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Arthritogenic alphaviruses pose a significant public health concern due to their ability
to cause joint inflammation, with emerging evidence of potential neurological
consequences. In this review, we examine the immunopathology and immune
evasion strategies employed by these viruses, highlighting their complex
mechanisms of pathogenesis and neurological implications. We delve into how
these viruses manipulate host immune responses, modulate inflammatory pathways,
and potentially establish persistent infections. Further, we explore their ability to
breach the blood-brain barrier, triggering neurological complications, and how co-
infections exacerbate neurological outcomes. This review synthesizes current
research to provide a comprehensive overview of the immunopathological
mechanisms driving arthritogenic alphavirus infections and their impact on
neurological health. By highlighting knowledge gaps, it underscores the need for
research to unravel the complexities of virus-host interactions. This deeper
understanding is crucial for developing targeted therapies to address both joint
and neurological manifestations of these infections.
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Introduction

Alphaviruses represent a broad group of medically and
economically important viruses with the potential for epidemic
outbreaks. These enveloped viruses, members of the Togaviridae
family, possess a single-stranded, positive-sense RNA genome
(Strauss and Strauss, 1994). Despite low mortality rates,
alphaviruses cause significant morbidity in humans worldwide,
and different species display distinct geographical distributions.
For example, Chikungunya has impacted Oceania, Asia, Africa,
and, in the last decade, the Americas (Morens and Fauci, 2012).
Climate change and travel have intensified the risk of new
alphavirus disease outbreaks (Bellone et al., 2023).

Alphaviruses are primarily transmitted by arthropod vectors,
with mosquitoes as the main culprits. Several mosquito species of
the Aedes, Culex, and Anopheles genera are involved, although in
some cases, other arthropod species may play a role. Alphaviruses
frequently maintain transmission cycles between mosquitoes and
various vertebrate hosts, such as birds, rodents, or other mammals.
Humans generally act as incidental or “dead-end” hosts (Schmaljohn
and McClain, 1996).

The pathologies resulting from alphavirus infections in humans
vary widely. While many alphaviruses cause only mild or
asymptomatic infections, some can lead to severe illnesses.
Human-infecting alphaviruses can be broadly classified into two
groups. The first group includes arthritogenic alphaviruses such as
Chikungunya virus (CHIKV), Mayaro virus (MAYV), O’nyong’
nyong virus (ONNV), and Ross River virus (RRV) that are
responsible for debilitating fever, joint pain (polyarthralgia and
polyarthritis), and sometimes rash (trunk, limbs and face) (Zaid
et al., 2021). The second group includes encephalitic alphaviruses
like eastern equine encephalitis virus (EEEV), venezuelan equine
encephalitis virus (VEEV), and western equine encephalitis virus
(WEEV) that can cause severe fever, meningitis, and encephalitis
(Zacks and Paessler, 2010). While primarily associated with joint or
muscle pain (arthritogenic) or brain inflammation (encephalitic),
alphaviruses can sometimes disseminate into the nervous system in
other ways, causing atypical encephalitis, Guillain-Barré Syndrome
or other neurological impairments (sensory issues, paralysis, and
chronic neurological problems) (Baxter and Heise, 2020).

While vaccines exist and have been licensed for some
alphaviruses (Ng and Renia, 2024), there is currently no specific
treatment or cure for alphavirus infections. However, different
therapeutics approaches are being investigated: i) small molecules
such as nucleoside/nucleotide analogues, or compounds targeting
enzymes involved in viral replication (like proteases or polymerases)
(Battisti et al., 2021); ii) Interferon-based interventions. Interferons
are potent effector molecules with strong antiviral activities.
Administration of interferons or stimulating their production is an
avenue to generate or boost the antiviral response (Lazear et al,
2019); iii) host-directed therapies targeting inflammation. The severe
symptoms of many alphaviral diseases (arthritis, encephalitis) stem
from excessive inflammation. Therapies that can modulate specific
inflammatory pathways are being explored to decrease tissue damage
and pain (Mostafavi et al., 2019); and iv) antibody-based therapies.
Two approaches have been pursued. Monoclonal Antibodies that
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neutralize alphaviruses have been identified. They target viral surface
proteins, preventing virus entry into cells or helping in virus clearance
through their Fc receptors (Kim and Diamond, 2023). Another
approach using polyclonal IgG purified from convalescent plasma
has been investigated and was shown to protect mice against
chikungunya (Couderc et al., 2009). It remains to be shown if this
treatment will also be effective against human infections. In the
future, combined therapies that target different stages of the virus
life cycle, can be taken preventatively by high-risk populations or
during outbreaks. They may be more effective and hinder
resistance development.

Alphaviruses, like many pathogens, employ various strategies to
evade or manipulate the immune system. One such tactic involves
blocking the interferon signaling pathways, which are crucial
components of the body’s initial defense against viruses. By
suppressing interferon production and disrupting its signaling
pathways, alphaviruses facilitate their replication (Schoggins et al.,
2011). Additionally, certain alphaviruses can establish persistent
reservoirs in tissue cells, evading immune detection and potentially
leading to longer-term disease (Ryman and Klimstra, 2008).
Furthermore, alphaviruses can disrupt the functions of various
immune cells, impairing their ability to eliminate the virus and
setting conditions for persistent and/or chronic damages (Trobaugh
and Klimstra, 2017).

Host immune response
against alphavirus

A comprehensive understanding of host immune responses
during alphavirus infection is crucial for the development of
targeted antiviral and immunotherapeutic strategies and effective
vaccines. While the innate immune response acts as the first line of
defense, the adaptive immune system plays a crucial role in
controlling and eliminating the virus (during acute infection).
Importantly, both innate and adaptive immune responses
contribute to protective and potentially harmful mechanisms.

Studies in humans and animal models demonstrate that the
pathogenesis of arthritogenic alphaviruses is linked to immune cell
infiltration (including NK cells, monocytes/macrophages, and T
cells) into affected joints, along with elevated levels of specific
cytokines (Manimunda et al, 2010). However, the precise
mechanisms driving alphavirus-induced joint disease still require
further clarification.

Here, we explore recent advancements in our understanding of
innate and adaptive immune responses elicited during alphavirus
infections. Insights into the interplay between immune cells, the
dynamics of immunological memory, and the factors influencing
long-term protection pave the way for targeted interventions
against these important viruses.

Innate immune responses

Overall, the innate immune response to alphavirus infection
involves several key steps: recognition of viral components by
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pattern recognition receptors, production of interferons and pro-
inflammatory cytokines, and the activation and recruitment of
immune cells. By unraveling the complexities of these innate
immune responses during acute alphavirus infection, we can
develop innovative therapeutic approaches to better control and
mitigate the impact of these viruses.

