
in detail. Among encephalitic flaviviruses, both the West Nile virus (WNV) and Zika virus
(ZIKV) have been extensively studied, especially following their emergence in the Western
Hemisphere in 1999 and 2016, respectively. Less well-studied are the tick-borne flaviviruses,
such as tick-borne encephalitis virus (TBEV) and Powassan virus (POWYV). This review will
focus on summarizing tick-borne flaviviruses (TBFVs) and what is currently known about
their propensity to cause encephalitis, with an emphasis on the activation, recruitment, and
functionality of the T cell response during TBFV infection.

1.1. Tick-Borne Encephalitis Virus (TBEV)

TBEV is transmitted to humans from the bite of Ixodes ticks of numerous species and
is endemic in Europe and Asia. Though possibly described as early as the 1700s [8], the
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first widely accepted description was given in the 1930s by Soviet Union scientists [9].
There have been reported incidents of humans becoming infected not only from infected
ticks, but also via the consumption of raw milk from TBEV-infected animals (reviewed
in [10]), or due to the transplantation of solid organs from infected persons [11]. Humans
are considered a dead-end host for TBEV, but several woodland mammals have been
suggested as natural reservoirs for TBEV. Evidence strongly implicating a single animal in
the transmission cycle, though, has been limited (reviewed in [12-14]). It should also be
noted that vertical transmission within tick populations may be important in perpetuating
the TBEV lifecycle [15,16]. though the contribution is likely small relative to other routes or
in mammalian hosts [17]. Co-feeding—or nonviremic transmission (NVT) facilitated by tick
saliva—is thought to be particularly important in the maintenance of the TBEV life cycle,
allowing for the minimal reliance on replication in a mammalian host [18,19]. In TBEV
endemic regions, the case numbers can vary from season to season, but cumulatively have
ranged from 1,500-4000 annually between 2000-2019 [20]. TBEV exists in three to seven
recognized subtypes depending on classification schema, with the European (TBEV-Eu),
Siberian (TBEV-Sib), Far-Eastern (TBEV-FE), Baikalian (TBEV-Blk), and Himalayan lineages
(TBEV-Him), being attributed to distinct disease outcomes [20-23].

TBEV disease in humans can range from asymptomatic to severe, and mortality rates
are dependent upon the infecting subtype. Although TBEV infection occurs within a large
geographic area, TBEV incidence tends to occur in focal hot spots across a given region [24].
Within these hot spots, it has been demonstrated that there is a potential for asymptomatic
cases [25], making TBEV incidence likely an underestimation [25,26]. Moreover, disease
reporting can vary across the many countries in which TBEV is endemic. For TBEV-Eu, the
reported mortality rates range from 2-4% [27], while for TBEV-FE they have been reported
to be as high as 30% [28]. Though there is less information available for the other subtypes,
TBEV-Sib has been reported to cause only a mild, nonparalytic febrile illness [29]. Although
several efficacious vaccines exist for TBEV, the vaccine coverage is not homogenous, and
can be low in some TBEV endemic areas [25,30]. There are no approved antivirals for
human use [31], although some antivirals have been shown to be efficacious in murine
models (reviewed in [30]).

In humans, TBEV infection can present as biphasic, where the first viremic phase often
causes mild febrile illness, including headache, fever, nausea, and vomiting. For many
patients, the illness remains monophasic and the infection is resolved in the absence of
neurological symptoms or involvement. Following the first viremic phase, though, roughly
one-third of patients will experience a second phase characterized by complications due to
neurological involvement [32]. Neurological illness is further subdivided into TBEV with
meningitis, TBEV without paralysis, and TBEV with paralysis. In general, TBEV illness is
more severe in elderly populations [32,33].

1.2. Powassan Virus (POWV)

POWYV is transmitted to humans from the bite of Ixodes cookei or Ixodes scapularis ticks
and is endemic in North America and the Russian Far East, where it can also be transmitted
by Dermacentor ticks [34-36]. It was originally described in 1958 after causing a fatal case of
encephalitis in a young boy in Powassan, Ontario [37].

POWY exists in two major lineages, known as lineage I (POWV-LB) and lineage II
(POWYV-Spooner). They are thought to be maintained in separate tick and mammalian
host species (summarized in [38]). In general, POWV-LB is thought to be maintained by
Ixodes cookei ticks and woodland mammals such as woodchucks. This lineage more rarely
infects humans, as Ix. cookei ticks are nidicolous and therefore considered to be less likely
to take bloodmeals on humans. POWV-Spooner—sometimes referred to as deer tick virus
or DTV—is maintained by Ixodes scapularis ticks, which are more promiscuous feeders. For
this reason, a majority of human POWYV disease in the United States can be attributed to
POWYV-Spooner.
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The incidence of POWYV in humans is rare, with only 6-39 cases reported annually in
North America between 2011 and 2020 [39]. Notably, this number has begun to increase,
with just six cases in 2015 rising to 20 cases in 2020 [40]. Furthermore, the range and
overwintering ability of POWYV vectors are forecasted to increase as the climate warms [5-7],
making more cases likely. POWYV disease ranges in severity from asymptomatic to severe
cases. The contribution of these asymptomatic cases is not well understood, and the case
numbers likely represent an underestimate of POWYV infection [41]. POWYV cases have a
relatively high mortality rate of 10-15%, with some 50% of recovered patients suffering
from some form of long-term neurological sequelae [42]. Moreover, there are currently no
approved antivirals or therapeutics for POWYV disease in humans.

2. Flavivirus Structure and Replication

Flaviviruses such as TBEV and POWYV have a common structure that includes an
~11 kb positive sense RNA genome. This genome encodes three structural proteins: the
capsid, pre-membrane, and envelope (C, prM, E), and seven non-structural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5). In addition, the genome also encodes 5" and 3’
untranslated regions (UTRs). This positive sense RNA is translated as one long polyprotein,
which is then cleaved by both viral and host proteases to form the ten subsequent proteins
required for the viral life cycle. Entry is mediated by binding with one of multiple possible
host receptors, followed by receptor-mediated endocytosis. In the acidic endosome, the
virion is then uncoated and the release of genetic material into the cytoplasm occurs fol-
lowing endosomal escape. Following translation, the synthesis of new genomic RNA, and
polyprotein processing, progeny virions can then assemble in the endoplasmic reticulum
and mature through the Golgi until their eventual fusion and release. Importantly, the
maturation state of the progeny virions can impact not only the infectivity, but also the host
antibody responses due to confirmational changes that dictate the accessibility of antigenic
sites on the envelope protein, the main antigenic determinant for flaviviruses [43]. The
non-structural proteins, in addition to being indispensable for viral replication, are known
to be targets for both the T cell [44] and antibody responses [45-47].

3. Meningitis, Encephalitis, Myelitis, Encephalomyelitis, and Meningoencephalitis

During flavivirus infection of the central nervous system (CNS), inflammatory disease
is often present and pathologically distinguished by the affected regions of the CNS. Inflam-
mation of the membrane surrounding the brain and spinal cord—termed the meninges—is
referred to as meningitis [48]. This is distinct from inflammation of the brain parenchyma,
which is referred to as encephalitis, or inflammation of the spinal cord, which is referred
to as myelitis [48]. In cases where both the brain and spinal cord are inflamed, the term
encephalomyelitis is used [48]. Occasionally, the term encephalitis will be used to refer
collectively to the inflammation of both the brain and spinal cord. Therefore, the term
meningoencephalitis has also been used to indicate inflammation of the meninges, brain
parenchyma, and spinal cord. Though these terms distinguish the anatomic sites within the
CNS, they are not indicative of the severity of disease. In general, meningitis is considered
to be milder than encephalitis or myelitis, wherein infection of the brain parenchyma is
considered to be more severe. Both TBEV and POWYV have the capacity to cause menin-
gitis, encephalitis, and myelitis in humans, and severe infection of the brain parenchyma
is possible.

4. T Cell Responses Early in TBFV Infection
4.1. TBEV

Among flaviviruses, TBEV has some of the most extensively described models of
immune pathology. Furthermore, in addition to being re-capitulated well in disease models,
evidence of immune pathology has been noted in human cases of severe encephalitis. In
addition to describing the CD8+ T cell response to TBEYV, this section will highlight areas
where CD8+ T cells have been implicated in immune pathology.
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In humans, acute symptomatic illness due to TBEV is considered to be biphasic
(Figure 1). The first phase (acute) consists of general viral syndromic illness, including fever,
headache, dizziness, and malaise, and occurs in the first 7-10 days. A second phase occurs
15-28 days after infection and is characterized by fever and CNS inflammation, typically in
the form of meningitis, encephalitis, or meningoencephalitis with myelitis. Because TBEV
is not typically clinically diagnosed until the second phase of illness, the majority of the
studies typically address T cell responses detected in the second phase of TBEV illness.
Studies using an in vitro culture of primary human neurons show a high expression of
chemokines important in the recruitment of CD8+ T cells into the CNS, CXCL10, CXCL11,
and CCRS as early as 24 h post-infection with the TBEV-Hypr strain [49]. It is important
to note, however, that other innate immune cell types can also be important producers
of these chemokines following the detection of Pathogen Associated Molecular Patterns
(PAMPS) by Pattern Recognition Receptors (PRRs) [30,50,51].

First phase Second phase
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Figure 1. The course of human disease during tick-borne flavivirus (TBFV) encephalitis relative to a
healthy baseline. Viral burden is indicated by the red line; note that no distinction is made between
peripheral viremia (i.e., during the first phase of disease) and viral replication in the central nervous
system (i.e., during the second phase of disease). Blood-brain barrier integrity is indicated by the
green line, and notably does not decline until after viremia in the CNS has begun. The T cell response
is indicated by the blue line, and the distinction between effector T cells (Eomes*Ki-67*T-bet*) and
central memory (Eomes Ki-67 T-bet") is highlighted (see Blom, 2018, 30319632). Note that a low
frequency of memory cells persists following CNS viral replication and symptoms. Created with
BioRender.com (accessed on 31 January 2023).

The most comprehensive analysis of the CD8+ T cell response during TBEV infection
was a longitudinal study of twenty clinically diagnosed TBEV patients, wherein samples
were captured on days 0, 7, 21, and 90 following hospital admission [52]. All patients were
symptomatic, and therefore considered to be in the second phase of the biphasic TBEV
illness. Studies of the T cell responses in this second phase of illness identified TBEV-specific
CD8+ T cells in the peripheral blood mononuclear cells (PBMCs) of humans infected with
the European TBEV subtype [52]. In addition to identifying an HLA-A2-restricted CD8+
T cell epitope, the authors described that most responding CD8+ T cells were considered
T effector cells (CD45RA-, CCR7-). Many (>50%) of the cells were monofunctional and
contained strong T-bet and Eomes transcriptional signatures, while also expressing low
levels of Bcl-2 and high levels of Ki67+. Many of these cells were also PD-1+. Of these,
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Eomes* CD8+ T cells were also the more functional, producing higher levels of effector
molecules granzyme B and perforin than Eomes CD8+ T cells. In terms of the kinetics of
this response, the production of cytokines IFN-y and TNF-« peaked 21 days following
hospitalization.

In a similar follow-up study conducted by the same group, HLA-A2 and HLA-B7
epitopes were identified, and tetramers were developed to examine the kinetics of the TBEV
T cell response [44]. Consistent with previous studies, on admission, no antigen-specific
tetramer-positive cells were observed (day 0). TBEV-specific responses peaked between
days 7 and 21 post-hospitalization, with up to 1.16% of CD8+ cells being tetramer-positive
for a specific HLA-B7 (B7-6) epitope. Interestingly, one HLA-A2+ patient mounted a
robust 2-3% response to a specific HLA-A2 epitope (A2-19), which was not detected in
the other four HLA-A2+ patients. Tetramer-positive CD8+ T cells had increased CD27
(TNF receptor superfamily protein) expression relative to tetramer-negative CD8+ T cells.
Tetramer-positive CD8+ T cells also did not express high levels of CD103, which has been
used to characterize populations of brain-tissue-resident memory Try cells [53], CCRS5, or
CCR6. The x4 and (1 integrins were highly expressed on all tetramer-positive CD8+ T cells
but were also very high on tetramer-negative CD8+ T cells and T cells from healthy control
donors. CXCR3 expression was notably different among different donors. Meanwhile,
whereas some patients had the CXCR3 expression peak on day seven and decrease by day
21, others saw the peak expression on day 21. As relatively little information was given on
the clinical course of the disease among donors, it is difficult to deduce how changes in
the kinetics of the CD8+ T cell response may impact the disease progression. Nevertheless,
these studies serve as the most in-depth characterization of the CD8+ T cell compartment
over time in a cohort of human TBEV patients. They suggest that the CD8+ T cell response
is primed and active during the biphasic portion of the disease, as well as the resolution of
the disease.

In studies of TBEV infections in Rhesus macaques, inoculation by both subcutaneous and
intracranial routes with three different isolates and two different TBEV mutants resulted
in variable outcomes in the macaques [54-56]. The outcomes ranged from asymptomatic
meningitis to meningoencephalitis with myelitis and persistent infection. Notably, the
antibody responses assessed in these experimental infections were detectable shortly after
the challenge, indicating a productive infection [57]. In one study of a naturally infected
monkey (Macaca sylvanus) the authors demonstrated successful isolation of TBEV from the
brain [58]. The infection of Purkinje cells was also detected, a cell type that is susceptible to
TBEYV infection in humans.

Due to their tractability, murine models have been helpful in assessing pathology,
immune correlates of protection [59-63], as well as in vivo antiviral [64] and vaccine effi-
cacy [60,62,63]. Acute TBEV infection in mice is characterized by initial rounds of replica-
tion in the skin and Langerhans cells followed by dissemination into secondary lymphoid
tissues, as observed in outbred mice, which can support TBEV replication [18,19]. In labo-
ratory mouse strains, C57BL6 and BALB/c mice develop a similar disease progression as
in humans, with hallmarks of biphasic disease, meningitis, and encephalitis, and typical
resolution that confers protective immunity [60,65]. Of note is that BALB/c mice appear to
have slightly better morbidity and mortality outcomes following TBEV infection, coinciding
with higher levels of IFN-y production relative to TNF-« production, compared to C57BL/6
mice [65]. The same pattern held for chemokines such as RANTES, MIP-1&, and MIP-13.

Regarding the T cell compartment, some studies have examined TCR usage in C57BL/6
mice predicted to survive or succumb to TBEV infection. In this murine model of TBEV-
FE infection (Oshima strain), the analysis of TCR usage in the brain at 13 DPI between
surviving and dying mice reported a high frequency of the VA15-1/AJ12 and VB8-2/BJ1.1
gene usage in dying mice [61]. Conversely, VA8-1/AJ15 or VAS-1/A]23 gene usage was more
common in surviving mice. Despite these significant differences, there were no discernable
differences in surviving vs. dying mice with respect to the TBEV genome copy number or
differential expression of CD8+ T cell activation markers. Although the article reported sta-



Viruses 2023, 15, 958

6 of 25

tistically distinct TCR gene usage, attributing a particular clonotype to either viral control
or host pathology will require further studies.

In mice it has been shown that CD8+ T cells mediate immunopathogenesis following
TBEV infection [59]. Specifically, these studies showed that the adoptive transfer of naive or
TBEV immune CD8+ T cells into SCID mice challenged with TBEV drastically reduced the
survival time following the TBEV-Hypr challenge. SCID and CD8KO mice also displayed
prolonged survival times relative to immune-competent BALB/c and C57BL6 mice, imply-
ing that adaptive immune deficiency—or lacking a CD8+ T cell compartment—is sufficient
to delay TBEV mortality, though notably, all mice still succumb to the disease. Only in the
case of the adoptive transfer of CD4+ T cells into SCID mice was partial protection achieved.
This observation was in line with previous findings that the transfer of splenocytes from
TBEV-infected mice shortened the incubation period and that immunosuppressed mice
increased the mean survival time following TBEV challenge [66]. Interestingly, viral titers
in CD8KO mice tracked closely with that of WT mice in the spleen and sera of TBEV-
challenged mice, implying that CD8+ T cells were not crucial in the peripheral clearance of
the virus. It is also worth noting that CD4+ Tregs have been described as having a role in
mitigating immune pathology due to flavivirus CNS infection [67], but the extent to which
this phenomenon could be occurring in TBFV infection requires further study.

4.2. POWV

Acute POWYV infection is characterized by initial rounds of replication at the tick-host
interface, likely in Langerhans cells and tissue-resident monocytes [68] before dissemination
to secondary lymphoid tissues and eventually entrance into the CNS. For POWYV, relatively
few studies have examined the protective capacity of T cells, but T cell responses can be
detected in murine models of infection [69] and vaccination [70]. Much like TBEV, there
have been minimal studies of POWYV infection in non-human primates. However, the
infection of macaques with POWYV has indicated that POWV can establish a lytic infection
of neurons in the brain and spinal cord [71].

Using the infection of primary human tissues in vitro, it has been established that
POWYV can productively infect several cell types. In addition to the ability of POWYV to
infect hBMECs, POWYV is also known to infect human primary neurons and pericytes [72].
Regarding cytokine responses in POW V-infected cells, it has recently been shown that the
POWY infection of primary human neurons results in relatively low levels of cytokine
production relative to WNV infection [73]. Although inflammatory cytokine levels in this
in vitro system remained low from 0-72 h post POWYV infection, the authors did note an
induction of chemokines, which they speculated may be important for recruiting activated
lymphocytes and subsequent tissue destruction. Notably, the authors observed that the
POWY infection of primary human neurons resulted in relatively little apoptosis compared
to WNV, which suggests that this feature may be unique to TBFVs [73].

Outbred mice challenged with POWYV typically present with a very transient viremia,
no overt signs of disease, and little antigen detected in the CNS [74]. Though the exact
reasons for this are unknown, it has been documented that—in outbred P. leucopus mice—
antigen peptide transporter 1 (TAP1) mRNA is highly upregulated in the brain from 1-7
DPI [75]. As TAP1 upregulation is critical for peptide loading onto class I MHC, this
suggests that natural hosts surviving POWYV infection are primed to mount a CD8+ T cell
response in the CNS very early after infection.

In bred strains of laboratory mice including BALB/c and C57BL/6, POWYV viremia is
transient, typically resolving by 2-3 DPI before dissemination to lymphoid tissues and even-
tually the CNS [76]. In contrast to the TBEV findings, studies with POWYV challenge have
demonstrated that BALB/c mice have slightly worsened survival outcomes following the
challenge with a similar dose of the POWV-LB lineage [74]. Regarding the T cell responses
to POWYV, in the case of stringent POWV-LB challenge, tetramer-positive CD8+ T cells
are detectable in the peripheral blood of C57BL/6 mice by seven days post-infection [77].
Furthermore, tetramer-positive cells can also be isolated from the brains of POWV-LB- and
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POWV-Spooner-challenged mice at eight DPI, and have been shown to produce Granzyme
B, IFN-y, and TNF-« following stimulation with a cognate antigen. CD4+ T cells also
made IFN-y and TNF-« in response to peptide stimulation. Although it appears that an
effector CD4+ and CD8+ T cell response is successfully primed and mounted, it is insuf-
ficient to control POWV-LB challenge. How this response may differ in the context of a
less lethal POWV-Spooner challenge remains to be elucidated. Notably, in our hands, we
have seen high proportions of CD8+ T cells infiltrating the brains of POWV-LB challenged
mice, perhaps unsurprising given that we also observe higher titers at earlier time points
following POWV-LB infection. Interestingly, the adoptive transfer of T cells from POWV-
Spooner immune donors did not protect B6 mice. In our depletion studies, we found
that the depletion of CD4+ T cells did not impact the survival during POWV-LB infection,
but that depletion of CD8+ T cells resulted in slightly prolonged survival. Although all
mice eventually succumbed to infection, this finding is in accordance with murine models
of TBEV infection, wherein CD8+ T cells may mediate the immune pathology, and their
absence during murine infection results in delayed mortality relative to wild-type mice [59].
Further studies are needed in murine models, as well as the human POWYV disease setting,
to better understand the role of the CD8+ T cell compartment in POWYV disease.

5. Trafficking to and across the Blood-Brain Barrier into the CNS

The blood-brain barrier (BBB) is a selectively permeable interface that separates the
immune-privileged CNS from the rest of the organism. For neuroinvasive flaviviruses,
exclusion by the BBB must be overcome in order for replication to occur within the per-
missive cell types of the CNS. The BBB is itself comprised of three primary cell types:
endothelial cells, pericytes, and astrocytes. Cytokines and chemokines produced during
TBFV infection are known to act on many of the cell types present at the BBB to alter its
permeability. Certain cytokines such as IL-1a [78], IL-6 [79], and TNF-« [80] are accessible
to the CNS via the BBB and have been shown to act synergistically in mouse neurons to
cause neuronal damage [81]. Furthermore, it is well-established that either IL-6 or TNF-oc
administered to human brain microvascular endothelial cells in vitro causes increased
permeability [79,82]. Other cytokines that are not able to cross the BBB (i.e., IL-2, [83]),
however, must be produced by cells already localized to the CNS or produced by cells
recruited there.

It is important to note that the crossing of the BBB and the subsequent CNS infection
are not due to failure of the host to mount an antibody response. Several studies of TBEV
have demonstrated robust antibody responses throughout and following infection, and
TBFV-specific IgM is a commonly used diagnostic criteria [41,84,85]. Due to the selective
permeability of the BBB, this is typically only observed in the cerebrospinal fluid (CSF)
when the BBB is compromised.

The BBB is organized to prevent neurotoxins and pathogens from gaining access to the
CNS. Pathogens are nevertheless able to bypass the BBB through a variety of mechanisms.
Among these are paracellular and transcellular entry, as well as “Trojan horse” entry [86],
retrograde axonal transport [87], and via infection of the olfactory bulb [88,89]. Flaviviruses
are thought to primarily enter the CNS via a hematogenous route of spread by utilizing
paracellular and transcellular entry to gain access to the CNS, although more studies in
this area are needed. Figure 2 shows the likely mechanisms by which TBFVs access the
CNS tissue.
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Tick-borne
flavivirus (TBFV)
access to CNS

Astrocyte
TBFV
Pericyte

Endothelial cell
Tight junction
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Figure 2. Possible routes of tick-borne flavivirus (TBFV) neuroinvasion and access to the central
nervous system through the blood-brain barrier (BBB). These include: (1) the Trojan horse mechanism,
(2) transcellular entry, and (3) paracellular entry. Not pictured are routes of entry involving direct
infection of the olfactory bulb and retrograde axonal transport. Adapted from: Chen, Z.; Li, G.
Immune response and blood-brain barrier dysfunction during viral neuroinvasion. Innate Immun.
2021, 27, 109-117. Created with BioRender.com, accessed on 31 January 2023.

5.1. TBEV

The BBB is known to be disrupted during the course of human TBEV disease [90].
The exact mechanism by which TBEV infection causes BBB disruption has not been fully
elucidated. It has been demonstrated in murine models of infection that BBB disruption
typically follows high viral titers in the brain and is not required for TBEV to reach the
CNS [65]. Figure 2 shows the approximate course of TBFV disease in humans as it relates
to the BBB integrity and T cell responses. Although current evidence suggests that BBB
disruption is not required for the success of WNV [91] or TBEV [65] infection of the CNS,
the BBB undoubtedly represents a unique challenge for mounting an effective host immune
response against TBFVs that have established CNS infection. Regarding receptor binding,
literature implicating a single receptor as necessary and sufficient for TBFV infection of the
CNS, is scant. However, both laminin binding proteins and integrins have been implicated
as possible receptors for TBEV [92-96].

TBEV has been shown to establish a productive infection of cells comprising the BBB,
including the human brain microvascular endothelial cells (hBMECs) [97], pericytes [98],
and astrocytes [49,98,99]. Studies of gene expression in hBMECs treated with recombinant
envelope protein (domain III, rDIII) from TBEV have revealed an upregulation of genes
associated with virus uptake, tight junction disruption, extracellular matrix reorganization,
and the activation of innate immunity [100]. Although apoptosis was also implicated in
these studies, TBEV generally elicited a more modest upregulation of genes associated with
cytokine/chemokine signaling, as well as apoptosis relative to a WNV comparator [100].
Other studies of the TBEV-Hypr infection of primary human neurons and astrocytes have
suggested that both cell types can be an important source of pro-inflammatory cytokines, al-
though these responses were modest in human neuronal cells compared to astrocytes [101].
These findings suggest that the induction of inflammation and apoptosis by TBFVs may
differ mechanistically from that of mosquito-borne flaviviruses such as WNV.

Notably, CD8+ T cells are not required for BBB permeability during TBEV infection.
Studies of murine models of TBEV infection have demonstrated that BBB disruption occurs
independent of CD8+ T cells, as the infection of CD8 knockout mice did not impact the
BBB permeability as measured by sodium fluorescein [65]. Interestingly, CD8a KO mice
lacking CD8+ T cells still presented with high levels of IFN-y and TNF-«, as well as
pro-inflammatory cytokines in the brain, implying that other innate immune cells and
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supportive cells of the CNS can contribute to the inflammatory cytokine milieu during TBEV
infection [65]. This finding was in accordance with the observation that BBB disruption
typically occurs at a time when CNS viremia is already high, implying that the BBB
permeability was neither reliant on CD8+ T cells, nor was TBEV neuroinvasion reliant
upon the BBB permeability. However, CD8+ T cells have been well-documented to be
necessary for the disruption of the BBB during other viral infections [102], implying that
the mechanisms at work in TBFVs are likely distinct.

5.2. POWV

There are several proposed mechanisms of entry for POWYV into the CNS, including
(1) crossing the BBB following transient viremia, (2) a “Trojan horse” mechanism of entry
requiring replication in CNS-infiltrating leukocytes, and (3) retrograde entry following
the infection of peripheral nerves. Which of these is the most common means of entry to
the CNS for POWYV is an area of active debate, though some studies have indicated that
this is dependent upon the dose and factors related to the immune status of the host, or
host-vector interactions [103,104].

Disruption of the BBB has not been clearly demonstrated in human POWYV infection,
though high POWV-IgM levels in the cerebrospinal fluid are a common diagnostic tool.
Moreover, is it not known whether BBB disruption is required for POWYV to reach the CNS.
POWY has, however, recently been shown to infect human brain microvascular endothelial
cells and pericytes [72]. These cell types—located at the BBB—showing susceptibility and
permissivity to infection, represent one possible mechanism by which POWYV enters the
CNS and establishes infection. Notably, imaging studies of the brain in murine POWV
infections did not detect significant levels of POWYV in the olfactory bulb, suggesting
that this route may not be as important in POWYV neuroinvasion [104]. However, more
mechanistic studies in this area are needed.

6. The Central Nervous System (CNS) and Immune-Privilege

The brain has long been considered an immune-privileged site owing to the selective
permeability of the BBB to immune cells, minimal expression of major histocompatibility
complex (MHC) in CNS tissues, and limited understanding of the CNS lymphatics. It
was long thought that the CNS contained no lymphatic structures. Studies demonstrating
failures to reject allogenic tissue grafts in the CNS reinforced the notion that the CNS was
isolated from the immune system [105]. However, it has more recently been appreciated
that lymphatic structures can be observed in the CNS [106,107], spurring a new era of
inquiry into the system of lymphatic drainage in the CNS and its implications for the
treatment of CNS infection and injury.

The recognition of lymphatic structures in the CNS therefore provides two mechanisms
by which CD8+ T cells can interact with cognate antigens during viral infection: (1) the
recognition of antigen in the periphery, followed by recruitment into the CNS after the
pathogen has replicated in the CNS tissue, and (2) the recognition of antigen from the
CNS via lymphatic drainage (Figure 3, reviewed in [108]). In the case of TBEV and POWV
infection, the former is more likely due to primary rounds of viral replication in the skin
and lymphoid tissue following the bite of an infected vector [18,19,68,76].

Resident immune cells such as microglia also have an established role in the activation
of CD8+ T cells during flavivirus encephalitis [109,110]. Indeed, there has even been
some suggestion that a feed-forward mechanism exists between microglia and CD8+ T
cells, wherein proinflammatory cytokine production (i.e., IFN-y) drives CXCR3 and CCR2
ligands to promote neuronal damage [110]. Moreover, during the intracranial infection of
mice with an attenuated WNV strain (E218A), mice lacking microglia showed a normal
recruitment of CD8+ T cells into the CNS but reduced activation of WNV-specific T cells
as measured by CD69 expression. The authors attributed this reduced activation to a
reduction in co-stimulatory molecule expression (i.e., CD86) by APCs in the draining
lymph node [109]. Though there is likely redundancy in the mechanisms of recruitment
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and activation of T cells into the flavivirus-infected CNS, there is undoubtedly a high
degree of cross-talk between CNS-resident immune cells and T cells that inform the effector
functions utilized in attempts to control infection. Moreover, the activation of innate
immunity via PAMPs and PRRs is likely to potentiate the activation and recruitment of
T cells into the CNS via cytokine and chemokine production, and is overall critical for
inducing an antiviral state [111-113].

Sites of access of

CD8+ T cells to the
tick-borne flavivirus Choriod plexus:
infected brain e Contains TBFV permissive cells

e Site of CSF production
o Absence of tight junctions
e Most common APCs: cDC1, Mg

Subarachnoid vessels:
e Contains TBFV permissive cells
¢ Close proximity to meninges
e Most common APCs: cDC1, M 'pre
DCs'

Parenchymal post-capillary venules:
e Contains TBFV permissive cells
e Most common APCs: cDC2, Mg

Figure 3. The approximate anatomical locations where T cells can access the central nervous system
(CNS) in order to combat tick-borne flavivirus (TBFV) infection. Additionally, this figure describes
the antigen presenting cells (APCs) located at each site, such as conventional dendritic cells (type 1
or 2, cDC1 or cDC2), or macrophages (M¢). Among these are the choroid plexus, which is the site
of cerebrospinal fluid (CSF) production, the subarachnoid vessels, and parenchymal post-capillary
venules. Created with BioRender.com, accessed on 31 January 2023.

Class IMHC is required for the presentation of viral antigen in order to activate CD8+ T
cells and exert their cytolytic killing effector functions at the site of infection [114]. Requiring
an MHC-I x-chain and 32 microglobulin (32m) for stable surface MHC-I expression, the
signal strength and duration of the immune synapse formation is critical for the activation
of cytotoxic T cell responses, but is also critical for determining the position and likelihood
of degranulation [115]. Previously, it was thought that neurons either did not express—or
expressed very little—detectable MHC-I [116]. This has been posited as a mechanism
to explain persistent viral infections of the brain [117] together with inefficient peptide
loading on MHC-I owing to the low expression of transporters associated with antigen
processing (TAP1 & TAP2, [118]) and 32m [119]. Despite a low expression of MHC-I under
homeostatic conditions, viral infection—by contrast—has been shown to upregulate MHC-I
expression on cell types in the CNS such as astrocytes [120], oligodendrocytes [121], brain
endothelial cells [122], and neurons [117].