Recognition of alphaviral pathogen-
associated molecular patterns

Our immune system fights off infections by recognizing
conserved patterns of viruses called pathogen-associated molecular
patterns (PAMPs). Alphaviruses, in particular, can be detected by
several sensors within our cells, known as pattern recognition
receptors (PRRs). including Toll-like receptors (TLRs), retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs), NOD-like
receptors (NLRs), and C-type lectin receptors (CLRs) (Carpentier
and Morrison, 2018; Kafai et al, 2022). TLRs and RLRs are key
players in sensing viral RNA. TLRs (TLR3, TLR7, and TLRS8)
recognize viral RNA in endosomes, while RLRs such as RIG-I and
melanoma differentiation-associated protein 5 (MDAD5), sense viral
RNA within the cytoplasm (Schlee and Hartmann, 2016). The
activation of additional receptors, including NLRs and CLRs, has
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recently been described during alphavirus infection (Long et al., 2013;
Chen and Ichinohe, 2015). NLRs, such as NLRP3 and NLRP1, form
multiprotein complexes called inflammasomes, which activate
caspase-1 and induce the production of pro-inflammatory
cytokines IL-1P and IL-18. Recent studies have implicated NLRP3
and NLRP1 in the recognition of alphaviral PAMPs, suggesting their
involvement in the induction of inflammatory responses during
alphavirus infection (Jenster et al., 2023). Engagement of PRRs
activates signaling cascades leading to the expression of
transcription factors which ultimately induce type I interferons
(IFNs), pro-inflammatory cytokines and chemokines (Carpentier
and Morrison, 2018) (summarized in Figure 1).

Role of type | IFN and
inflammatory cytokines

The induction and secretion of IFNSs, specifically IEN-o. and
IFN-B, are hallmarks of the innate immune response against viruses
(Katze et al., 2002; Hertzog et al., 2011; Murira and Lamarre, 2016).
Alphavirus-infected cells release IFNs, which acts in both autocrine
and paracrine manners to establish an antiviral state by inducing
the expression of interferon-stimulated genes (ISGs) that
collectively contribute to inhibit viral replication and
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FIGURE 1

Alphavirus induced innate immune response. The innate immune response induced by alphaviruses involves a series of key mechanisms. (1)
Alphavirus recognition is mediated by pattern recognition receptors (PRRs) that detect pathogen-associated molecular patterns (PAMPs) associated
with the invading viruses. This recognition is facilitated by various receptors, including (2) TLR3, TLR7, and TLR8 located in endosomes, as well as (3)
RIG-1-like receptors (RLRs) such as RIG-1 and MDA5 found in the cytoplasm. These receptors detect viral RNA and initiate antiviral responses by
activating signaling cascades that ultimately lead to the activation of transcription factors. (4) NOD-like receptors (NLRs), including NLRP3 and
NLRP1, form inflammasomes that activate caspase-1, resulting in the production of pro-inflammatory cytokines IL-13 and IL-18. (5) C-type lectin
receptors (CLRs) are also activated during alphavirus infection, playing a role in modulating the immune response. (6) The activation of PRRs triggers
signaling cascades that culminate in the activation of transcription factors. This activation leads to the expression of type | interferons (IFNs), [FN-
stimulated genes (ISGs), as well as the production of pro-inflammatory cytokines and chemokines. (7) These responses are crucial for mounting an
effective antiviral humoral and cell-mediated immune response against alphaviruses. [Created with BioRender.com with license no. OL270LDGL6.].
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dissemination (Schoggins, 2019). Recent research has focused on
the kinetics and dynamics of IFNs production during the early
stages of alphavirus infection). The balance between IFNs induction
and the virus’s ability to develop further rounds of infection is
determined during the first few hours of virus replication,
particularly when low numbers of cells and infectious virus are
involved (Frolov et al., 2012). Alphaviruses, however, have evolved
mechanisms to evade or antagonize the IFN response, thereby
enhancing their ability to replicate and spread within the host
(Liu et al., 2022b).

High levels of plasma IFN-o occurs during acute CHIKV
infection in both humans and animal models (Ryman and
Klimstra, 2008; Wauquier et al., 2011; Simarmata et al., 2016) and
mice deficient in IFNs signaling have been shown to succumb to
arthritogenic alphavirus infection (Ryman et al, 2000; Couderc
et al,, 2008; Ziegler et al., 2008; Schilte et al., 2010; Gardner et al.,
2012; Seymour et al., 2013). Interestingly, IFN-o. and IFN-B play
different roles in protection; while IFN-o is important for limiting
viral replication and spread, IFN-f limits neutrophil-mediated
inflammation (Cook et al., 2019).

In addition to the IFN response, the production of
inflammatory cytokines, chemokine and growth factors is a
crucial aspect of the host immune response during alphavirus
infections. Pro-inflammatory cytokines, such as interleukin-1
(IL-1B) and interleukin-6 (IL-6), play pivotal roles in
orchestrating the inflammatory milieu. Several studies were
carried out to characterize the cytokine profile and inflammatory
mediators in patients with CHIKV. Differences in cytokine profile
have been observed between the acute and chronic forms of the
disease. In the acute phase, it is possible to observe high levels of
IL-1B, IL-6, IL-7, IL-8, IL-12 and IL-15, which correlate with a
higher viral load and more severe clinical manifestations (Goupil
and Mores, 2016). In children, early viral clearance is associated
with a higher production of IL-12p40, IL-1a,, TNF-, GM-CSF, and
IFN-y (Simarmata et al., 2016).

Dysregulated inflammatory responses can contribute to
immunopathology and severe disease outcomes. In patients with
severe polyarthritis, elevated serum levels of pro-inflammatory
factors such as IL-1B, IFN-q, IL-6 and CXCL-10, were found,
suggesting the involvement of these mediators in chronic joints
and muscle pain (Hoarau et al., 2010). The presence of high levels of
these mediators can serve as a biomarker of poor prognosis
(Ng et al., 2009). In patients with chronic arthritis, elevated levels
of IL-6, GM-CSF and IL- 17 have been observed (Gasque et al.,
2015; Chen et al.,, 2015a). IL-17 can promote chronic extracellular
matrix inflammation and bone destruction through the stimulation
of TNF-o, IL-1, IL-6, matrix metalloproteinases, and RANKL
(Chen et al,, 2015a). An association between IL-6 and MCP-1
with high viral load has also been observed (Chow et al., 2011;
Reddy et al, 2014) while elevated serum IL-6 and GM-CSF is
associated with chronic polyarthralgia (Chow et al., 2011). IL-6 has
an important role in the persistence of arthritis, through the
regulation of RANKL and the osteoclastogenesis process. This
cytokine, secreted by infected human synovial fibroblasts,
promotes the recruitment and differentiation of monocytes into
osteoclasts, which in turn, will secrete high levels of IL-6, leading to
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a positive feedback loop that contributes to the progression of
arthralgia (Phuklia et al,, 2013). In summary, understanding the
regulation of inflammatory mediators during alphavirus infection is
essential for delineating the delicate balance between both
protective immunity and excessive inflammation, which can
contribute to immunopathology and severe disease outcomes.