One prevailing theory regarding the role of T cells in the CNS is that they mainly
exert antiviral functions not by cytolytic killing, but by the production of cytokines and
the induction of an antiviral state (reviewed in [123]). Interestingly, whether neurons are
more susceptible to Fas/FasL or perforin/granzyme-mediated killing remains controver-
sial [124,125]. Further complicating this theory is the fact that even non-cytolytic killing
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means—such as the production of proinflammatory cytokines such as IFN-y—can cause
neurons to increase the MHC-I expression and increase their susceptibility to cytolytic
killing [126]. Though the exact contribution of non-cytolytic killing remains difficult to
quantify, many TBFVs have mechanisms to subvert the effect of antiviral cytokines, partic-
ularly interferons [51,127,128], making it more difficult to disentangle the contribution of
cytolytic vs. non-cytolytic killing. Altogether, it seems that the T cell compartment must
somehow restrict the reliance on cytolytic killing in the CNS, if for no other reason than to
preserve the host tissue and prevent complete neuronal loss during TBFV infection.

6.1. TBEV

Due to the relatively high (3000 cases annually) incidence of TBEV in humans in
endemic areas, much of the information regarding the TBEV-specific T cell responses in the
CNS comes from work on humans. In an analysis of post-mortem brain sections of clinically
diagnosed TBEV infections, a possible role for CD8+ T cells in driving immune pathology
was noted [129]. Specifically, in the 28 patients with TBEV, neurons staining positively for
TBEV-antigen were detected in proximity to CD8+ T cells, which the authors cited as being
potentially indicative of neuronal killing by CD8+ T cells, followed by phagocytosis by
HLA-DR+ macrophages or microglia. In follow-up studies, the CD8+ T cells found in close
proximity to TBEV-antigen+ neurons were also found to be Granzyme B+ [130]. Based on
these results, the authors attributed cytotoxic T cell infiltration and the hyperactivation of
macrophages and microglia as important drivers in severe clinical cases of TBEV. Again,
this raises the question of the most important mechanisms of CD8+ T cell killing during
TBEV disease.

The CCR5/CCLS5 signaling axis has recently been of particular interest during TBEV
infection for its role in the recruitment of lymphocytes to the CNS. There has been some
suggestion that in human TBEV infection, the deletion of the chemokine receptor CCR5 is
associated with more severe disease [131]. This receptor is highly expressed on T cells, and
serves as a receptor for CCL3, CCL4, and CCL5. Furthermore, CCR5 has been implicated
in numerous neurotropic flavivirus infections (reviewed in [132]). In particular, CCL5 is
highly upregulated in the CSF of TBEV patients [133], and in mice it is upregulated in
an interferon-dependent (IRF3) manner [127]. However, more recently published studies
found no association between the CCR5A32 allele and severe disease in a subset of TBEV
patients [134]. Moreover, CCR5 was not found to be highly expressed on TBEV-specific
tetramer-positive CD8+ T cells during TBEV infection [44]. It has also been shown that
following TBEV neuroinvasion, mice produced high levels of CXCL10 [101]. Intriguingly,
in mice with differential susceptibility to TBEV-Neudoerfl (TBEV-Eu), the susceptibility was
inversely proportional to CXCL10 and MCP-1 expression (i.e., strains of mice producing
the most CXCL10 by qPCR were more susceptible) [135]. Further studies are needed to
determine the protective capacity of CCR5, CXCL10, and MCP-1 in human TBEV disease.

6.2. POWV

Human autopsy reports have also shed light on the role of the T cell compartment
during POWYV disease. In one fatal case of POWV-Spooner infection, the authors noted that
a majority of the T cells localized to the meninges were CD4+ T helper cells. In contrast,
most T cells localized in the brain parenchyma were CD8+ T cells [136]. These CD8+ T cells
were found in close juxtaposition with the neurons remaining at the autopsy, as the patient
had suffered severe neuronal loss in the brain and spinal cord, which is common in POWV
disease [136,137]. It has also been shown in laboratory mice [74] and outbred strains of
mice [74,75] that POWYV can establish a lytic infection of neurons in the brain and spinal
cord. This recapitulates aspects of the POWYV disease in non-human primates [71] and
humans [136,138]. Overall, though, the preponderance of evidence in both small animal
models and human case studies supports the need to better understand the role of T cells
in neuroinvasive POWYV disease.
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7. Long-Term Neurological Sequelae, Persistence and Resolution
7.1. TBEV

For some 20-50% of the clinical cases of TBEV, some form of long-term neurological
involvement has been documented [33,139], though this is likely to vary depending upon
the infecting TBEV subtype. In general, TBEV-Eu is considered to be milder than TBEV-Sib
or TBEV-FE subtypes [33], and the risk of incomplete recovery appears to be greater in
patients presenting with encephalitis, a more severe form of TBEV [33,140]. Furthermore,
the TBEV-5ib subtype appears to be associated with more chronic forms of TBEV, wherein
the incubation period can be as long as a year from the time of the tick bite [29]. Some
of the earliest characterized TBEV-Sib isolates were generated from chronically infected
patients [141]. Though TBEV infection can be persistently detected in some cases, whether
the persistence of the infectious virus is the cause of long-term sequelae remains unknown.
It is worth noting that the TBEV-Sib subtype was also one wherein previously identified
CD8+ T cell epitopes for TBEV-Eu were not conserved [44]. While it is tempting to speculate
that this may lead to reduced viral control, more studies of TBEV-specific T cell responses
will be needed to address how subtype-specific immunity may impact disease progression.

In follow-up studies of recovered TBEV patients, the most reported symptoms 2-15 years
following infection were cognitive or neurological. Reports of lower performance relative
to controls in the areas of short- and long-term memory, attentiveness, ability to focus on a
task, fatigue, coordination, and in some cases, fine motor skills, were documented [142].
Headaches and sleeping difficulties have also been reported [139,142], as well as neurologi-
cal symptoms such as limb paresis [33,139].

Muscle atrophy can also result following TBEV infection, with some patients report-
ing persistent issues 35+ years following infection [143]. In many cases, chronic disease
following TBEV infection or relapse can clinically resemble Amyotrophic Lateral Sclerosis
(ALS) [143]. There have also been documented cases of fatal progressive TBEV disease,
although these remain relatively rare [140]. There may also be an increased risk in TBEV-
infected children of incomplete recovery, even in cases where the disease is considered
mild [144].

Overall, the causes of neurological sequelae following TBEV infection remain elusive.
It is likely that factors including, but not limited to: the infecting subtype, incubation period,
degree of neurological involvement, and time to resolution of the disease all impact the
likelihood of developing long-term neurological symptoms. As the T cell compartment
has been implicated in both viral clearance and pathology in the host, the possibility that
patients experiencing long-term neurological sequelae present with some dysfunction of
the T cell compartment is plausible and should be considered in future follow-up studies.

Options for addressing the TBEV resolution in animal models remain limited. In
early studies of TBEV infection in Rhesus macaques, the authors were able to culture an
infectious virus isolated from the brains, spinal cord, and peripheral tissues up to 783 days
post-infection [54-57]. These authors also noted that the resolution of motor disorders was
not always accompanied by virus elimination, as virus isolates were still recoverable in the
case of persistently infected monkeys. The infection of these macaques also generated a
detectable T cell response as assayed by splenic migration inhibition in the presence of a
TBEV antigen. Further studies of the T cell compartment using non-human primate models
of TBEV resolution have yet to be undertaken.

There is limited documented evidence that TBEV can establish persistent infection of
primary human cells in vitro. TBEV has been reported to establish persistent infections of
primary human brain microvascular endothelial cells (h(BMECs) [97]. However, it is worth
noting that it is challenging to detect the antigen in brain vasculature in a human autopsy,
as immunohistochemical analysis of post-mortem brain sections collected from human
TBEV patients has revealed no detection of the TBEV antigen in endothelial cells [129].

Serological evidence suggests that human abortive TBEV cases are possible, though
rare [145,146]. For many patients, neuroinvasive TBEV illness resolves after a biphasic
illness. Regarding the T cell compartment, this typically occurs in a window during which
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the T cell response is active. In studies of human infection, Blom et al., found that CD8+
effector T cells transitioned from an effector T (Teg) cell phenotype (Eomes*Ki67* T-bet*) to
that of a T central memory phenotype (Tcy) (Eomes-Ki67-T-bet*) in the period between
21 and 90 days following hospitalization, consistent with the resolution of infection and
contraction of the CD8+ T cell response [52]. Concomitant with this decrease, TBEV-specific
T cells were not detected in the PBMCs of these patients at 90 days post-hospitalization.
This suggests that following resolution, the TBEV-specific T cell compartment contracts to
below the limit of detection for these assays. Studies examining the frequency and function
of Trm cells following TBEV infection would further improve our understanding of the T
cell compartment during resolution.

Overall, studies of the TBEV resolution, while limited in animal models, indicate that
the resolution of biphasic illness with neurological involvement may be partly attributable
to T cell responses, as these responses are primed and active during the resolution of disease
and eventually progress to more of a memory phenotype.

7.2. POWV

In human POWYV disease cases, long-term neurological sequelae have been docu-
mented for ~50% of patients [42]. Symptoms can include dizziness, headaches, fatigue,
coordination, memory issues, muscle weakness, and paralysis [147-150]. The reported 50%
is likely an overestimation, as serological surveys have indicated that POWYV infection,
much like TBEV, can be resolved asymptomatically for a proportion of hosts [41,151,152].
Much like TBEV, the cause of long-term neurological involvement for POWYV remains
unclear. In addition, like the related neurotropic flavivirus, the potential for POW V-specific
T cells to control a viral infection at the expense of host CNS tissue highlights the need to
examine the T cell compartment in follow-up studies of patients surviving neuroinvasive
POWYV disease.

The high mortality of POWV-challenged laboratory mice presents a barrier to studying
long-term neurological sequelae. As such, there is little evidence to suggest that POWV
infection can persist in mice or drive long-term neurological sequelae. In laboratory mice
surviving a POWYV challenge, there are minimal data suggesting cognitive or behavioral
changes. In reported natural hosts such as P. leucopus mice, lesions and signs of neuronal
injury are not detected at more than 30 DPI [74].

Much of the work regarding persistent POWYV infection has been carried out in vitro
rather than using animal models. POWYV has been shown to establish persistent infection in
primary human brain microvascular endothelial cells (hBMECs) and pericytes [72], though
aPOWYV antigen has not been detected in these sites during autopsy [136]. Characterization
of the POWV-specific T cell response during resolution of the POWYV infection has been
extremely limited in small animal models and non-existent in human samples. Most of
our understanding of a failure to resolve the POWYV disease comes from case studies of
patients with progressive POWYV infection. Notably, two recent progressive fatal cases of
POWY infection in two individuals with chronic lymphocytic leukemia (CLL) have been
described [153]. Although it is well-established that CLL patients are more susceptible
to viral infection and T cell dysfunction [154], the exact nature of those T cell defects and
the extent to which this could impact flavivirus encephalitis outcomes remain unknown.
Furthermore, both patients presented with high levels of lymphocyte infiltration into the
CNS, suggesting that perhaps the inappropriate activation of B and T cells was occurring.
Interestingly, intravenous immunoglobulin (IVIG) administration had little appreciable
impact on one patient’s status [153], implying that at this point in the patient’s disease
progression, IVIG provided little benefit.

Opverall, the limited evidence to suggest that POWYV disease resolution is at least in part
supported by a functional T cell compartment comes indirectly from case reports, wherein
immune-compromised patients fail to resolve the infection and the illness progressively
worsens despite the administration of IVIG. Many more tools to examine the POW V-specific
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T cell response in humans and small animal models will be needed before studies of the
resolution of POWYV infection can proceed.

8. Epitope Specific Response

There has been an effort in recent years to characterize the T cell responses to TBFVs, as
T cells are known to be activated in human TBFV infection [129]. In general, data regarding
the TBEV T cell responses have mostly been obtained from human cohort studies. For TBEV,
much of the T cell epitope mapping studies have been carried out in humans. Figure 4
shows a summary of known TBEV epitopes in humans or murine models. In the context
of CD4+ helper T cell responses, one study of TBEV vaccinees showed polyfunctional T
cell responses to several peptides within the E protein [155]. Although these assays were
conducted with peptide pools, vaccinees had detectable T cell responses—in the form of
the production of one or more effector cytokines by flow cytometric analysis—to eight out
of eleven E peptide pools. This finding implies that several immunogenic peptides could be
contained in the E protein, which merits further consideration, especially as these epitopes
are likely to be displayed in both infection and immunization.

Table 1. Table 1 shows the location of known tick-borne encephalitis virus (TBEV) or Powassan virus
(POWYV) T cell epitopes in murine or human infection.

Virus Organism Epitope Amino acid Sequence MHC Restriction Virus Reported Refs. Notes
TBEV Human NS31984-1992 ILLDNITTL HLA-A2 (Sibi?iif?li%}glpe) [44,52]
Not conserved
Human  NS2ajs07.1215 MLLQAVFEL HLA-A2 TBEV-Neudoerfl [44] Sibaerrri‘;’;‘in 4
Asian strains
Human NS55831-2839 SLINGVVKL HLA-A2 TBEV-Neudoerfl [44]
Human NS53374-3382 NIWGAVEKV HLA-A2 TBEV-Neudoerfl [44]
Not conserved
Human NS35084-2092 RPVWKDARM HLA-BY TBEV-Neudoerfl [44] Sibaefi‘;’ﬁn 4
Asian strains
Human NS31734-1742 RVRFHSPAV HLA-B7 TBEV-Neudoerfl [44]
Human  NS4bose.0504 LPLGHRLWL HLA-B7 TBEV-Neudoerfl [44]
POWV  Murine Eag2-201 THLENRDEFV H2-Db POWV-LB [69]
Murine E3s1-361 RCPTTGPATL H2-DP or H2-KP POWV-LB [69]
Murine Es25.535 EFGPPHAVKM I-AP POWV-LB [69]
Murine Es31-641 HGVPAVNVAM I-Ab POWV-LB [69]

In one of the first TBEV epitope mapping efforts, Blom and coauthors utilized eleven
patient samples (PBMCs) from clinically diagnosed and hospitalized TBEV patients to
identify an HLA-A2-restricted TBEV epitope within the NS3 protein [52]. In follow-up
studies, Lampen and coauthors utilized PBMCs from five HLA-A2 donors or five HLA-B7
donors, all of which were hospitalized TBEV patients. In addition to re-confirming the
previously identified HLA-A2 epitope, the authors identified six additional epitopes, all
located within the non-structural proteins [44]. Notably, while these epitopes were all
identified using the TBEV-Neudoerfl strain of the European subtype, five out of the seven
identified epitopes were highly conserved among the Siberian and Asian TBEV subtypes.
This finding was significant, as it highlighted the highly conserved nature of the regions
containing T cell epitopes, which is particularly poignant when developing vaccinations
that are protective across the TBEV subtypes. Furthermore, this finding also signals the
potential for cross-reactive T cell responses, both among TBEV, but also among other
members of the TBE serocomplex (i.e., POWYV, Langat virus). The question of whether
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cross-reactive T cell responses can be detected among members of the TBE serocomplex
merits further study, as the potential for cross-reactive T cells to potentiate protection or
immune pathology has been recognized among mosquito-borne flaviviruses, which are
closely antigenically related [156,157].