Innate cellular responses

The innate immune response to alphaviruses is a complex
process involving various cells, including macrophages (Suhrbier
and La Linn, 2003), dendritic cells (DCs), and natural killer (NK)
cells (Lee et al., 2007). These cells are quickly drawn to the infection
site, playing a vital role in either protecting the body or contributing
to disease development. This carefully coordinated immune
response is essential for detecting and containing alphaviral
infections early on. Through processes like phagocytosis (where
cells engulf the virus), cytokine release (signaling molecules that
coordinate the immune response), and direct killing of infected
cells, macrophages, dendritic cells, and NK cells work together to
limit and ultimately eliminate the virus.

Upon encountering viral particles or infected cells,
macrophages initiate a cascade of immune responses, including
phagocytosis of infected cells and the release of inflammatory
cytokines (-pro and -anti). Some alphaviruses, including VEEV,
CHIKV and MAYYV, replicate in macrophages (Sourisseau et al.,
2007; Gardner et al., 2008) (Cavalheiro et al., 2016). Recent findings
have elucidated the diversity of macrophage responses during acute
alphavirus infections (Mostafavi et al., 2019). Furthermore,
monocytes/macrophages comprise a major component of the
cellular infiltrate in alphavirus-infected tissues contributing to the
inflammatory process that can last for several years (Jaffar-Bandjee
etal, 2009; Her et al., 2010; Labadie et al., 2010). Synovial fluid from
individuals with alphavirus-induced polyarthritis presented
significantly higher levels of TNFo, IFNy, and macrophage
chemoattractant protein (MCP)-1, and such macrophage-derived
factors also contribute to the development of arthritis in animal
models (Lidbury et al., 2008).

Dendritic cells, known for their antigen-presenting capabilities,
contribute significantly to the early detection of viruses. DCs
recognize viral antigens and migrate to lymph nodes, where they
activate adaptive immune responses by presenting viral antigens to
T cells. Additionally, DCs release cytokines that influence the
immune milieu, shaping the overall host response to alphaviruses.
Some alphaviruses, including sindbis virus (SINV) and VEEV,
replicate in myeloid/conventional DCs (c¢DCs), which can
transport viruses to the draining lymph nodes, thereby facilitating
viral spread/dissemination (Gardner et al,, 2000, Gardner et al,
2008). There is no evidence that CHIKV infects DCs (Sourisseau
et al., 2007). Furthermore, CHIKV infection in the absence of DC
immunoreceptor (DCIR) results in more severe disease in mice
(Long et al., 2013).

Plasmacytoid DCs (pDCs) characterized by their ability to
produce high levels of IFNs, emerge as sentinels in the defense
against alphaviruses. pDCs recognize viral PAMPs through various
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PRRs predominantly via endosomal TLRs (Swiecki and Colonna,
2015). The primary effector function of pDCs during alphavirus
infection lies in their robust production of IFNs that act in both
autocrine and paracrine manners to establish an antiviral state
within infected and neighboring cells. Type I IFN can limit CHIKV
or MAYV infection of monocytes (Webster et al.,, 2018; Winkler
et al., 2020).

Natural killer cells contribute to the rapid control of viral
replication during the early stages of infection, acting as a first line
of defense against alphaviruses. Upon encountering alphavirus-
infected cells, NK cells undergo activation through a delicate
balance of activating and inhibitory signals. The recognition of viral
components by activating receptors triggers NK cell cytotoxicity and
the release of cytokines. NK cells are capable of directly recognizing
and eliminating virus-infected cells through mechanisms such as
cytotoxicity (destruction of virus-infected target cells) and the release
of cytokines (Brandstadter and Yang, 2011; Maucourant et al., 2019).
However, NK cells could have a prominent role in pathological
processes by infiltrating synovial tissues, sustaining an inflammatory
environment that might contribute to the progression of chronic joint
inflammation. After the onset of acute CHIKV infection, NK cells
undergo a transient clonal expansion that are correlated with viral
load (Petitdemange et al., 2011). In a mouse model of CHIKV, the
depletion of NK cells significantly reduced joint pathology
corroborating the deleterious role of NK cells in driving virus-
induced pathology (Teo et al., 2015).

Understanding the nuanced interactions between these immune
cells and the virus is crucial for developing strategies to enhance the
innate immune response and help the development of effective
antiviral interventions.

Adaptative immune responses

The adaptive immune response plays a pivotal role in viral
clearance and long-term immunity. Upon encountering alphavirus
antigens, antigen-presenting cells (APCs) such as DCs and
macrophages capture and process viral particles. These APCs
migrate to secondary lymphoid organs, where they present viral
antigens to naive T lymphocytes via major histocompatibility
complex (MHC) molecules. This interaction leads to the
activation and differentiation of T cells into effector cells,
including cytotoxic CD8" T lymphocytes (CTLs) and helper
CD4" T cells (Th cells) that migrate to sites of infection to
control virus replication (Wauquier et al., 2011; Kafai et al., 2022).

Cellular immune responses

Upon recognition of viral peptides presented by MHC class I
molecules, CTLs become activated and release cytotoxic granules
containing perforin and granzymes, inducing apoptosis in virus-
infected cells. This direct cytotoxicity is essential for controlling
viral replication and limiting viral spread (Dias et al., 2018;
Davenport et al., 2020). Activated CD8" T cell numbers increase
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in the circulation and in tissues after alphavirus infection (Hoarau
et al, 2013; Miner et al, 2015). Most pathogen-specific CTL
responses start 3-4 days post-infection, peak by 7-10 days, and
then decline (Linn et al., 1998; Wauquier et al., 2011).

Helper CD4" T cells orchestrate the antiviral immune response by
providing essential signals for optimal B and CD8" T cell responses. In
acute CHIKV infection, patients exhibit transient lymphopenia, a
phenomenon that may be partially explained by CD4" T cell
apoptosis (Staikowsky et al., 2009). CD4" and CD8" T cells have
been shown to infiltrate inflamed joints of mouse models of CHIKV
infection (Morrison et al., 2011). Further animal studies have suggested
that CD4", but not CD8" T cells, play a major role in mediating the
severity of joint inflammation (Teo et al, 2013). In animal models,
different T-cell-targeting approaches have been shown to ameliorate
CHIKYV arthritis severity (Miner et al,, 2017; Teo et al,, 2017).

Humoral immune responses

Alphavirus antigens trigger the activation and differentiation of B
cells into antibody producing plasma cells. Virus-specific antibodies
target viral particles, neutralize their infectivity, promote opsonization
and phagocytosis, and activate complement-mediated lysis of infected
cells. Understanding the dynamics of antibody responses (the major
correlate of immunity), including the kinetics of immunoglobulin
class-switching and affinity maturation, provides insights into the
potential development of long-lasting immunity.

The current knowledge about the role of antibody-mediated
immunity in alphavirus infections has been gained from
experimental infection models and cohort studies focused on
CHIKV (Torres-Ruesta et al,, 2021). Mice lacking B cells (MT, Ragl,
Rag2/IL2rg mice) and infected with CHIKV displayed higher and
persistent viremia while wild type (WT) mice were able to control the
virus (Gardner et al., 2010; Hawman et al., 2013; Poo et al., 2014b).

Generally, IgM antibodies appear five to seven days after symptom
onset and are detectable for several weeks post-infection (Kam et al,
2012b; Pierro et al.,, 2015). Individuals with CHIKV-induced
polyarthralgia may have prolonged presence of specific IgM
antibodies, likely due to viral persistence (Malvy et al., 2009). Specific
IgG antibodies typically appear shortly after IgM detection (4-10 days
post-onset) and can persist for several years (Kam et al, 2012¢
Nitatpattana et al, 2014; Bozza et al,, 2019). IgG3 is the predominant
IgG subtype generated upon infection, correlating with effective viral
clearance and protection against chronic CHIKV symptoms (Kam
et al, 2012c). Several studies have identified structural viral regions
recognized by neutralizing antibodies produced during experimental
infection (for a comprehensive review, see Torres-Ruesta et al., 2021).
The concept of using humoral immunity as a therapeutic approach
against alphavirus infection emerged after the isolation of EEEV,
WEEV, and VEEV (Torres-Ruesta et al., 2021). Passive transfer of
immune serum or monoclonal antibodies has been shown to induce
protection against alphavirus infection and disease (Pal et al., 2013; Fox
et al, 2015; Jin et al.,, 2015; Earnest et al., 2019; Powell et al., 2020;
Williamson et al., 2020).
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Pathophysiology of alphavirus

The outcome of viral infections results from complex interactions
between the pathogen and the host’s immune system. Disease severity
and duration often depend on the initial immune response. Therefore,
understanding the pathogenesis of acute alphavirus infection is
important for developing effective strategies to mitigate morbidity.
Alphavirus infections can lead to diverse pathological outcomes,
varying between viruses and even among strains of the same virus
(Guerrero-Arguero et al., 2021). For example, New World alphaviruses
(EEEV, WEEV, VEEV) are typically associated with encephalitis
(Strauss and Strauss, 1994), while arthritogenic Old World
alphaviruses, including CHIKV, MAYV, RRV, and ONNYV, are
primarily linked with rheumatic diseases, being a leading cause of
infectious arthropathies globally (Liu et al., 2022a). Moreover, viral
RNA can persist beyond the acute phase, leading to long-lasting
neurological complications or persistent joint pain and inflammation
(Atkins, 2013; Zaid et al., 2021). Besides infecting immune cells, these
alphaviruses can also infect endothelial cells (Labadie et al., 2010),
muscle cells (Morrison et al., 2006; Ozden et al,, 2007), periosteum
(Heise et al., 2000), and potentially keratinocytes (Pakran et al,, 2011).
The large repertoire of target cells, combined with the resulting
inflammatory immune responses, likely contributes to the acute
symptoms induced by these viruses (Schwartz and Albert, 2010).

Over time, viruses and their hosts have co-evolved, resulting in
specialized immune recognition mechanisms for detecting viral
infection and unique strategies for limiting viral replication
(Petitdemange et al,, 2015). Alphavirus infections are associated with
autoimmune or inflammatory syndromes (Baxter and Heise, 2020)
because they trigger a cascade of the host’s innate and adaptive immune
responses (Danillo Lucas Alves and Benedito Antonio Lopes da, 2018).
Immune factors released from leukocytes (including reactive oxygen,
nitrogen species, and prostaglandins), which are part of the host’s
defense system, may contribute to the development of viral
arthropathies in inflamed tissues (Steer and Corbett, 2003).

Disruptions in the host’s protective mechanisms can also
contribute to pathology. Impaired chemotaxis of immune cells
can lead to increased viral spread and higher viral loads,
triggering exaggerated inflammatory responses (Ong et al., 2014).
Conversely, an overly robust chemotactic and inflammatory
response, while intended to protect the host, can be detrimental,
especially in neurotropic viruses, where such responses may
promote neuroinvasion (Ong et al., 2014).

Animal models, especially mice and non-human primates, have
proven invaluable for studying alphavirus infections (Gleiser et al,
1962; Skidmore and Bradfute, 2023) and have provided crucial insights
into the pathogenesis and immune response (Ryman and Klimstra,
2008). For many years, the infection of mice by SINV or Semliki Forest
(SEV) has served as valuable animal model for the study of acute viral
encephalitis (Griffin, 1989; Griffin, 2005). Studies on specific
alphaviruses like VEEV, EEEV and WEEV in animal models have
elucidated various infections pathways and associated pathologies,
shedding light on the complexity of alphavirus infections and the
host immune response (Baxter and Heise, 2020). Mice infected with
virulent strains of VEEV through different routes exhibit distinct
invasion patterns and pathological outcomes. Subcutaneous or
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footpad inoculation of VEEV mirrors natural infection by
mosquitoes, with the virus first targeting dermal dendritic cells
before invading the central nervous system via axonal transport
along olfactory neurons (reviewed by Baxter and Heise, 2020). This
process triggers an increase in proinflammatory genes and TLR
signaling, compromising the blood-brain barrier integrity and leading
to brain infiltration by immune cells (Sharma et al., 2008; Sharma and
Maheshwari, 2009; Gupta et al., 2017). In contrast, aerosol or intranasal
infection targets the olfactory neuroepithelium, leading to rapid brain
infection within 16 hours post-infection (Vogel et al., 1996; Steele et al,,
1998; Cain et al, 2017; Bocan et al,, 2019). EEEV and WEEV show
distinct infection patterns and pathologies, with WEEV entering the
brain through the olfactory tract and EEEV occurring hematogenously
(Phillips et al., 2013, Phillips et al, 2016; Phelps et al., 2017; Bantle et al.,
2019). More virulent WEEV strains cause severe meningoencephalitis
characterized by neuronal degeneration, necrosis, edema, and mild
mononuclear cell infiltration (Aguilar, 1970; Logue et al., 2009; Phelps
et al., 2017), while less virulent strains result in perivascular
inflammation but minimal neuronal damage (Logue et al, 2010).
Neonatal mice infected with WEEV face high mortality due to severe
inflammation and/or necrosis in peripheral tissues (Aguilar, 1970).

Replication in central nervous system (CNS) tissues typically
occurs late in the disease progression unless the virus is directly
inoculated intracerebrally, which does not accurately mirror the
natural course of arthritogenic alphavirus infections (Ryman and
Klimstra, 2008). Recent studies have focused on early infection
events through subcutaneous virus inoculation to replicate natural
transmission via mosquito bites, providing valuable insights into the
initial stages of infection and transmission dynamics (Trgovcich et al,
1996). Age-related variations in mouse susceptibility to arthritogenic
alphaviruses have emerged as a significant factor, prompting
researchers to investigate age-related immune responses in disease
models. For instance, while adult mice may exhibit avirulence to
arthritogenic alphaviruses like RRV and CHIKV, these viruses can
elicit severe illness in humans, indicating the complexity of immune
responses across different age groups (Lidbury et al,, 2000; Couderc
et al., 2008).