Tick-borne Flavivirus Genome
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Figure 4. The location of T cell epitopes identified for tick-borne encephalitis virus (orange, TBEV,
European subtype, Neudorfl strain) and Powassan virus (teal, POWYV, lineage I, POWV-LB) in human
(top) or murine (bottom) infection. When possible, MHC restriction is indicated. Note: drawing is not
to scale, and regions are approximate. For a detailed location of epitopes relative to the polyprotein,
see Table 1. Created with BioRender.com, accessed on 31 January 2023.

Our group has previously identified and published murine H2-b restricted T cell
epitopes in the structural POWYV proteins [77], however, more work will be needed to
further identify epitopes located within the non-structural proteins. As many epitopes have
been identified within the European subtypes of TBEV NS proteins [44]—and POWYV shares
roughly 75-76% amino acid identity with the closest known TBEV relatives (Far Eastern
subtype, Oshima strain)—further investigation of NS epitopes within POWYV lineages merit
further consideration. Moreover, studies of the POWV-specific T cell response in humans
remain an elusive aspect of our understanding of POWV adaptive immunity. Figure 4 and
Table 1 show a summary of known POWYV epitopes in humans or murine models. Note
that there have been no described human or non-human primate studies of POWV-specific
T cell responses.

9. Vaccinations and Therapeutics
9.1. TBEV

There are currently six vaccines against TBEV approved for use in humans in Europe,
Russia, and China and one FDA-approved TBEV vaccine (TICOVAC) (Table 2). In general,
all are inactivated, whole virus vaccines. Except for FSME-IMMUN/TICOVAC (TBEV-Eu,
Pfizer), all are based on TBEV-FE subtypes. Although historically, viruses to be used as
vaccine antigens have been grown in primary chicken embryonic cells, recent attempts to
produce the virus in Vero cells appear to be successful [158]. Vaccination typically consists
of a primary vaccination containing 2-3 doses, followed by boosting every 3-5 years for
individuals considered high-risk [30]. Although rare, failures of TBEV vaccination have
been documented to be ~5% and are most common among individuals who are elderly or
immune-compromised [159,160]. For this reason, it is suggested that elderly populations
receive additional booster doses prior to travel to TBEV endemic areas [160,161]. In addition,
it has been well-documented that aging is associated with decreased T cell responses to
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flavivirus vaccines [162] and changes in BBB permeability [78]. However, the extent to
which these factors contribute to TBEV vaccine failure is unknown.

Table 2. Summary of tick-borne encephalitis vaccines approved for use in the United States, Europe,
and Russia. When available, references that evaluate T cell responses are given. Adult doses only are
given. Notes: Encepur (GSK) was divested at the end of 2019. FSME-IMMUN was approved to be
marketed in the United States under the name TICOVAC in 2021.

. . Target T Cell
Subtype(s) Vaccine Name Manufacturer Vaccine Type Antigen(s) Schedule Route/Dose Response
3 doses with
Neudoerf FSME-IMMUN / X Inactivated . boosting .
(TBEV-Eu) TICOVAC Pfizer whole virus Whole virus — \ional after im., 2.4 ug Y- [155]
3 years
.. Chumakov . .
Sofjin TBEV-Moscow FSC R&D IBP Inactlva‘ted Whole virus Prime/boost im, 1.O+05 N
(TBEV-FE) RAS whole virus ug/mL
.. Chumakov . .
Sofjin Evervac Inactivated . . im.,
(TBEV-FE) (Phase 1/17) FSC Eﬁ? BP  yholevirus ~ VVpolevirus - Prime/boost 754 15 0 N
Sofjin Tick-E-Va Fggggg(fgp Inactivated Whole vir Prime /boost im. Y-[163]
(TBEV-FE) 1€ < RAS whole virus ole virus rime/boos 045 +0.05 pg :
205 (TBEV-FE) EnceVir Microgen Inacnva.ted Whole virus Prime /boost im., 2.0-2.5 ug N
whole virus
Changchun .
Sen-Zhang . . Inactivated . .
(TBEV-FE) SenTaiBao Institute of whole virus Whole virus Prime/boost Unknown N

Biol. Products

T cell responses are seldom evaluated in response to TBEV vaccination and the mean
neutralizing titer is the most commonly evaluated endpoint following vaccination. Even
in pre-clinical vaccine efficacy models, research on the T cell responses is scant. Therefore,
this section will cover available data on T cell responses to TBEV vaccines, primarily
FSME-IMMUN, for which the most data are available.

One study of CD4+ helper T cell responses among FSME-IMMUN vaccinees vs. in-
fected donors noted that the responses following infection tended to be more polyfunctional
than those following vaccination [155]. In addition, vaccination tended to result in mono-
functional CD4+ T cell responses. Notably, however, the breadth of these responses was
retained, with vaccinees and infected donors responding to a similar number of TBEV-Eu
envelope peptide pools. Furthermore, despite the importance of CD4+ T cell help in driv-
ing the antibody responses, there has been relatively little work characterizing T-follicular
helper or Tg1 responses with respect to TBEV vaccination [155].

Studies of FSME-IMMUN vaccination have also identified differences in donor T cell
responses on the basis of biological sex and obesity [164]. PBMCs derived from obese
populations and stimulated with TBEV antigen were presented with higher IFN-y and IL-2
levels. The study also found an overall reduction in CD3+ and CD8+ T cells and lower
antibody titers in populations that are obese. This is in accordance with published findings
regarding flavivirus vaccination [165,166], as well as work from our group demonstrating
that metabolic dysfunction and biological sex can significantly impact WNV vaccination
outcomes and T cell responses, especially in the context of memory T cell formation [167].

One study of FSME-IMMUN non-responders demonstrated that—upon stimulation of
PBMCs collected after boost—IFN-y production remained low in the non-responders [164].
The same trend was observed with IL-2, suggesting that non-responders received no
benefit from boosting compared to responders. Notably, this phenomenon appeared to be
specific to FSME-IMMUN, as the non-responding group did see a benefit from Influenza
vaccination that was administered at the same time. Curiously, however, non-responders
had a lower proportion of naive T cells, but higher T memory and T effector memory
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percentages, both prior to and after boosting. There was a slight but significant trend
towards higher Treg responses as measured by FoxP3 expression and IL-10 production in
non-responders relative to responders. In addition, the CD8+ T cells in non-responders
were described as more highly differentiated as assessed by CD27 and CD28 expression
compared to responders.

Another study that compared T cell responses following the subcutaneous or intra-
muscular administration of FSME-IMMUN found no differences in IL-2, IFN-y, or IL-10
production following the stimulation of PBMCs with the TBEV antigen, suggesting that
the route of administration did not significantly impact the development of the T cell
response [168].

Although functional readouts of T cell responses are seldom used in evaluating TBEV
vaccine efficacy, these studies indicate a role for cytokine production within the T cell
compartment as being important in responding vs. non-responding groups, and support
the need for a more thorough characterization of the T cell response to TBEV vaccination.
This is particularly important as documented CD4+ and CD8+ T cell responses to the E
protein have been observed in humans [44,155] and are contained in the TBEV vaccine
antigen, highlighting the need to understand the implication of pre-existing E-specific
TBEV immunity in vaccinated populations.

9.2. POWV

There exist efficacious vaccines for members of the tick-borne encephalitis serogroup,
of which POWYV is a member. However, these vaccines are not thought to provide protection
against POWYV, though the reasons for this have yet to be elucidated [169,170].

There are no licensed POWV vaccines approved for use in humans, nor are there
any vaccine candidates in clinical trials at the time of this publication. Several successful
vaccination strategies, however, have been tested in small animal models. These are
summarized in Table 3.

Table 3. Powassan virus vaccine strategies evaluated in vitro or in vivo using small animal models.
When available, references that evaluate T cell responses are given.

. . . Target . Antibody T Cell
Lineage Vaccine Name Vaccine Type Antigen(s) Strategy Route/Dose Protective Response Response Refs.
Spooner  POWVgg mRNA-LNP prM, E 1:(1)1::;/ im., 10 pg Y Y N [171]
LB and Synthetic Prime/ im. +
Spooner POWV-SEV enhanced DNA prM, E boost electr;;)ﬁrgatlon, Y Y Y [170]
Virus-like Prime/
LB POW-VLP . prM, E Boost 1/ im., 50 uLL Unknown Y N [172]
particle Boost 2
Virus-like Prime/ .
LB POWV-VLP particle prM, E boost im. 2 pug Y Y Y [69]
. Prime/
LS-POWV- Protein + . .
Spooner EDIT nanoparticle E (DII) ];cgzssttlz/ ip. 15 ug Partially Y N [69]

In general, nucleic acid-based (mRNA: [70] DNA: [70]), virus-like particle-based [77,172],
and nanoparticle-based [69] vaccination strategies have been shown to be efficacious in
murine models. Monoclonal antibodies elicited by vaccination have been demonstrated to
be important for protection against POWYV infection [63,70,173]. In particular, antibodies
directed against the POWV envelope domain III have been shown to be protective [69].
Although recent studies have described a role of T cells as being important for the viral
control upon the recurrent challenge with POWYV [77], only two studies have evaluated
T cell responses following vaccination [70,77]. While vaccination did result in functional
CD8+ T cell responses as measured by IFN-y and TNF-« production [77], more thorough
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phenotypic and functional studies are needed, as well as insights into the kinetics of the
response. At the time of this publication, we are aware of no publications addressing
the role of either T-follicular helper or T1 responses with respect to POWYV infection or
vaccination.

10. Concluding Remarks

Though TBFVs emerged thousands of years ago, we have only recently begun to
appreciate the complex interplay between the virulence, vector biology, host immune
status, and prior adaptive immune exposure that dictates the disease outcome. This is
particularly true in the case of the role of the T cell response—where the need to immediately
process whole blood samples followed by lengthy stimulations for functional readouts has
drastically gated the progress in this area. Nonetheless, significant strides have been made
in understanding how T cells function in TBFV infection, always toeing the line between
protection and pathogenesis. In general, it seems that a potent neutralizing antibody
response—in conjunction with peripheral T cell responses—are integral to restricting the
entry of TBFV into the CNS and mitigating immune pathology. As more discoveries in
the area of TBFV immunology emerge, an eye toward T cell responses will be critical
to ensuring the safety and efficacy of vaccines and evaluating the potential intervention
strategies to improve TBFV disease outcomes for patients.

Author Contributions: E.T.S. and A.K.P. completed the conceptualization of the manuscript. E.T.S.
completed the writing of the original draft, preparation, and editing. E.T.S. completed the figure
design and generation, E.T.S. and A K.P. reviewed and edited the final manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was in part funded by NIH, including National Institute of Allergy and Infectious
Diseases: F31-AI172229-01; National Institute of Allergy and Infectious Diseases: 5R01AI152192-02;
National Institute of Allergy and Infectious Diseases: R01AI137424-03; United States Department of
Defense: PR192269.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Poidinger, M.; Hall, R.A.; Mackenzie, J.S. Molecular characterization of the Japanese encephalitis serocomplex of the flavivirus
genus. Virology 1996, 218, 417-421. [CrossRef] [PubMed]

2. Pierson, T.C.; Diamond, M.S. The continued threat of emerging flaviviruses. Nat. Microbiol. 2020, 5, 796-812. [CrossRef] [PubMed]

3. Whitehorn, J.; Yacoub, S. Global warming and arboviral infections. Clin. Med. 2019, 19, 149-152. [CrossRef] [PubMed]

4.  Paz,S. Climate change impacts on West Nile virus transmission in a global context. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015,
370, 20130561. [CrossRef] [PubMed]

5. Ostfeld, R.S.; Brunner, ].L. Climate change and Ixodes tick-borne diseases of humans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2015,
370, 20140051. [CrossRef]

6. Eisen, RJ.; Eisen, L.; Ogden, N.H.; Beard, C.B. Linkages of Weather and Climate with Ixodes scapularis and Ixodes pacificus
(Acari: Ixodidae), Enzootic Transmission of Borrelia burgdorferi, and Lyme Disease in North America. J. Med. Entomol. 2016, 53,
250-261. [CrossRef]

7. Gilbert, L. The Impacts of Climate Change on Ticks and Tick-Borne Disease Risk. Annu. Rev. Entomol. 2021, 66, 373-388.
[CrossRef]

8.  Blom, K,; Cuapio, A.; Sandberg, ].T.; Varnaite, R.; Michaélsson, J.; Bjorkstrom, N.K.; Sandberg, ].K.; Klingstrom, J.; Lindquist,
L.; Gredmark Russ, S.; et al. Cell-Mediated Immune Responses and Immunopathogenesis of Human Tick-Borne Encephalitis
Virus-Infection. Front. Immunol. 2018, 9, 2174. [CrossRef]

9.  Zlobin, V.I; Pogodina, V.V,; Kahl, O. A brief history of the discovery of tick-borne encephalitis virus in the late 1930s (based on
reminiscences of members of the expeditions, their colleagues, and relatives). Ticks Tick Borne Dis. 2017, 8, 813-820. [CrossRef]

10. Lickovd, M.; Fumacovd Havlikova, S.; Slavikova, M.; Klempa, B. Alimentary Infections by Tick-Borne Encephalitis Virus. Viruses

2021, 14, 56. [CrossRef]


https://doi.org/10.1006/viro.1996.0213
https://www.ncbi.nlm.nih.gov/pubmed/8610471
https://doi.org/10.1038/s41564-020-0714-0
https://www.ncbi.nlm.nih.gov/pubmed/32367055
https://doi.org/10.7861/clinmedicine.19-2-149
https://www.ncbi.nlm.nih.gov/pubmed/30872300
https://doi.org/10.1098/rstb.2013.0561
https://www.ncbi.nlm.nih.gov/pubmed/25688020
https://doi.org/10.1098/rstb.2014.0051
https://doi.org/10.1093/jme/tjv199
https://doi.org/10.1146/annurev-ento-052720-094533
https://doi.org/10.3389/fimmu.2018.02174
https://doi.org/10.1016/j.ttbdis.2017.05.001
https://doi.org/10.3390/v14010056

Viruses 2023, 15, 958 19 of 25

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lipowski, D.; Popiel, M.; Perlejewski, K.; Nakamura, S.; Bukowska-Osko, I.; Rzadkiewicz, E.; Dzieciatkowski, T.; Milecka, A.;
Wenski, W.; Ciszek, M; et al. A Cluster of Fatal Tick-borne Encephalitis Virus Infection in Organ Transplant Setting. J. Infect. Dis.
2017, 215, 896-901. [CrossRef] [PubMed]

Michelitsch, A.; Wernike, K.; Klaus, C.; Dobler, G.; Beer, M. Exploring the Reservoir Hosts of Tick-Borne Encephalitis Virus.
Viruses 2019, 11, 669. [CrossRef] [PubMed]

Mlera, L.; Bloom, M.E. The Role of Mammalian Reservoir Hosts in Tick-Borne Flavivirus Biology. Front. Cell. Infect. Microbiol.
2018, 8, 298. [CrossRef]

Tonteri, E.; Kipar, A.; Voutilainen, L.; Vene, S.; Vaheri, A.; Vapalahti, O.; Lundkvist, A. The three subtypes of tick-borne encephalitis
virus induce encephalitis in a natural host, the bank vole (Myodes glareolus). PLoS ONE 2013, 8, e81214. [CrossRef]

Nonaka, E.; Ebel, G.D.; Wearing, H.]. Persistence of pathogens with short infectious periods in seasonal tick populations: The
relative importance of three transmission routes. PLoS ONE 2010, 5, e11745. [CrossRef]

Danielova, V.; Holubova, ]J.; Pejcoch, M.; Daniel, M. Potential significance of transovarial transmission in the circulation of
tick-borne encephalitis virus. Folia Parasitol. 2002, 49, 323-325. [CrossRef]