Previous studies have shown that CHIKV infection is lethal in
neonatal mice due to their immature immune systems (Ziegler et al,,
2008). Couderc et al. investigated the susceptibility of adult mice
lacking the interferon receptor o/f (IFN-a/BR2/2) to CHIKV
isolates from patients on La Reunion Island. They found that these
mice developed severe disease characterized by muscle tone loss,
lethargy, and mortality within three days of infection (Couderc et al,
2008). This suggests that a robust interferon response in adult mice is
protective against fatal CHIKV infection, as observed with other
alphaviruses (Grieder and Vogel, 1999; Ryman et al,, 2000).
Monocytes and CCR2" macrophages seem to play a dual role in
CHIKYV disease pathophysiology. Treatment with bindarit, an inhibitor
of monocyte chemotactic proteins (CCL2, CCL8), attenuated
osteoclastogenesis and prevented severe bone loss (Chen et al,
2015b). However, depleting CCR2 macrophages in CHIKV-infected
mice increased neutrophil infiltration in the joints, leading to erosive
cartilage damage (Poo et al., 2014a; Chen et al,, 2015b; Burt et al., 2017).

Various mouse models have been used to study CHIKV
pathogenesis and immunity, but they often do not fully recapitulate
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human disease. Humanized mice, containing human immune system
components, have provided valuable insights into human-specific
immune responses to arthritogenic alphaviruses like CHIKV. Studies
using humanized NSG mice (hu-NSG) infected with CHIKV via
mosquito bites showed human-like clinical signs, viremia, immune
responses (evidenced by human-specific IgM markers), and
histological lesions, highlighting the involvement of the human
immune system in the observed pathologies (bl et al., 2021). Non-
human primates (NHPs), particularly Cynomolgus macaques (CMs),
have also been instrumental in studying CHIKV infection due to their
similarities with humans in immunology and physiology (Broeckel
etal., 2015). Cirimotich et al. (2017) demonstrated that CMs exposed to
CHIKV aerosols could develop mild or asymptomatic infections
despite detectable virus levels (Cirimotich et al, 2017), mirroring
observations in humans (Shah and Baron, 1965; Weaver et al., 2012).
By infecting monkeys with different CHIKV strains intradermally, the
same group observed varying responses reflecting the virus’s virulence.
Peak viremia occurred on the second day post-infection with changes
in blood cell counts and enzyme levels (Labadie et al., 2010; Cirimotich
et al,, 2017), resembling early signs of human infection (Simon et al,,
2007). Variations in disease severity were noted between LR2006-
OPY1 and Ross strains, highlighting potential strain-specific effects on
disease severity in CMs. Furthermore, comparisons between
intravenous (Labadie et al,, 2010) and intradermal infections yielded
similar outcomes, with detectable virus levels for at least six days.
Mosquito-borne infection in Indian bonnet macaques (Macaca
radiata) showed delayed virus levels compared to intravenous
infection (Paul and Singh, 1968), indicating the transmission’s mode
impact on disease progression. Another study by Broeckel et al., 2015
revealed differences in monocyte and dendritic cell numbers in adult
and aged rhesus macaques infected with CHIKV strains, indicating
age-related and strain-specific immune responses in NHP models. The
same group also demonstrated that macrophages trafficked to
lymphoid tissues and harbored CHIKV antigen in the spleen and
lymph nodes of infected Cynomolgus macaques (Broeckel et al., 2015).

The immunopathological mechanisms underlying ONNV-
induced disease, which shares genetic similarity with CHIKV and
induces similar disease manifestations, remain poorly understood
(Rezza et al., 2017). Seymour et al. (2013) adapted a CHIKV footpad
inoculation and swelling model to investigate ONNV infection
(Seymour et al, 2013). They found that wild-type C57BL/6] and
S129 mice were resistant, whereas A129 mice (lacking the type I
interferon receptor) were susceptible in a dose-dependent manner. The
same study also demonstrated that the innate immune response
sufficiently controlled low-dose infection (10° pfu), mimicking
natural mosquito transmission. Furthermore, while IFN-y depletion
did not increase susceptibility, IFN o/} was essential during the acute
disease phase (Seymour et al, 2013). Although much remains
unknown about ONNV-induced disease, a study by Partidos et al.
(2012) showed that a highly attenuated, recombinant CHIKV vaccine
conferred cross-protection against ONNV infection in susceptible
A129 mice (Partidos et al., 2012).

Animal models of RRV and MAYV infection have demonstrated
that a heightened inflammatory response in the host contributes to the
development of myositis and arthritis (Lidbury et al., 2000; de Castro-
Jorge et al,, 2019). Currently, immunocompetent mouse strains are used

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2024.1421571

to investigate the mechanisms by which RRV induces inflammation
(Morrison et al,, 2006). Various experimental immunomodulatory
approaches have identified key immune cell subsets driving the
disease (Mostafavi et al, 2019). Similar to CHIKV infection,
monocytes and macrophages play a crucial role in RRV infection.
Depletion of these macrophages using liposomal clodronate reduces
disease symptoms (Gardner et al., 2010). Furthermore, in C57BL/6
mice infected with RRV, the absence of Ragl ™~ B and T cells or B uMT
(Ighm™") B cells does not affect tissue damage compared to wild-type
mice, highlighting the importance of the innate immune response in
the disease’s immunopathology (Morrison et al., 2006). Subcutaneous
administration of the prototypic T48 strain of RRV to 22-day-old
C57BL/6] mice induces viremia, peaking at 48-72 hours post-infection.
Disease onset typically occurs at 6-7 days post-infection, characterized
by severe hind limb function loss, weight loss, lethargy, or partial
paralysis. However, mice typically recover completely by 18-20 days
post-infection (Morrison et al., 2006). Both musculoskeletal tissues and
sera of RRV-infected mice and humans show elevated IL-17 expression.
Inhibiting IL-17 has been proposed as a potential strategy to mitigate
arthritic alphavirus diseases by reducing proinflammatory gene
transcription, cellular infiltration in synovial tissues, and cartilage
damage (Mostafavi et al., 2022). Studies have also shown that mice
deficient in mannose-binding lectin (MBL), C3, or CR3 complement
receptor exhibit less severe rheumatic symptoms than their wild-type
counterparts (Morrison et al., 2007, Morrison et al, 2008; Gunn et al,,
2012). Furthermore, RRV lacking both E2 glycans results in reduced
MBL binding and complement activation, leading to less severe tissue
damage compared to wild-type virus infections (Gunn et al., 2018).
Powell et al. (2020) demonstrated that E2 glycoprotein-specific human
monoclonal antibodies isolated from RRV-infected individuals confer
robust immunity in mice, preventing disease. These findings
underscore the importance of MBL and viral N-linked glycans in the
development of alphaviral disease.

Santos et al. (2019) were the first to establish a comprehensive
animal model of MAYV-induced arthritis and myositis using 15-day-
old immunocompetent BALB/c mice instead of C57BL/6] mice (Santos
et al, 2019). This study also introduced novel methods to assess
pathology, including measurements of grip strength, endurance, and
mechanical hypernociception. During MAYV infection, inflammation
is characterized by a significant increase in pro-inflammatory cytokines
through NLRP3 inflammasome activation, elevated CCL2 levels, and
substantial recruitment of CCR2" macrophages to the infection site
(Santiago et al., 2015; Tappe et al.,, 2016; Santos et al,, 2019, Santos et al.,
2024). Additionally, de Castro-Jorge et al. (2019) demonstrated that
MAYYV can replicate in bone marrow-derived macrophages and trigger
inflammasome activation in a C57BL/6 mouse model. Despite the use
of various animal models for MAYV infection, the underlying
mechanisms of the disease’s pathogenesis remain largely unknown
(de Castro-Jorge et al., 2019).

In humans, the transmission of alphaviruses occurs through the
bite of infected mosquitoes, such as Haemagogus for MAYV, Aedes
spp. for CHIKV, and Culex spp. or Aedes spp. for RRV or viral
encephalitis. Once transmitted, alphaviruses like MAYV, CHIKV,
RRV, and others replicate initially in the skin’s fibroblasts before
disseminating to other organs like the spleen, lymph nodes, and
microvasculature. This dissemination can affect organs such as the
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liver, muscles, and joints, establishing the infectious process within the
body (Atkins, 2013). Additionally, certain alphaviruses can enter the
central nervous system (CNS), where they replicate in astrocytes, glial
cells, and neurons, potentially leading to fatal encephalitis (Gauri et al,,
2012; Lindsey et al., 2018).

Encephalitic viruses, such as WEEV, VEEV, and EEEV,
replicate within neuronal cells, triggering the production of pro-
inflammatory cytokines that weaken the blood-brain barrier. EEEV
infection is generally more severe than WEEV and VEEV, with a
higher risk of fatality (Baxter and Heise, 2020). EEEV infects
neurons through a vascular route (Vogel et al., 2005), leading to
severe symptoms such as high fever, headache, vomiting, seizures,
and potential long-term neurological complications (Deresiewicz
et al., 1997; Powers and Roehrig, 2011). WEEV can cause fever,
headache, neck stiffness, photophobia, nausea, vomiting, weakness,
tremors, and altered behavior (Liu et al., 2018), with 15-30% of
patients experiencing secondary neurological damage (Aguilar
et al, 2011). VEEV infection is initially asymptomatic, followed
by fever, headache, nausea, vomiting, diarrhea, joint and muscle
pain, and back pain. VEEV replicates in both lymphoid and non-
lymphoid tissues, causing inflammation characterized by tissue
necrosis (Watts et al., 1998). CNS invasion by VEEV results in
neuroinflammation, neurodegeneration, gliosis, and neutrophil
vacuolization. Aerosol exposure to VEEV can cause upper
respiratory symptoms and may lead to encephalitis (Rusnak et al.,
2018). Percutaneous transmission of VEEV has also been reported
in humans, with hematological analysis revealing lymphocytosis,
leukopenia, and neutropenia (Rusnak et al., 2018).

Arthritogenic alphaviruses, including RRV, CHIKV, MAYV, SFV,
SINV, ONNV, and Barmah Forest virus, significantly impact the joints
and may cause neurological manifestations. However, limited
epidemiological data and a lack of comprehensive understanding of
their pathophysiology hinder the development of effective prevention
and control strategies (Suhrbier et al., 2012). These infections have two
distinct phases: acute and chronic. The acute phase typically manifests
3-10 days post-infection, with a viremic period lasting 4-7 days. Clinical
manifestations are nonspecific, often leading to confusion with other
arboviral infections (Suhrbier et al,, 2012; Atkins, 2013). The frequency
of clinical disease varies among viruses. Most RRV and SINV infections
are asymptomatic, while up to 80% of CHIKV and MAYV infections
result in clinical symptoms (Harley et al., 2001; Brummer-
Korvenkontio et al, 2002; Azevedo et al, 2009; Vijayakumar et al.,
2011; Suhrbier et al., 2012; Endy, 2020).

The cause of alphavirus-induced chronicity remains unclear. It is
hypothesized that the persistence of viral antigen or residual
proinflammatory mediators in previously infected tissues may
contribute to chronic inflammation (Assuncio-Miranda et al., 2013).
Most acute symptoms typically resolve within one to two weeks.
However, arthralgia and arthritis may persist for months to years,
causing significant physical, emotional, mental, and financial burdens
(Baxter and Heise, 2020). Symptom persistence correlates with the
severity of inflammation in joints and muscles, the extent of tissue
damage, and the presence of viral products within tissues (Baxter and
Heise, 2018). Chronicity occurs in 25-55% of individuals infected with
RRYV, SINV, or CHIKV. Barmah Forest virus infections have lower
chronicity rates, while data on Mayaro virus chronicity are limited
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(Suhrbier and La Linn, 2004; Assun¢do-Miranda et al., 2013). Synovial
biopsies from patients with chronic CHIKV-induced polyarthritis
showed synovitis with inflammation composed of macrophages, NK
cells, CD4" T cells, and plasma cells, along with synovial lining
hyperplasia and vascular proliferation (Hoarau et al., 2010; Ganu and
Ganu, 2011). Synovial effusions in chronic CHIKV arthritis mainly
consisted of CD14" monocytes/macrophages, fewer activated NK cells
and CD4" T cells, with less than 5% testing positive for CHIKV
(Hoarau et al., 2010). Synovial effusions from chronic RRV disease
cases also contained mononuclear cells, predominantly CD4" T cells
(Fraser and Becker, 1984).

Infection with Old World alphaviruses can lead to rare but possible
fatalities, particularly in neonatal or elderly individuals with
comorbidities (Economopoulou et al, 2009; Tandale et al, 2009).
Fatal cases are often associated with respiratory, renal, hepatic, and
neurological complications, especially in individuals with pre-existing
conditions such as hypertension, respiratory, or cardiovascular disease
(Economopoulou et al, 2009; Chua et al., 2010; Hoz et al., 2015;
Mercado et al.,, 2018). Postmortem examinations of CHIKV infections
have revealed diverse pathological findings, including acute
tubulointerstitial nephritis, viral pneumonia, hepatocellular necrosis,
and acute pericarditis (Mercado et al., 2016, Mercado et al, 2018; Reilly
et al., 2020). Neurological complications are the most fatal among
atypical manifestations of CHIKV infection (Economopoulou et al,
2009; Tandale et al,, 2009). Patients with CHIKV-induced neurological
complications exhibit elevated levels of various inflammatory markers
in cerebrospinal fluid compared to those with non-CHIKV-induced
neurological disease (Kashyap et al., 2014). Maternal-fetal transmission
of CHIKYV carries a pooled risk of 2.8% for neonatal death, with infants
infected later in gestation exhibiting various symptoms such as joint
edema, petechiae, rash, thrombocytopenia, disseminated intravascular
coagulopathy, and encephalopathy, potentially leading to long-term
disabilities (Touret et al., 2006; Gerardin et al., 2008).

Immune evasion

Alphavirus immune evasion strategies play a crucial role in their
pathogenesis and disease development. Key viral RNA structures
significantly influence translation, immune evasion, and regulation
of viral synthesis within the host’s innate immune system (Kutchko
et al., 2018). While both innate and adaptive immune responses are
essential for clearing viral infections, subtle variations in the host’s
immune response can affect disease severity (Chan and Ng, 2017).
Alphaviruses have evolved diverse mechanisms to suppress host
responses during cellular replication, relying on early evasion tactics
to enhance permissibility in the infected host (Landers et al., 2021).