Bakhvalova, V.N.; Potapova, O.F.; Panov, V.V.; Morozova, O.V. Vertical transmission of tick-borne encephalitis virus between
generations of adapted reservoir small rodents. Virus Res. 2009, 140, 172-178. [CrossRef]

Labuda, M.; Austyn, ].M.; Zuffova, E.; Kozuch, O.; Fuchsberger, N.; Lysy, J.; Nuttall, P.A. Importance of localized skin infection in
tick-borne encephalitis virus transmission. Virology 1996, 219, 357-366. [CrossRef]

Labuda, M.; Kozuch, O.; Zuffova, E.; Eleckova, E.; Hails, R.S.; Nuttall, P.A. Tick-borne encephalitis virus transmission between
ticks cofeeding on specific immune natural rodent hosts. Virology 1997, 235, 138-143. [CrossRef]

Wondim, M.A.; Czupryna, P.; Pancewicz, S.; Kruszewska, E.; Groth, M.; Moniuszko-Malinowska, A. Epidemiological Trends of
Trans-Boundary Tick-Borne Encephalitis in Europe, 2000-2019. Pathogens 2022, 11, 704. [CrossRef]

Lindquist, L.; Vapalahti, O. Tick-borne encephalitis. Lancet 2008, 371, 1861-1871. [CrossRef] [PubMed]

Dai, X.; Shang, G.; Lu, S.; Yang, J.; Xu, J. A new subtype of eastern tick-borne encephalitis virus discovered in Qinghai-Tibet
Plateau, China. Emerg. Microbes Infect. 2018, 7, 74. [CrossRef] [PubMed]

Holding, M.; Dowall, 5.D.; Medlock, ].M.; Carter, D.P.; McGinley, L.; Curran-French, M.; Pullan, S.T.; Chamberlain, J.; Hansford,
K.M.; Baylis, M.; et al. Detection of new endemic focus of tick-borne encephalitis virus (TBEV), Hampshire/Dorset border,
England, September 2019. Euro Surveill. 2019, 24, 1900658. [CrossRef]

Topp, A.K,; Springer, A.; Dobler, G.; Bestehorn-Willmann, M.; Monazahian, M.; Strube, C. New and Confirmed Foci of Tick-Borne
Encephalitis Virus (TBEV) in Northern Germany Determined by TBEV Detection in Ticks. Pathogens 2022, 11, 126. [CrossRef]
[PubMed]

Bojkiewicz, E.; Toczylowski, K.; Grygorczuk, S.; Zelazowska-Rutkowska, B.; Dunaj, J.; Zebrowska, A.; Czupryna, P.; Moniuszko-
Malinowska, A.; Sulik, A. The Prevalence of Asymptomatic Infections with Tick-Borne Encephalitis Virus and Attitude towards
Tick-Borne Encephalitis Vaccine in the Endemic Area of Northeastern Poland. Vaccines 2022, 10, 1294. [CrossRef] [PubMed]
Prokopowicz, D.; Bobrowska, E.; Bobrowski, M.; Grzeszczuk, A. Prevalence of antibodies against tick-borne encephalitis among
residents of north-eastern Poland. Scand. J. Infect. Dis. 1995, 27, 15-16. [CrossRef] [PubMed]

Varnaité, R.; Gredmark-Russ, S.; Klingstrom, J. Deaths from Tick-Borne Encephalitis, Sweden. Emerg. Infect. Dis. 2022, 28,
1471-1474. [CrossRef]

Mandl, C.W. Steps of the tick-borne encephalitis virus replication cycle that affect neuropathogenesis. Virus Res. 2005, 111,
161-174. [CrossRef]

Gritsun, T.S.; Frolova, T.V.; Zhankov, A.L; Armesto, M.; Turner, S.L.; Frolova, M.P; Pogodina, V.V.; Lashkevich, V.A.; Gould, E.A.
Characterization of a siberian virus isolated from a patient with progressive chronic tick-borne encephalitis. J. Virol. 2003, 77,
25-36. [CrossRef]

Ruzek, D.; Avsic Zupanc, T.; Borde, ].; Chrdle, A ; Eyer, L.; Karganova, G.; Kholodilov, I.; Knap, N.; Kozlovskaya, L.; Matveev, A.;
et al. Tick-borne encephalitis in Europe and Russia: Review of pathogenesis, clinical features, therapy, and vaccines. Antivir. Res.
2019, 164, 23-51. [CrossRef]

Lani, R.; Moghaddam, E.; Haghani, A.; Chang, L.Y.; AbuBakar, S.; Zandi, K. Tick-borne viruses: A review from the perspective of
therapeutic approaches. Ticks Tick Borne Dis. 2014, 5, 457-465. [CrossRef] [PubMed]

Bogovic, P; Lotric-Furlan, S.; Strle, F. What tick-borne encephalitis may look like: Clinical signs and symptoms. Travel. Med. Infect.
Dis. 2010, 8, 246-250. [CrossRef]

Bogovic, P; Strle, F. Tick-borne encephalitis: A review of epidemiology, clinical characteristics, and management. World J. Clin.
Cases 2015, 3, 430-441. [CrossRef] [PubMed]

Chernesky, M.A.; McLean, D.M. Localization of Powassan virus in Dermacentor andersoni ticks by immunofluorescence. Can. J.
Microbiol. 1969, 15, 1399-1408. [CrossRef] [PubMed]

Tokarz, R.; Williams, S.H.; Sameroff, S.; Sanchez Leon, M.; Jain, K.; Lipkin, W.I. Virome analysis of Amblyomma americanum,
Dermacentor variabilis, and Ixodes scapularis ticks reveals novel highly divergent vertebrate and invertebrate viruses. J. Virol.
2014, 88, 11480-11492. [CrossRef] [PubMed]

Sharma, R.; Cozens, D.W.; Armstrong, PM.; Brackney, D.E. Vector competence of human-biting ticks Ixodes scapularis, Ambly-
omma americanum and Dermacentor variabilis for Powassan virus. Parasites Vectors 2021, 14, 466. [CrossRef] [PubMed]


https://doi.org/10.1093/infdis/jix040
https://www.ncbi.nlm.nih.gov/pubmed/28453842
https://doi.org/10.3390/v11070669
https://www.ncbi.nlm.nih.gov/pubmed/31336624
https://doi.org/10.3389/fcimb.2018.00298
https://doi.org/10.1371/journal.pone.0081214
https://doi.org/10.1371/journal.pone.0011745
https://doi.org/10.14411/fp.2002.060
https://doi.org/10.1016/j.virusres.2008.12.001
https://doi.org/10.1006/viro.1996.0261
https://doi.org/10.1006/viro.1997.8622
https://doi.org/10.3390/pathogens11060704
https://doi.org/10.1016/S0140-6736(08)60800-4
https://www.ncbi.nlm.nih.gov/pubmed/18514730
https://doi.org/10.1038/s41426-018-0081-6
https://www.ncbi.nlm.nih.gov/pubmed/29691370
https://doi.org/10.2807/1560-7917.ES.2019.24.47.1900658
https://doi.org/10.3390/pathogens11020126
https://www.ncbi.nlm.nih.gov/pubmed/35215070
https://doi.org/10.3390/vaccines10081294
https://www.ncbi.nlm.nih.gov/pubmed/36016182
https://doi.org/10.3109/00365549509018965
https://www.ncbi.nlm.nih.gov/pubmed/7784806
https://doi.org/10.3201/eid2807.220010
https://doi.org/10.1016/j.virusres.2005.04.007
https://doi.org/10.1128/JVI.77.1.25-36.2003
https://doi.org/10.1016/j.antiviral.2019.01.014
https://doi.org/10.1016/j.ttbdis.2014.04.001
https://www.ncbi.nlm.nih.gov/pubmed/24907187
https://doi.org/10.1016/j.tmaid.2010.05.011
https://doi.org/10.12998/wjcc.v3.i5.430
https://www.ncbi.nlm.nih.gov/pubmed/25984517
https://doi.org/10.1139/m69-252
https://www.ncbi.nlm.nih.gov/pubmed/4905045
https://doi.org/10.1128/JVI.01858-14
https://www.ncbi.nlm.nih.gov/pubmed/25056893
https://doi.org/10.1186/s13071-021-04974-1
https://www.ncbi.nlm.nih.gov/pubmed/34503550

Viruses 2023, 15, 958 20 of 25

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

McLean, D.M.; Donohue, W.L. Powassan virus: Isolation of virus from a fatal case of encephalitis. Can. Med. Assoc. ]. 1959, 80,
708-711.

Kemenesi, G.; Banyai, K. Tick-Borne Flaviviruses, with a Focus on Powassan Virus. Clin. Microbiol. Rev. 2019, 32, e00106-17.
[CrossRef]

Centers for Disease Control and Prevention. Powassan Virus Statistics & Maps; ArboNET: Atlanta, GA, USA, 2020. Available
online: https://www.cdc.gov/powassan/statistics.html (accessed on 7 January 2023).

CDC. Tickborne Disease Surveillance Data Summary. Available online: https://www.cdc.gov/ticks/data-summary/index.html
(accessed on 3 November 2022).

Frost, H.M.; Schotthoefer, A.M.; Thomm, A.M.; Dupuis, A.P,, 2nd; Kehl, S.C.; Kramer, L.D.; Fritsche, T.R.; Harrington, Y.A.; Knox,
K.K. Serologic Evidence of Powassan Virus Infection in Patients with Suspected Lyme Disease(1). Emerg. Infect. Dis. 2017, 23,
1384-1388. [CrossRef]

Ebel, G.D. Update on Powassan virus: Emergence of a North American tick-borne flavivirus. Annu. Rev. Entomol. 2010, 55,
95-110. [CrossRef]

Fields, B.N.; Knipe, D.M.; Howley, PM. Fields Virology, 6th ed.; Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadel-
phia, PA, USA, 2013.

Lampen, M.H.; Uchtenhagen, H.; Blom, K.; Varnaite, R.; Pakalniene, J.; Dailidyte, L.; Walchli, S.; Lindquist, L.; Mickiene, A.;
Michaelsson, J.; et al. Breadth and Dynamics of HLA-A2- and HLA-B7-Restricted CD8" T Cell Responses against Nonstructural
Viral Proteins in Acute Human Tick-Borne Encephalitis Virus Infection. Immunohorizons 2018, 2, 172-184. [CrossRef] [PubMed]
Salat, ].; Strakova, P.; Ruzek, D. Dynamics of Whole Virus and Non-Structural Protein 1 (NS1) IgG Response in Mice Immunized
with Two Commercial Tick-Borne Encephalitis Vaccines. Vaccines 2022, 10, 1001. [CrossRef] [PubMed]

Albinsson, B.; Ronnberg, B.; Vene, S.; Lundkvist, A. Antibody responses to tick-borne encephalitis virus non-structural protein
1 and whole virus antigen-a new tool in the assessment of suspected vaccine failure patients. Infect. Ecol. Epidemiol. 2019, 9,
1696132. [CrossRef]

Muller, D.A.; Young, PR. The flavivirus NS1 protein: Molecular and structural biology, immunology, role in pathogenesis and
application as a diagnostic biomarker. Antivir. Res. 2013, 98, 192-208. [CrossRef]

National Institutes of Health National Institute of Neurological Disorders and Stroke. Meningitis and Encephalitis. Available
online: https://www.ninds.nih.gov/health-information/disorders/meningitis-and-encephalitis (accessed on 18 January 2023).
Fares, M.; Cochet-Bernoin, M.; Gonzalez, G.; Montero-Menei, C.N.; Blanchet, O.; Benchoua, A.; Boissart, C.; Lecollinet, S.;
Richardson, J.; Haddad, N.; et al. Pathological modeling of TBEV infection reveals differential innate immune responses in human
neurons and astrocytes that correlate with their susceptibility to infection. J. Neuroinflammation 2020, 17, 76. [CrossRef] [PubMed]
Lindqvist, R.; Upadhyay, A.; Overby, A.K. Tick-Borne Flaviviruses and the Type I Interferon Response. Viruses 2018, 10, 340.
[CrossRef] [PubMed]

Yang, Q.; You, J.; Zhou, Y.; Wang, Y.; Pei, R.; Chen, X.; Yang, M.; Chen, J. Tick-borne encephalitis virus NS4A ubiquitination
antagonizes type I interferon-stimulated STAT1/2 signalling pathway. Emerg. Microbes Infect. 2020, 9, 714-726. [CrossRef]
Blom, K.; Braun, M.; Pakalniene, J.; Dailidyte, L.; Beziat, V.; Lampen, M.H.; Klingstrom, J.; Lagerqvist, N.; Kjerstadius, T.;
Michaelsson, J.; et al. Specificity and dynamics of effector and memory CD8 T cell responses in human tick-borne encephalitis
virus infection. PLoS Pathog. 2015, 11, e1004622. [CrossRef]

Urban, S.L.; Jensen, L].; Shan, Q.; Pewe, L.L.; Xue, H.H.; Badovinac, V.P.; Harty, ].T. Peripherally induced brain tissue-resident
memory CD8* T cells mediate protection against CNS infection. Nat. Immunol. 2020, 21, 938-949. [CrossRef]

Pogodina, V.V.; Frolova, M.P.; Malenko, G.V.,; Fokina, G.I; Levina, L.S.; Mamonenko, L.L.; Koreshkova, G.V.; Ralf, N.M. Persistence
of tick-borne encephalitis virus in monkeys. I. Features of experimental infection. Acta Virol. 1981, 25, 337-343.

Pogodina, V.V,; Levina, L.S.; Fokina, G.I.; Koreshkova, G.V.; Malenko, G.V.; Bochkova, N.G.; Rzhakhova, O.E. Persistence of
tic-borne encephalitis virus in monkeys. III. Phenotypes of the persisting virus. Acta Virol. 1981, 25, 352-360. [PubMed]
Pogodina, V.V.; Malenko, G.V.; Fokina, G.I.; Levina, L.S.; Koreshkova, G.V.; Rzhakhova, O.E.; Bochkova, N.G.; Mamonenko, L.L.
Persistence of tick-borne encephalitis virus in monkeys. II. Effectiveness of methods used for virus detection. Acta Virol. 1981, 25,
344-351. [PubMed]

Pogodina, V.V.; Bochkova, N.G.; Levina, L.S. Persistence of tick-borne encephalitis virus in monkeys. VII. Some features of the
immune response. Acta Virol. 1984, 28, 407—415.