The innate immune system is the primary defense against viral
infections, but pathogens have evolved strategies to counteract this
response (Webb et al,, 2020; Elrefaey et al., 2021). Interferon type I is a
major target for viral evasion due to its critical role in activating both
innate and adaptive immune responses, essential for controlling viral
infections (Liu et al, 2022b). Viruses target both upstream and
downstream components of the interferon signaling pathways, as
summarized in Figure 2. The cGAS-STING signaling pathway is
essential for triggering interferon (IFN) gene expression during tissue
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damage, cellular stress, and infections (Decout et al, 2021). CHIKV
infection significantly decreases cGAS expression, while STING
expression remains unchanged (Webb et al, 2020; Decout et al,
2021). Interactions between the viral non-structural protein Nspl
and STING influence IFNs induction and IFNf promoter activation,
normally induced by the cGAS-STING pathway (Webb et al., 2020;
Decout et al., 2021). Pattern recognition receptors like RIG, NOD, and
TLRs initiate signaling cascades leading to IFN-I production (Bae et al.,
2019). ISGs are crucial for controlling CHIKV, RRV, SINV, and
ONNV replication (Ryman et al., 2000; Lenschow et al., 2007; Brehin
et al, 2009; Seymour et al, 2013). Mice lacking IFNs are more
susceptible to CHIKV infection, leading to widespread viral
dissemination, including the central nervous system (Couderc et al,
2008). Viperin, an ISG product, is necessary for the antiviral response
to CHIKYV, with its expression correlating with viral load in infected
patients. CHIKV infection also activates IRF3, promoting IFN-f3 and
ISG transcription (White et al, 2011). In SINV infection, IFNs
expression depends on IRF3 activation via MDA5 (Burke et al,
2009), while RRV is recognized by PRRs (Neighbours et al., 2012).
TLR7-deficient mice infected with RRV exhibit increased tissue
damage and viral titers, along with elevated antibody responses with
reduced neutralizing activity and epitope affinity compared to wild-
type mice (Neighbours et al.,, 2012).

Alphavirus
modulate the
IFN-I production

10.3389/fcimb.2024.1421571

Viral modifications, such as phosphorylation and palmitoylation,
alter protein hydrophobicity, often anchoring them to the cell
membrane (Liu et al, 2022b). In an ONNV mouse model, deficiency
in STAT, which mediates IFN signaling, exacerbates disease severity
(Seymour et al, 2013). EEEV, SINV, and CHIKV inhibit STAT
phosphorylation and translocation to the nucleus, preventing the
upregulation of IFN-0/f and the synthesis of ISGs (Simmons et al,
2009; Yin et al,, 2009; Fros et al,, 2010). CHIKV infection hampers
STAT1 phosphorylation, a crucial component of JAK-STAT immune
signaling, leading to dysregulation in inflammatory mediators and
potentially contributing to autoimmune diseases and cancer pathways
(Hu etal,, 2021). Studies suggest that CHIKV’s non-structural protein 2
(nsP2) modulates IFN-induced JAK-STAT signaling (Stark and
Darnell, 2012; Géertz et al, 2018). Additionally, CHIKV evades
CD8" T lymphocyte antiviral responses and establishes chronic
infections in joint-associated tissues. This is achieved through
CHIKV-infected cells producing nsP2, which inhibits MHC-I
presentation on antigen-presenting cells, preventing CD8" T cell
recognition (Poo et al, 2014b; Davenport et al, 2020). CHIKV
infection also results in persistent high levels of viral replication in
elderly individuals, primarily due to immunological senescence, which
affects antiviral immunity, particularly in CD4" T lymphocytes,
impairing the host’s response (Ware et al,, 2023).
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Alphavirus immune evassion with emphasis on type | IFN responses. (1) Alphavirus attachment and entry are mediated by host pattern recognition
receptors (PRRs), such as RIG, NOD, and TLRs, triggering the production of IFN-I. Once inside the host's cells, alphaviruses interfere with the IFN-I
system at various levels: (2) Inhibition of the cGAS-STING pathway. Following CHIKV infection, there is a significant decrease in cGAS expression,
while STING expression remains relatively stable. The non-structural protein nsPl interacts with STING, affecting the activation of IFNs and the
activation of the IFN-B promoter, typically controlled by cGAS-STING pathway; (3) CHIKV nsP2 and E1/E2, and SINV nsPI, inhibit the activation of the
IFNB-promoter triggered by the MDA5/RIG-I receptor signaling pathway; (4) The nsP2 from CHIKV, MAYV, SINV, SFV influence ISGs through
modifications such as palmitoylation and phosphorylation to hinder interferon o/ and ISG production; (5) Inhibition of JAK-STAT signaling: CHIKV
disrupts the phosphorylation of STATL, essential for IFN-induced JAK-STAT signalling, aiding in immune evasion and enhancing viral replication. (6)
Alphaviruses develop viral RNAi suppressors to evade RNAi-based defense mechanisms in eukaryote, as exemplified by the Semliki virus. (7)
Alphaviruses like CHIKV employ strategies to avoid the adaptive immune response, including the formation of stable cellular extensions that shield
the virus from neutralizing antibodies and facilitate efficient intercellular transmission. [Created with BioRender.com with license no. BG270SYVXK.].
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Following alphavirus infection, viral genetic material replication
induces severe cytopathic changes in host cells. Viral infections disrupt
protein folding in the endoplasmic reticulum, suggesting that this virus
family can suppress the host’s translational shutdown pathway,
selectively inhibiting both host and viral messenger RNA synthesis
(Garmashova et al., 2007). Consequently, the virus orchestrates activities
that antagonize protein synthesis, efficiently translating viral messenger
RNA while shutting down host cell translation (Rathore et al,, 2013).
RNA interference (RNAi) is a conserved mechanism in eukaryotes for
post-translational gene silencing through double-stranded small RNAs
(de Franca et al., 2010). This serves as a defense against viral infections,
although viruses can counteract this defense by producing viral RNAi
suppressors (Li and Ding, 2022; Liu et al, 2022b). Qian et al. (2020)
demonstrated that the capsid protein of the Semliki virus can counteract
RNAI in mammalian cells (Qian et al., 2020).