Stiss, J.; Gelpi, E.; Klaus, C.; Bagon, A.; Liebler-Tenorio, E.M.; Budka, H.; Stark, B.; Miiller, W.; Hotzel, H. Tickborne encephalitis in
naturally exposed monkey (Macaca sylvanus). Emerg. Infect. Dis. 2007, 13, 905-907. [CrossRef] [PubMed]

Rutizek, D.; Salat, J.; Palus, M.; Gritsun, T.S.; Gould, E.A.; Dykova, L; Skallov4, A.; Jelinek, J.; Kopecky, J.; Grubhoffer, L. CD8*
T-cells mediate immunopathology in tick-borne encephalitis. Virology 2009, 384, 1-6. [CrossRef]

Petry, M.; Palus, M.; Leitzen, E.; Mitterreiter, ].G.; Huang, B.; Kroger, A.; Verjans, G.; Baumgartner, W.; Rimmelzwaan, G.F.; Razek,
D.; et al. Immunity to TBEV Related Flaviviruses with Reduced Pathogenicity Protects Mice from Disease but Not from TBEV
Entry into the CNS. Vaccines 2021, 9, 196. [CrossRef] [PubMed]

Fujii, Y.; Hayasaka, D.; Kitaura, K.; Takasaki, T.; Suzuki, R.; Kurane, I. T-cell clones expressing different T-cell receptors accumulate
in the brains of dying and surviving mice after peripheral infection with far eastern strain of tick-borne encephalitis virus. Viral
Immunol. 2011, 24, 291-302. [CrossRef]


https://doi.org/10.1128/CMR.00106-17
https://www.cdc.gov/powassan/statistics.html
https://www.cdc.gov/ticks/data-summary/index.html
https://doi.org/10.3201/eid2308.161971
https://doi.org/10.1146/annurev-ento-112408-085446
https://doi.org/10.4049/immunohorizons.1800029
https://www.ncbi.nlm.nih.gov/pubmed/31022685
https://doi.org/10.3390/vaccines10071001
https://www.ncbi.nlm.nih.gov/pubmed/35891164
https://doi.org/10.1080/20008686.2019.1696132
https://doi.org/10.1016/j.antiviral.2013.03.008
https://www.ninds.nih.gov/health-information/disorders/meningitis-and-encephalitis
https://doi.org/10.1186/s12974-020-01756-x
https://www.ncbi.nlm.nih.gov/pubmed/32127025
https://doi.org/10.3390/v10070340
https://www.ncbi.nlm.nih.gov/pubmed/29933625
https://doi.org/10.1080/22221751.2020.1745094
https://doi.org/10.1371/journal.ppat.1004622
https://doi.org/10.1038/s41590-020-0711-8
https://www.ncbi.nlm.nih.gov/pubmed/6120636
https://www.ncbi.nlm.nih.gov/pubmed/6120635
https://doi.org/10.3201/eid1306.061173
https://www.ncbi.nlm.nih.gov/pubmed/17553233
https://doi.org/10.1016/j.virol.2008.11.023
https://doi.org/10.3390/vaccines9030196
https://www.ncbi.nlm.nih.gov/pubmed/33652698
https://doi.org/10.1089/vim.2011.0017

Viruses 2023, 15, 958 21 of 25

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ershova, A.S,; Gra, O.A,; Lyaschuk, A.M.; Grunina, T.M.; Tkachuk, A.P; Bartov, M.S.; Savina, D.M.; Sergienko, O.V.; Galushkina,
ZM.; Gudov, V.P; et al. Recombinant domains III of Tick-Borne Encephalitis Virus envelope protein in combination with dextran
and CpGs induce immune response and partial protectiveness against TBE virus infection in mice. BMC Infect. Dis. 2016, 16, 544.
[CrossRef]

Agudelo, M; Palus, M.; Keeffe, ].R.; Bianchini, F.; Svoboda, P; Salat, J.; Peace, A.; Gazumyan, A.; Cipolla, M.; Kapoor, T.; et al.
Broad and potent neutralizing human antibodies to tick-borne flaviviruses protect mice from disease. J. Exp. Med. 2021, 218,
€20210236. [CrossRef]

Eyer, L.; Kondo, H.; Zouharova, D.; Hirano, M.; Valdés, ].J.; Muto, M.; Kastl, T.; Kobayashi, S.; Haviernik, J.; Igarashi, M.; et al.
Escape of Tick-Borne Flavivirus from 2’-C-Methylated Nucleoside Antivirals Is Mediated by a Single Conservative Mutation in
NS5 That Has a Dramatic Effect on Viral Fitness. J. Virol. 2017, 91, e01028-17. [CrossRef]

Rtizek, D.; Salat, J.; Singh, S.K.; Kopecky, J. Breakdown of the blood-brain barrier during tick-borne encephalitis in mice is not
dependent on CD8" T-cells. PLoS ONE 2011, 6, €20472. [CrossRef] [PubMed]

Semenov, B.E,; Khozinsky, V.V.; Vargin, V.V. The damaging action of cellular immunity in flavivirus infections of mice. Med. Biol.
1975, 53, 331-336. [PubMed]

Jurado, K.A.; Yockey, L.J.; Wong, PW.; Lee, S.; Huttner, A.].; Iwasaki, A. Antiviral CD8 T cells induce Zika-virus-associated
paralysis in mice. Nat. Microbiol. 2018, 3, 141-147. [CrossRef] [PubMed]

Hermance, M.E,; Santos, R.I.; Kelly, B.C.; Valbuena, G.; Thangamani, S. Inmune Cell Targets of Infection at the Tick-Skin Interface
during Powassan Virus Transmission. PLoS ONE 2016, 11, e0155889. [CrossRef] [PubMed]

Stone, E.T.; Hassert, M.; Geerling, E.; Wagner, C.; Brien, ].D.; Ebel, G.D.; Hirsch, A.J.; German, C.; Smith, J.L.; Pinto, A.K. Balanced
T and B cell responses are required for immune protection against Powassan virus in virus-like particle vaccination. Cell Rep.
2022, 38, 110388.

Choi, H.; Kudchodkar, S.B.; Ho, M.; Reuschel, E.L.; Reynolds, E.; Xu, Z.; Bordoloi, D.; Ugen, K.E.; Tebas, P.; Kim, J.; et al. A novel
synthetic DNA vaccine elicits protective immune responses against Powassan virus. PLoS Negl. Trop. Dis. 2020, 14, e0008788.
[CrossRef]

Frolova, M.P; Isachkova, L.M.; Shestopalova, N.M.; Pogodina, V.V. Experimental encephalitis in monkeys caused by the Powassan
virus. Neurosci. Behav. Physiol. 1985, 15, 62-69. [CrossRef]

Conde, J.N.; Sanchez-Vicente, S.; Saladino, N.; Gorbunova, E.E.; Schutt, W.R.; Mladinich, M.C.; Himmler, G.E.; Benach, J.; Kim,
H.K.; Mackow, E.R. Powassan Viruses Spread Cell to Cell during Direct Isolation from Ixodes Ticks and Persistently Infect Human
Brain Endothelial Cells and Pericytes. ]. Virol. 2022, 96, e0168221. [CrossRef]

Nelson, J.; Ochoa, L.; Villareal, P.; Dunn, T.; Wu, P.; Vargas, G.; Freiberg, A.N. Powassan Virus Induces Structural Changes in
Human Neuronal Cells In Vitro and Murine Neurons In Vivo. Pathogens 2022, 11, 1218.

Mlera, L.; Meade-White, K.; Saturday, G.; Scott, D.; Bloom, M.E. Modeling Powassan virus infection in Peromyscus leucopus, a
natural host. PLoS Negl. Trop. Dis. 2017, 11, e0005346. [CrossRef]

Mlera, L.; Meade-White, K.; Dahlstrom, E.; Baur, R.; Kanakabandi, K.; Virtaneva, K.; Porcella, S.F.; Bloom, M.E. Peromyscus
leucopus mouse brain transcriptome response to Powassan virus infection. J. Neurovirol. 2018, 24, 75-87. [CrossRef]

Santos, R.I; Hermance, M.E.; Gelman, B.B.; Thangamani, S. Spinal Cord Ventral Horns and Lymphoid Organ Involvement in
Powassan Virus Infection in a Mouse Model. Viruses 2016, 8, 220. [CrossRef] [PubMed]

Banks, W.A; Kastin, A.].; Ehrensing, C.A. Blood-borne interleukin-1 alpha is transported across the endothelial blood-spinal cord
barrier of mice. J. Physiol. 1994, 479 Pt 2, 257-264. [CrossRef]

Rochfort, K.D.; Collins, L.E.; Murphy, R.P.; Cummins, PM. Downregulation of blood-brain barrier phenotype by proinflammatory
cytokines involves NADPH oxidase-dependent ROS generation: Consequences for interendothelial adherens and tight junctions.
PLoS ONE 2014, 9, €101815. [CrossRef] [PubMed]

Gutierrez, E.G.; Banks, W.A; Kastin, A.J. Murine tumor necrosis factor alpha is transported from blood to brain in the mouse. J.
Neuroimmunol. 1993, 47, 169-176. [CrossRef] [PubMed]

Jeohn, G.H.; Kong, L.Y.; Wilson, B.; Hudson, P.; Hong, ].S. Synergistic neurotoxic effects of combined treatments with cytokines in
murine primary mixed neuron/glia cultures. J. Neuroimmunol. 1998, 85, 1-10. [CrossRef]

Puerta-Guardo, H.; Glasner, D.R.; Espinosa, D.A.; Biering, S.B.; Patana, M.; Ratnasiri, K.; Wang, C.; Beatty, PR.; Harris, E. Flavivirus
NS1 Triggers Tissue-Specific Vascular Endothelial Dysfunction Reflecting Disease Tropism. Cell Rep. 2019, 26, 1598-1613.e8.
[CrossRef]

Waguespack, PJ.; Banks, W.A ; Kastin, A.J. Interleukin-2 does not cross the blood-brain barrier by a saturable transport system.
Brain Res. Bull. 1994, 34, 103-109. [CrossRef]

Reusken, C.; Boonstra, M.; Rugebregt, S.; Scherbeijn, S.; Chandler, F.; Avsic-Zupanc, T.; Vapalahti, O.; Koopmans, M.;
GeurtsvanKessel, C.H. An evaluation of serological methods to diagnose tick-borne encephalitis from serum and cerebrospinal
fluid. J. Clin. Virol. 2019, 120, 78-83. [CrossRef]

Roggendorf, M.; Heinz, F.; Deinhardt, F.; Kunz, C. Serological diagnosis of acute tick-borne encephalitis by demonstration of
antibodies of the IgM class. |. Med. Virol. 1981, 7, 41-50. [CrossRef]

Chen, Z.; Li, G. Immune response and blood-brain barrier dysfunction during viral neuroinvasion. Innate Immun. 2021, 27,
109-117. [CrossRef] [PubMed]


https://doi.org/10.1186/s12879-016-1884-5
https://doi.org/10.1084/jem.20210236
https://doi.org/10.1128/JVI.01028-17
https://doi.org/10.1371/journal.pone.0020472
https://www.ncbi.nlm.nih.gov/pubmed/21629771
https://www.ncbi.nlm.nih.gov/pubmed/1207187
https://doi.org/10.1038/s41564-017-0060-z
https://www.ncbi.nlm.nih.gov/pubmed/29158604
https://doi.org/10.1371/journal.pone.0155889
https://www.ncbi.nlm.nih.gov/pubmed/27203436
https://doi.org/10.1371/journal.pntd.0008788
https://doi.org/10.1007/BF01186452
https://doi.org/10.1128/JVI.01682-21
https://doi.org/10.1371/journal.pntd.0005346
https://doi.org/10.1007/s13365-017-0596-y
https://doi.org/10.3390/v8080220
https://www.ncbi.nlm.nih.gov/pubmed/27529273
https://doi.org/10.1113/jphysiol.1994.sp020293
https://doi.org/10.1371/journal.pone.0101815
https://www.ncbi.nlm.nih.gov/pubmed/24992685
https://doi.org/10.1016/0165-5728(93)90027-V
https://www.ncbi.nlm.nih.gov/pubmed/8370768
https://doi.org/10.1016/S0165-5728(97)00204-X
https://doi.org/10.1016/j.celrep.2019.01.036
https://doi.org/10.1016/0361-9230(94)90005-1
https://doi.org/10.1016/j.jcv.2019.09.009
https://doi.org/10.1002/jmv.1890070105
https://doi.org/10.1177/1753425920954281
https://www.ncbi.nlm.nih.gov/pubmed/32903111

Viruses 2023, 15, 958 22 of 25

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

Hirano, M.; Muto, M.; Sakai, M.; Kondo, H.; Kobayashi, S.; Kariwa, H.; Yoshii, K. Dendritic transport of tick-borne flavivirus RNA
by neuronal granules affects development of neurological disease. Proc. Natl. Acad. Sci. USA 2017, 114, 9960-9965. [CrossRef]
[PubMed]

Zlotnik, I.; Grant, D.P. Further observations on subacute sclerosing encephalitis in adult hamsters: The effects of intranasal
infections with Langat virus, measles virus and SSPE-measles virus. Br. J. Exp. Pathol. 1976, 57, 49-66.

Kurhade, C.; Zegenhagen, L.; Weber, E.; Nair, S.; Michaelsen-Preusse, K.; Spanier, J.; Gekara, N.O.; Kroger, A.; Overby, A K.
Type I Interferon response in olfactory bulb, the site of tick-borne flavivirus accumulation, is primarily regulated by IPS-1. J.
Neuroinflammation 2016, 13, 22. [CrossRef] [PubMed]

Chekhonin, V.P,; Zhirkov, Y.A ; Belyaeva, I.A.; Ryabukhin, I.A.; Gurina, O.I,; Dmitriyeva, T.B. Serum time course of two brain-
specific proteins, alpha(1) brain globulin and neuron-specific enolase, in tick-born encephalitis and Lyme disease. Clin. Chim.
Acta 2002, 320, 117-125. [CrossRef] [PubMed]

Roe, K.; Kumar, M.; Lum, S.; Orillo, B.; Nerurkar, V.R.; Verma, S. West Nile virus-induced disruption of the blood-brain barrier in
mice is characterized by the degradation of the junctional complex proteins and increase in multiple matrix metalloproteinases. J.
Gen. Virol. 2012, 93 Pt 6, 1193-1203. [CrossRef] [PubMed]

Zaitsev, B.N.; Benedetti, F; Mikhaylov, A.G.; Korneev, D.V.; Sekatskii, S.K.; Karakouz, T.; Belavin, P.A.; Netesova, N.A,;
Protopopova, E.V.; Konovalova, S.N.; et al. Force-induced globule-coil transition in laminin binding protein and its role for
viral-cell membrane fusion. J. Mol. Recognit. 2014, 27, 727-738. [CrossRef]

Perera-Lecoin, M.; Meertens, L.; Carnec, X.; Amara, A. Flavivirus entry receptors: An update. Viruses 2013, 6, 69-88. [CrossRef]
Malygin, A.A.; Bondarenko, E.I; Ivanisenko, V.A.; Protopopova, E.V.; Karpova, G.G.; Loktev, V.B. C-terminal fragment of human
laminin-binding protein contains a receptor domain for venezuelan equine encephalitis and tick-borne encephalitis viruses.
Biochemistry 2009, 74, 1328-1336. [CrossRef]

Kopecky, J.; Grubhoffer, L.; Kovar, V.; Jindrak, L.; Vokurkova, D. A putative host cell receptor for tick-borne encephalitis virus
identified by anti-idiotypic antibodies and virus affinoblotting. Intervirology 1999, 42, 9-16. [CrossRef]

Maldov, D.G.; Karganova, G.G.; Timofeev, A.V. Tick-borne encephalitis virus interaction with the target cells. Arch. Virol. 1992,
127,321-325. [CrossRef] [PubMed]

Palus, M.; Vancova, M.; Sirmarova, J.; Elsterova, J.; Perner, J.; Ruzek, D. Tick-borne encephalitis virus infects human brain
microvascular endothelial cells without compromising blood-brain barrier integrity. Virology 2017, 507, 110-122. [CrossRef]
Palus, M.; Bily, T.; Elsterova, J.; Langhansova, H.; Salat, J.; Vancovd, M.; RtiZzek, D. Infection and injury of human astrocytes by
tick-borne encephalitis virus. J. Gen. Virol. 2014, 95 Pt 11, 2411-2426. [CrossRef] [PubMed]

Selinger, M.; Véchtova, P.; Tykalova, H.; Oslejskova, P.; Rumlovéd, M.; Sterba, J.; Grubhoffer, L. Integrative RNA profiling of
TBEV-infected neurons and astrocytes reveals potential pathogenic effectors. Comput. Struct. Biotechnol. J. 2022, 20, 2759-2777.
[CrossRef] [PubMed]

Bhide, K.; Mochnacova, E.; Tkac¢ova, Z.; Petrouskova, P.; Kulkarni, A.; Bhide, M. Signaling events evoked by domain III of envelop
glycoprotein of tick-borne encephalitis virus and West Nile virus in human brain microvascular endothelial cells. Sci. Rep. 2022,
12, 8863. [CrossRef]

Pokorna Formanova, P.; Palus, M.; Salat, J.; Honig, V.; Stefanik, M.; Svoboda, P.; Ruzek, D. Changes in cytokine and chemokine
profiles in mouse serum and brain, and in human neural cells, upon tick-borne encephalitis virus infection. J. Neuroinflammation
2019, 16, 205. [CrossRef]

Andersen, LH.; Marker, O.; Thomsen, A.R. Breakdown of blood-brain barrier function in the murine lymphocytic choriomeningitis
virus infection mediated by virus-specific CD8* T cells. J. Neuroimmunol. 1991, 31, 155-163. [CrossRef]

Hermance, M.E.; Thangamani, S. Tick Saliva Enhances Powassan Virus Transmission to the Host, Influencing Its Dissemination
and the Course of Disease. J. Virol. 2015, 89, 7852-7860. [CrossRef]

Santos, R.I,; Hermance, M.E.; Reynolds, E.S.; Thangamani, S. Salivary gland extract from the deer tick, Ixodes scapularis, facilitates
neuroinvasion by Powassan virus in BALB/c mice. Sci. Rep. 2021, 11, 20873. [CrossRef]

Head, J.R;; Griffin, W.S. Functional capacity of solid tissue transplants in the brain: Evidence for immunological privilege. Proc. R.
Soc. Lond. B Biol. Sci. 1985, 224, 375-387.

Louveau, A.; Smirnov, I; Keyes, T.].; Eccles, ].D.; Rouhani, S.J.; Peske, ].D.; Derecki, N.C.; Castle, D.; Mandell, ].W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337-341. [CrossRef] [PubMed]
Kaser-Eichberger, A.; Schroed], E; Bieler, L.; Trost, A.; Bogner, B.; Runge, C.; Tempfer, H.; Zaunmair, P; Kreutzer, C.; Traweger, A,;
et al. Expression of Lymphatic Markers in the Adult Rat Spinal Cord. Front. Cell. Neurosci. 2016, 10, 23. [CrossRef] [PubMed]
Korn, T.; Kallies, A. T cell responses in the central nervous system. Nat. Rev. Immunol. 2017, 17, 179-194. [CrossRef] [PubMed]
Funk, K.E; Klein, R.S. CSFIR antagonism limits local restimulation of antiviral CD8" T cells during viral encephalitis. J.
Neuroinflammation 2019, 16, 22. [CrossRef] [PubMed]

Garber, C.; Soung, A.; Vollmer, L.L.; Kanmogne, M.; Last, A.; Brown, J.; Klein, R.S. T cells promote microglia-mediated synaptic
elimination and cognitive dysfunction during recovery from neuropathogenic flaviviruses. Nat. Neurosci. 2019, 22, 1276-1288.
[CrossRef] [PubMed]

Carletti, T.; Zakaria, M.K.; Marcello, A. The host cell response to tick-borne encephalitis virus. Biochem. Biophys. Res. Commun.
2017, 492, 533-540. [CrossRef]


https://doi.org/10.1073/pnas.1704454114
https://www.ncbi.nlm.nih.gov/pubmed/28847946
https://doi.org/10.1186/s12974-016-0487-9
https://www.ncbi.nlm.nih.gov/pubmed/26819220
https://doi.org/10.1016/S0009-8981(02)00057-8
https://www.ncbi.nlm.nih.gov/pubmed/11983209
https://doi.org/10.1099/vir.0.040899-0
https://www.ncbi.nlm.nih.gov/pubmed/22398316
https://doi.org/10.1002/jmr.2399
https://doi.org/10.3390/v6010069
https://doi.org/10.1134/S0006297909120050
https://doi.org/10.1159/000024954
https://doi.org/10.1007/BF01309594
https://www.ncbi.nlm.nih.gov/pubmed/1456894
https://doi.org/10.1016/j.virol.2017.04.012
https://doi.org/10.1099/vir.0.068411-0
https://www.ncbi.nlm.nih.gov/pubmed/25000960
https://doi.org/10.1016/j.csbj.2022.05.052
https://www.ncbi.nlm.nih.gov/pubmed/35685361
https://doi.org/10.1038/s41598-022-13043-1
https://doi.org/10.1186/s12974-019-1596-z
https://doi.org/10.1016/0165-5728(91)90021-X
https://doi.org/10.1128/JVI.01056-15
https://doi.org/10.1038/s41598-021-00021-2
https://doi.org/10.1038/nature14432
https://www.ncbi.nlm.nih.gov/pubmed/26030524
https://doi.org/10.3389/fncel.2016.00023
https://www.ncbi.nlm.nih.gov/pubmed/26903808
https://doi.org/10.1038/nri.2016.144
https://www.ncbi.nlm.nih.gov/pubmed/28138136
https://doi.org/10.1186/s12974-019-1397-4
https://www.ncbi.nlm.nih.gov/pubmed/30704498
https://doi.org/10.1038/s41593-019-0427-y
https://www.ncbi.nlm.nih.gov/pubmed/31235930
https://doi.org/10.1016/j.bbrc.2017.02.006

Viruses 2023, 15, 958 23 of 25

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Blom, K.; Braun, M.; Pakalniene, J.; Lunemann, S.; Enqvist, M.; Dailidyte, L.; Schaffer, M.; Lindquist, L.; Mickiene, A.; Michaelsson,
J.; et al. NK Cell Responses to Human Tick-Borne Encephalitis Virus Infection. J. Immunol. 2016, 197, 2762-2771. [CrossRef]
Best, S.M.; Morris, K.L.; Shannon, J.G.; Robertson, S.J.; Mitzel, D.N.; Park, G.S.; Boer, E.; Wolfinbarger, J.B.; Bloom, M.E. Inhibition
of interferon-stimulated JAK-STAT signaling by a tick-borne flavivirus and identification of NS5 as an interferon antagonist. J.
Virol. 2005, 79, 12828-12839. [CrossRef]

Doherty, P.C.; Allan, J.E. Role of the major histocompatibility complex in targeting effector T cells into a site of virus infection. Eur.
J. Immunol. 1986, 16, 1237-1242. [CrossRef]

Wang, M.S.; Hu, Y.; Sanchez, E.E.; Xie, X.; Roy, N.H.; de Jesus, M.; Winer, B.Y.; Zale, E.A; Jin, W.; Sachar, C.; et al. Mechanically
active integrins target lytic secretion at the immune synapse to facilitate cellular cytotoxicity. Nat. Commun. 2022, 13, 3222.
[CrossRef]

Cebridn, C.; Loike, ].D.; Sulzer, D. Neuronal MHC-I expression and its implications in synaptic function, axonal regeneration and
Parkinson's and other brain diseases. Front. Neuroanat. 2014, 8, 114. [CrossRef] [PubMed]

Joly, E.; Mucke, L.; Oldstone, M.B. Viral persistence in neurons explained by lack of major histocompatibility class I expression.
Science 1991, 253, 1283-1285. [CrossRef] [PubMed]

Joly, E.; Oldstone, M.B. Neuronal cells are deficient in loading peptides onto MHC class I molecules. Neuron 1992, 8, 1185-1190.
[CrossRef] [PubMed]

Lampson, L.A; Fisher, C.A. Weak HLA and beta 2-microglobulin expression of neuronal cell lines can be modulated by interferon.
Proc. Natl. Acad. Sci. USA 1984, 81, 6476-6480. [CrossRef] [PubMed]

Liu, Y,; King, N.; Kesson, A.; Blanden, R.V.; Miillbacher, A. West Nile virus infection modulates the expression of class I and class
II MHC antigens on astrocytes in vitro. Ann. N. Y. Acad. Sci. 1988, 540, 483-485. [CrossRef]

Redwine, ].M.; Buchmeier, M.].; Evans, C.E. In vivo expression of major histocompatibility complex molecules on oligodendrocytes
and neurons during viral infection. Am. J. Pathol. 2001, 159, 1219-1224. [CrossRef]

Gairin, J.E.; Joly, E.; Oldstone, M.B. Persistent infection with lymphocytic choriomeningitis virus enhances expression of MHC
class I glycoprotein on cultured mouse brain endothelial cells. J. Immunol. 1991, 146, 3953-3957. [CrossRef]

Guidotti, L.G.; Chisari, F.V. Noncytolytic control of viral infections by the innate and adaptive immune response. Annu. Rev.
Immunol. 2001, 19, 65-91. [CrossRef]

Medana, I.M.; Gallimore, A.; Oxenius, A.; Martinic, M.M.; Wekerle, H.; Neumann, H. MHC class I-restricted killing of neurons by
virus-specific CD8* T lymphocytes is effected through the Fas/FasL, but not the perforin pathway. Eur. J. Immunol. 2000, 30,
3623-3633. [CrossRef]

Meuth, S.G.; Herrmann, A.M.; Simon, O.].; Siffrin, V.; Melzer, N.; Bittner, S.; Meuth, P.; Langer, H.F.; Hallermann, S.; Boldakowa,
N.; et al. Cytotoxic CD8" T cell-neuron interactions: Perforin-dependent electrical silencing precedes but is not causally linked to
neuronal cell death. J. Neurosci. 2009, 29, 15397-15409. [CrossRef]

Neumann, H.; Schmidt, H.; Cavalié, A.; Jenne, D.; Wekerle, H. Major histocompatibility complex (MHC) class I gene expression
in single neurons of the central nervous system: Differential regulation by interferon (IFN)-gamma and tumor necrosis factor
(TNF)-alpha. J. Exp. Med. 1997, 185, 305-316. [CrossRef] [PubMed]

Zhang, X.; Zheng, Z.; Liu, X.; Shu, B.; Mao, P; Bai, B.; Hu, Q.; Luo, M.; Ma, X; Cui, Z,; et al. Tick-borne encephalitis virus induces
chemokine RANTES expression via activation of IRF-3 pathway. . Neuroinflammation 2016, 13, 209. [CrossRef] [PubMed]
Overby, AK.; Popov, V.L.; Niedrig, M.; Weber, F. Tick-borne encephalitis virus delays interferon induction and hides its
double-stranded RNA in intracellular membrane vesicles. J. Virol. 2010, 84, 8470-8483. [CrossRef] [PubMed]

Gelpi, E.; Preusser, M.; Garzuly, F; Holzmann, H.; Heinz, EX.; Budka, H. Visualization of Central European tick-borne encephalitis
infection in fatal human cases. J. Neuropathol. Exp. Neurol. 2005, 64, 506-512. [CrossRef] [PubMed]

Gelpi, E.; Preusser, M.; Laggner, U.; Garzuly, F.; Holzmann, H.; Heinz, EX.; Budka, H. Inflammatory response in human tick-borne
encephalitis: Analysis of postmortem brain tissue. J. Neurovirol. 2006, 12, 322-327. [CrossRef]

Kindberg, E.; Mickiene, A.; Ax, C.; Akerlind, B.; Vene, S.; Lindquist, L.; Lundkvist, A.; Svensson, L. A deletion in the chemokine
receptor 5 (CCR5) gene is associated with tickborne encephalitis. |. Infect. Dis. 2008, 197, 266-269. [CrossRef]

Bardina, S.V.; Lim, ].K. The role of chemokines in the pathogenesis of neurotropic flaviviruses. Immunol. Res. 2012, 54, 121-132.
[CrossRef]

Grygorczuk, S.; Zajkowska, J.; Swierzbiriska, R.; Pancewicz, S.; Kondrusik, M.; Hermanowska-Szpakowicz, T. Concentration of
the beta-chemokine CCL5 (RANTES) in cerebrospinal fluid in patients with tick-borne encephalitis. Neurol. Neurochir. Pol. 2006,
40,106-111.

Grygorczuk, S.; Dunaj-Malyszko, J.; Sulik, A.; Toczylowski, K.; Czupryna, P; Zebrowska, A.; Parczewski, M. The Lack of
the Association of the CCR5 Genotype with the Clinical Presentation and Frequency of Tick-Borne Encephalitis in the Polish
Population. Pathogens 2022, 11, 318. [CrossRef]

Palus, M.; Vojtiskov4, J.; Salat, J.; Kopecky, J.; Grubhoffer, L.; Lipoldov4a, M.; Demant, P.; Rtzek, D. Mice with different
susceptibility to tick-borne encephalitis virus infection show selective neutralizing antibody response and inflammatory reaction
in the central nervous system. J. Neuroinflammation 2013, 10, 77. [CrossRef]

Tavakoli, N.P,; Wang, H.; Dupuis, M.; Hull, R.; Ebel, G.D.; Gilmore, E.J.; Faust, P.L. Fatal Case of Deer Tick Virus Encephalitis. N.
Engl. J. Med. 2009, 360, 2099-2107. [CrossRef] [PubMed]


https://doi.org/10.4049/jimmunol.1600950
https://doi.org/10.1128/JVI.79.20.12828-12839.2005
https://doi.org/10.1002/eji.1830161009
https://doi.org/10.1038/s41467-022-30809-3
https://doi.org/10.3389/fnana.2014.00114
https://www.ncbi.nlm.nih.gov/pubmed/25352786
https://doi.org/10.1126/science.1891717
https://www.ncbi.nlm.nih.gov/pubmed/1891717
https://doi.org/10.1016/0896-6273(92)90138-4
https://www.ncbi.nlm.nih.gov/pubmed/1610569
https://doi.org/10.1073/pnas.81.20.6476
https://www.ncbi.nlm.nih.gov/pubmed/6436814
https://doi.org/10.1111/j.1749-6632.1988.tb27143.x
https://doi.org/10.1016/S0002-9440(10)62507-2
https://doi.org/10.4049/jimmunol.146.11.3953
https://doi.org/10.1146/annurev.immunol.19.1.65
https://doi.org/10.1002/1521-4141(200012)30:12&lt;3623::AID-IMMU3623&gt;3.0.CO;2-F
https://doi.org/10.1523/JNEUROSCI.4339-09.2009
https://doi.org/10.1084/jem.185.2.305
https://www.ncbi.nlm.nih.gov/pubmed/9016879
https://doi.org/10.1186/s12974-016-0665-9
https://www.ncbi.nlm.nih.gov/pubmed/27576490
https://doi.org/10.1128/JVI.00176-10
https://www.ncbi.nlm.nih.gov/pubmed/20554782
https://doi.org/10.1093/jnen/64.6.506
https://www.ncbi.nlm.nih.gov/pubmed/15977642
https://doi.org/10.1080/13550280600848746
https://doi.org/10.1086/524709
https://doi.org/10.1007/s12026-012-8333-3
https://doi.org/10.3390/pathogens11030318
https://doi.org/10.1186/1742-2094-10-77
https://doi.org/10.1056/NEJMoa0806326
https://www.ncbi.nlm.nih.gov/pubmed/19439744

Viruses 2023, 15, 958 24 of 25

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Normandin, E.; Solomon, I.H.; Zamirpour, S.; Lemieux, J.; Freije, C.A.; Mukerji, S.S.; Tomkins-Tinch, C.; Park, D.; Sabeti, P.C.;
Piantadosi, A. Powassan Virus Neuropathology and Genomic Diversity in Patients With Fatal Encephalitis. Open. Forum Infect.
Dis. 2020, 7, ofaa392. [CrossRef] [PubMed]

Yu, Q.; Matkovic, E.; Reagan-Steiner, S.; Denison, A.M.; Osborn, R.; Salamat, S.M. A Fatal Case of Powassan Virus Encephalitis. J.
Neuropathol. Exp. Neurol. 2020, 79, 1239-1243. [CrossRef]

Czupryna, P; Grygorczuk, S.; Krawczuk, K.; Pancewicz, S.; Zajkowska, J.; Dunaj, J.; Matosek, A.; Kondrusik, M.; Moniuszko-
Malinowska, A. Sequelae of tick-borne encephalitis in retrospective analysis of 1072 patients. Epidemiol. Infect. 2018, 146,
1663-1670. [CrossRef] [PubMed]

Mickiene, A.; Laiskonis, A.; Glinther, G.; Vene, S.; Lundkvist, A.; Lindquist, L. Tickborne encephalitis in an area of high endemicity
in lithuania: Disease severity and long-term prognosis. Clin. Infect. Dis. 2002, 35, 650—-658. [CrossRef]

Pogodina, V.V.; Bochkova, N.G.; Karan, L.S.; Trukhina, A.G.; Levina, L.S.; Malenko, G.V.; Druzhinina, T.A.; Lukashenko, Z.S.;
Dul'keit, O.F; Platonov, A.E. The Siberian and Far-Eastern subtypes of tick-borne encephalitis virus registered in Russia's Asian
regions: Genetic and antigen characteristics of the strains. Vopr. Virusol. 2004, 49, 20-25.

Veje, M.; Nolskog, P.; Petzold, M.; Bergstrom, T.; Lindén, T.; Peker, Y.; Studahl, M. Tick-Borne Encephalitis sequelae at long-term
follow-up: A self-reported case-control study. Acta Neurol. Scand. 2016, 134, 434—441. [CrossRef]

Volok, V.P.; Gmyl, L.V.; Belyaletdinova, I.K.; Karganova, G.G.; Dekonenko, E.P. Progressive Course of Chronic Tick-Borne
Encephalitis Manifesting as Amyotrophic Lateral Sclerosis-like Syndrome 35 Years after the Acute Disease. Brain Sci. 2022, 12,
1020. [CrossRef]

Fowler, A.; Forsman, L.; Eriksson, M.; Wickstrém, R. Tick-borne encephalitis carries a high risk of incomplete recovery in children.
J. Pediatr. 2013, 163, 555-560. [CrossRef]

Lotric-Furlan, S.; Avsic-Zupanc, T.; Strle, F. An abortive form of tick-borne encephalitis (TBE)-a rare clinical manifestation of
infection with TBE virus. Wien. Klin. Wochenschr. 2002, 114, 627-629.

Bogovi¢, P; Kastrin, A.; Lotri¢-Furlan, S.; Ogrinc, K,; Zupanc, T.A.; Korva, M.; Knap, N.; Strle, F. Clinical and Laboratory
Characteristics and Outcome of Illness Caused by Tick-Borne Encephalitis Virus without Central Nervous System Involvement.
Emerg. Infect. Dis. 2022, 28, 291-301. [CrossRef] [PubMed]

Rossier, E.; Harrison, R.J.; Lemieux, B. A case of Powassan virus encephalitis. Can. Med. Assoc. ]. 1974, 110, 1173-1174. [PubMed]
Smith, R.; Woodall, J.P.; Whitney, E.; Deibel, R.; Gross, M.A.; Smith, V.; Bast, T.F. Powassan virus infection. A report of three
human cases of encephalitis. Am. J. Dis. Child. 1974, 127, 691-693. [CrossRef]

Johnson, D.K.; Staples, ]J.E.; Sotir, M.].; Warshauer, D.M.; Davis, ].P. Tickborne Powassan virus infections among Wisconsin
residents. WM]J 2010, 109, 91-97.

Piantadosi, A.; Rubin, D.B.; McQuillen, D.P.; Hsu, L.; Lederer, P.A.; Ashbaugh, C.D.; Duffalo, C.; Duncan, R.; Thon, J.; Bhat-
tacharyya, S.; et al. Emerging Cases of Powassan Virus Encephalitis in New England: Clinical Presentation, Imaging, and Review
of the Literature. Clin. Infect. Dis. 2016, 62, 707-713. [CrossRef] [PubMed]

Romero, J.R.; Simonsen, K.A. Powassan encephalitis and Colorado tick fever. Infect. Dis. Clin. N. Am. 2008, 22, 545-559. [CrossRef]
[PubMed]

Kettyls, G.D.; Verrall, VM.; Wilton, L.D.; Clapp, ].B.; Clarke, D.A.; Rublee, ].D. Arbovirus infections in man in British Columbia.
Can. Med. Assoc. J. 1972, 106, 1175-1179.

Johnson, I.M.; Scheckel, C.; Parikh, S.A.; Enzler, M.; Fugate, ].; Call, T.G. Fatal Powassan virus encephalitis in patients with
chronic lymphocytic leukemia. Blood Cancer J. 2022, 12, 143. [CrossRef]

Melchardt, T.; Weiss, L.; Greil, R.; Egle, A. Viral infections and their management in patients with chronic lymphocytic leukemia.
Leuk. Lymphoma 2013, 54, 1602-1613. [CrossRef]

Aberle, J.H.; Schwaiger, J.; Aberle, S.W.; Stiasny, K.; Scheinost, O.; Kundi, M.; Chmelik, V.; Heinz, FX. Human CD4* T Helper Cell
Responses after Tick-Borne Encephalitis Vaccination and Infection. PLoS ONE 2015, 10, e0140545. [CrossRef]

Hassert, M.; Brien, ].D.; Pinto, A.K. CD8" T cell cross-reactivity during heterologous flavivirus infection results in cross-reactive
immunodomination and enhanced cytolytic capacity at the expense of virus-specific responses. J. Immunol. 2020, 204, 95.9.
[CrossRef]

Hassert, M.; Steffen, T.L.; Scroggins, S.; Coleman, A.K.; Shacham, E.; Brien, ].D.; Pinto, A.K. Prior heterologous flavivirus exposure
results in reduced pathogenesis in a mouse model of Zika virus infection. J. Virol. 2021, 95, Jvi0057321. [CrossRef] [PubMed]
Vorovitch, M.E,; Grishina, K.G.; Volok, V.P.; Chernokhaeva, L.L.; Grishin, K.V.; Karganova, G.G.; Ishmukhametov, A.A. Evervac:
Phase I/1I study of immunogenicity and safety of a new adjuvant-free TBE vaccine cultivated in Vero cell culture. Hum. Vaccin.
Immunother. 2020, 16, 2123-2130. [CrossRef]

Harrison, N.; Grabmeier-Pfistershammer, K.; Graf, A.; Trapin, D.; Tauber, P.; Aberle, ].H.; Stiasny, K.; Schmidt, R.; Greinix,
H.; Rabitsch, W.; et al. Tick-Borne Encephalitis Specific Lymphocyte Response after Allogeneic Hematopoietic Stem Cell
Transplantation Predicts Humoral Immunity after Vaccination. Vaccines 2021, 9, 908. [CrossRef] [PubMed]

Hansson, K.E.; Rosdahl, A.; Insulander, M.; Vene, S.; Lindquist, L.; Gredmark-Russ, S.; Askling, H.H. Tick-borne Encephalitis
Vaccine Failures: A 10-year Retrospective Study Supporting the Rationale for Adding an Extra Priming Dose in Individuals
Starting at Age 50 Years. Clin. Infect. Dis. 2020, 70, 245-251. [CrossRef]


https://doi.org/10.1093/ofid/ofaa392
https://www.ncbi.nlm.nih.gov/pubmed/33094116
https://doi.org/10.1093/jnen/nlaa094
https://doi.org/10.1017/S0950268818002005
https://www.ncbi.nlm.nih.gov/pubmed/30047354
https://doi.org/10.1086/342059
https://doi.org/10.1111/ane.12561
https://doi.org/10.3390/brainsci12081020
https://doi.org/10.1016/j.jpeds.2013.01.037
https://doi.org/10.3201/eid2802.211661
https://www.ncbi.nlm.nih.gov/pubmed/35075993
https://www.ncbi.nlm.nih.gov/pubmed/4829843
https://doi.org/10.1001/archpedi.1974.02110240077010
https://doi.org/10.1093/cid/civ1005
https://www.ncbi.nlm.nih.gov/pubmed/26668338
https://doi.org/10.1016/j.idc.2008.03.001
https://www.ncbi.nlm.nih.gov/pubmed/18755390
https://doi.org/10.1038/s41408-022-00737-y
https://doi.org/10.3109/10428194.2012.755178
https://doi.org/10.1371/journal.pone.0140545
https://doi.org/10.4049/jimmunol.204.Supp.95.9
https://doi.org/10.1128/JVI.00573-21
https://www.ncbi.nlm.nih.gov/pubmed/34076486
https://doi.org/10.1080/21645515.2020.1757990
https://doi.org/10.3390/vaccines9080908
https://www.ncbi.nlm.nih.gov/pubmed/34452033
https://doi.org/10.1093/cid/ciz176

Viruses 2023, 15, 958 25 of 25

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Kantele, A.; Rombo, L.; Vene, S.; Kundi, M.; Lindquist, L.; Erra, E.O. Three-dose versus four-dose primary schedules for tick-borne
encephalitis (TBE) vaccine FSME-immun for those aged 50 years or older: A single-centre, open-label, randomized controlled
trial. Vaccine 2022, 40, 1299-1305. [CrossRef]

Wagner, A.; Garner-Spitzer, E.; Jasinska, J.; Kollaritsch, H.; Stiasny, K.; Kundi, M.; Wiedermann, U. Age-related differences in
humoral and cellular immune responses after primary immunisation: Indications for stratified vaccination schedules. Sci. Rep.
2018, 8, 9825. [CrossRef]

Sycheva, A.L.; Komech, E.A.; Pogorelyy, M.V.; Minervina, A.A.; Urazbakhtin, S.Z.; Salnikova, M.A.; Vorovitch, M.E; Kopantzev,
E.P; Zvyagin, L.V.; Komkov, A.Y,; et al. Inactivated tick-borne encephalitis vaccine elicits several overlapping waves of T cell
response. Front. Immunol. 2022, 13, 970285. [CrossRef]

Garner-Spitzer, E.; Poellabauer, E.M.; Wagner, A.; Guzek, A.; Zwazl, I.; Seidl-Friedrich, C.; Binder, C.J.; Stiasny, K.; Kundi, M.;
Wiedermann, U. Obesity and Sex Affect the Immune Responses to Tick-Borne Encephalitis Booster Vaccination. Front. Immunol.
2020, 11, 860. [CrossRef]

Geerling, E.; Hameed, M.; Weger-Lucarelli, J.; Pinto, A K. Metabolic syndrome and aberrant immune responses to viral infection
and vaccination: Insights from small animal models. Front. Immunol. 2022, 13, 1015563. [CrossRef]

Hameed, M.; Geerling, E.; Pinto, A.K.; Miraj, I.; Weger-Lucarelli, ]. Inmune response to arbovirus infection in obesity. Front.
Immunol. 2022, 13, 968582. [CrossRef] [PubMed]

Geerling, E.; Stone, E.T.; Steffen, T.L.; Hassert, M.; Brien, J.D.; Pinto, A.K. Obesity Enhances Disease Severity in Female Mice
Following West Nile Virus Infection. Front. Immunol. 2021, 12, 739025. [CrossRef]

Hopf, S.; Garner-Spitzer, E.; Hofer, M.; Kundi, M.; Wiedermann, U. Comparable immune responsiveness but increased reac-
togenicity after subcutaneous versus intramuscular administration of tick borne encephalitis (TBE) vaccine. Vaccine 2016, 34,
2027-2034. [CrossRef]

Shamanin, V.A; Pletnev, A.G.; Rubin, S.G.; Zlobin, V.I. The differentiation of viruses of the tick-borne encephalitis complex by
means of RNA-DNA hybridization. Vopr. Virusol. 1991, 36, 27-31. [PubMed]

Chernokhaeva, L.L.; Rogova, Y.V.; Vorovitch, M.E; Romanova, L.; Kozlovskaya, L.I.; Maikova, G.B.; Kholodilov, I.S.; Karganova,
G.G. Protective immunity spectrum induced by immunization with a vaccine from the TBEV strain Sofjin. Vaccine 2016, 34,
2354-2361. [CrossRef] [PubMed]

VanBlargan, L.A.; Himansu, S.; Foreman, B.M.; Ebel, G.D.; Pierson, T.C.; Diamond, M.S. An mRNA Vaccine Protects Mice against
Multiple Tick-Transmitted Flavivirus Infections. Cell Rep. 2018, 25, 3382-3392.e3. [CrossRef]

Malonis, R.J.; Georgiev, G.I.; Haslwanter, D.; VanBlargan, L.A; Fallon, G.; Vergnolle, O.; Cahill, S.M.; Harris, R.; Cowburn, D;
Chandran, K; et al. A Powassan virus domain III nanoparticle immunogen elicits neutralizing and protective antibodies in mice.
PLoS Pathog. 2022, 18, €1010573. [CrossRef]

Cimica, V.; Saleem, S.; Matuczinski, E.; Adams-Fish, D.; McMahon, C.; Rashid, S.; Stedman, T.T. A Virus-Like Particle-Based
Vaccine Candidate against the Tick-Borne Powassan Virus Induces Neutralizing Antibodies in a Mouse Model. Pathogens 2021,
10, 680. [CrossRef]

VanBlargan, L.A.; Errico, ].M.; Kafai, N.M.; Burgomaster, K.E.; Jethva, PN.; Broeckel, R.M.; Meade-White, K.; Nelson, C.A;
Himansu, S.; Wang, D.; et al. Broadly neutralizing monoclonal antibodies protect against multiple tick-borne flaviviruses. J. Exp.
Med. 2021, 218, €20210174. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.vaccine.2022.01.022
https://doi.org/10.1038/s41598-018-28111-8
https://doi.org/10.3389/fimmu.2022.970285
https://doi.org/10.3389/fimmu.2020.00860
https://doi.org/10.3389/fimmu.2022.1015563
https://doi.org/10.3389/fimmu.2022.968582
https://www.ncbi.nlm.nih.gov/pubmed/36466818
https://doi.org/10.3389/fimmu.2021.739025
https://doi.org/10.1016/j.vaccine.2015.12.057
https://www.ncbi.nlm.nih.gov/pubmed/1713371
https://doi.org/10.1016/j.vaccine.2016.03.041
https://www.ncbi.nlm.nih.gov/pubmed/27013433
https://doi.org/10.1016/j.celrep.2018.11.082
https://doi.org/10.1371/journal.ppat.1010573
https://doi.org/10.3390/pathogens10060680
https://doi.org/10.1084/jem.20210174

	Global Public Health Burden of Tick-Borne Flavivirus Encephalitis 
	Tick-Borne Encephalitis Virus (TBEV) 
	Powassan Virus (POWV) 

	Flavivirus Structure and Replication 
	Meningitis, Encephalitis, Myelitis, Encephalomyelitis, and Meningoencephalitis 
	T Cell Responses Early in TBFV Infection 
	TBEV 
	POWV 

	Trafficking to and across the Blood–Brain Barrier into the CNS 
	TBEV 
	POWV 

	The Central Nervous System (CNS) and Immune-Privilege 
	TBEV 
	POWV 

	Long-Term Neurological Sequelae, Persistence and Resolution 
	TBEV 
	POWV 

	Epitope Specific Response 
	Vaccinations and Therapeutics 
	TBEV 
	POWV 

	Concluding Remarks 
	References