Old World alphaviruses have a significant impact on vertebrate cell
cultures, causing extensive cell death (cytopathic effects) (Fros and
Pijlman, 2016). The nonstructural protein nsP2 from SINV and SFV
plays a key role in this process. NsP2 is not only involved in viral RNA
replication and transcription, but it also directly inhibits the host cell’s
ability to produce messenger RNA (mRNA) by promoting the
degradation of RPBI, a critical subunit of the RNA polymerase
complex (Garmashova et al., 2006; Akhrymuk et al., 2018).
Interestingly, mutations in nsP2 and another nonstructural protein,
nsP3, can affect these interactions. Some mutations enhance the host’s
IFNs response without impacting virus replication (Alkhrymuk et al,
2018). MAYV’s nsP2 protein also interacts with RPB1 and another
protein involved in transcription initiation (TFIIS), further influencing
host cell transcription and immune responses (Ishida et al., 2021).
Mutations in conserved regions of alphaviruses like CHIKV and SFV
can weaken viral RNA replication, leading to reduced cell death
(cytopathic activity) (Rikkonen et al, 1992; Fros et al, 2013). The
nsP2 protein can enter the host cell’s nucleus through a specific signal
sequence (NLS). Mutations affecting this NLS significantly inhibit
nuclear translocation but do not necessarily reduce the severity of
cell death or cell shutdown (Fazakerley et al., 2002; Pal et al., 2014).
‘While this mutation does not weaken the virus in hamster cells, it does
decrease nerve damage (viral neuropathy) in mice (Kam et al., 2012a;
Pal et al,, 2014). New World alphaviruses like VEEV and EEEV exhibit
different cytotoxic effects compared to Old World alphaviruses. VEEV
and EEEV replicons induce fewer cell death changes but establish
persistent viral RNA replication (Petrakova et al, 2005). In these
viruses, host transcription shutdown relies on the presence of the
viral capsid protein, which accumulates in the cytoplasm of infected
cells and interferes with the antiviral response (Garmashova et al,
2007). The capsid protein inhibits the cell’s production of messenger
RNA (mRNA) and ribosomal RNA, thereby downregulating RNA
synthesis (Garmashova et al, 2007). WEEV also inhibits host
transcription through both nsP2 and capsid proteins, supporting the
theory that WEEV evolved from ancestors like SINV and EEEV
(Garmashova et al., 2007).

Findings on alphavirus evasion of the adaptive immune system is
limited, but existing studies provide valuable insights for future
investigations. CHIKV has been shown to induce the formation of
stable cell-to-cell connection tunnels, protecting it from neutralizing
antibodies and facilitating efficient intercellular transmission in vitro
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and in vivo (Yin et al, 2023). Using a co-culture system, Yin et al.
(2023) observed differences in CHIKV transmission between cell-to-
cell and free infection. Knocking out the MXRAS8 receptor in mouse
embryonic fibroblasts (MEF) significantly reduced free CHIKV
infection but did not affect intercellular tunnel formation or cell-to-
cell transmission. This suggests that the high concentration of virus
particles at tunnel contact sites may bypass the need for MXRAS8 in
target cell infection. However, the endocytic pathway was crucial for
intercellular transmission, as inhibiting key components like dynamin
and Rab5DN reduced CHIKV cell-to-cell transmission. Interestingly,
while tetherin typically inhibits virus release into the extracellular
environment, it was found to hinder CHIKV cell-to-cell transmission
by reducing the virus’s presence at tunnel contact sites (Yin et al., 2023).
CHIKV also undergoes mutations that allow it to evade antibody
responses and neutralization (Kutchko et al., 2018). These mutations
lead to antibody evasion and hinder viral clearance. Pal et al. (2014a)
studied CHIKV strains that escaped monoclonal antibody therapy,
investigating their clinical traits, stability, and prevalence in arthropod
hosts (Pal et al., 2014b). Their findings further support the concept of
antibody response evasion (Yin et al., 2023).

Nervous system complications

New World alphaviruses like WEEV, VEEV, and EEEV are known
to cause neurological disorders (Griffin, 1992; Zacks and Paessler, 2010).
Recently, there has been an increase in neurological issues linked to
viruses not typically associated with such complications. Notably,
CHIKYV, an Old-World alphavirus primarily known for causing joint
pain, has been implicated in unusual and severe neurological problems
like meningoencephalitis and encephalopathy (Economopoulou et al,,
2009; Lebrun et al, 2009), as summarized in Figure 3. Neurological
complications from CHIKV infection have the highest mortality rate
among its atypical manifestations (Economopoulou et al., 2009;
Tandale et al., 2009). Patients with CHIKV-induced neurological
complications show elevated levels of cytokines (TNF-a, IFN-a, IL-6)
and chemokines (CCL2, CCL5, CCL7, CXCL9) in their cerebrospinal
fluid compared to those without neurological symptoms (Kashyap et al,,
2014). Recently, de Souza et al. (2024) identified CCL-2 as crucial for
recruiting monocytes into the brain, including the CD14"CD16" subset,
potentially serving as a “Trojan horse” mechanism for CHIKV entry
into the CNS (de Souza et al,, 2024). Reports of CHIKV affecting the
CNS emerged during epidemics in Thailand and India
(Thiruvengadam et al,, 1965; Nimmannitya et al., 1969), leading to
neuro-chikungunya with symptoms like meningo-encephalopathy,
seizures, encephalomyelitis, Guillain-Barré syndrome, and optic
neuritis (Mittal et al., 2007; Mehta et al, 2018) across various age
groups (Torres et al, 2016; Cerny et al,, 2017). A study of 33 CHIKV-
exposed infants in La Réunion found that about 50% had
neurodevelopmental delays (Gérardin et al, 2014). Cases of
encephalopathy, microcephaly, and cerebral palsy were reported,
some emerging after birth, similar to ZIKV-infected children. In
another group of 87 CHIKV-positive children, 20% showed
developmental delays, including cognitive impairments, 3.5 to 4.5
years post-infection (Cle et al., 2020). Two proposed mechanisms for
CHIKV-related CNS complications are direct CNS infection through
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the choroid plexus (Cerny et al, 2017) and harmful inflammatory
responses (Das et al, 2015; Inglis et al., 2016). This information was
further corroborated by de Souza et al. (2024) that has demonstrated
changes in sSPECAM-1 and PECAM-1 levels in infected cells suggesting
disruptions in endothelial interactions affecting blood-brain barrier
permeability. Metabolomic and proteomic profiles showed immune
dysregulation, inflammation, and endothelial damage, with alterations
in various protein levels. The hyperinflammation observed in fatal cases
could lead to endothelial injury, coagulation cascade dysregulation, and
reduced vasopressin levels contributing to hemodynamic disturbances
(de Souza et al, 2024). In contrast, MAYV infections that are
phylogenetically related to CHIKYV, rarely cause CNS disorders, with
limited knowledge on the molecular pathways of MAYV’s CNS access
in humans (Bengue et al, 2021). Similarly, cases of neurological
conditions and viral meningoencephalomyelitis have been
documented in individuals infected with the Semliki Forest virus
(SFV) (Willems et al., 1979).

Animal studies have shown that CHIKV targets the choroid plexus
and leptomeninges in the CNS (Couderc et al,, 2008), while MAYV can

10.3389/fcimb.2024.1421571

infect the brains of young wild-type and type I interferon receptor-
deficient mice (Figueiredo et al,, 2019). CHIKYV infects a wider range of
CNS cell types, including human neural progenitor cells (hNPCs), at a
higher rate than MAYV, although both viruses can infect hNPCs
(Bengue et al, 2021). This is significant because ZIKV infection of
hNPCs has been linked to disruptions in neurogenesis and severe
neurological issues in newborns (Liang et al., 2016; Ferraris et al., 2019).
Astrocytes, which are essential regulators of brain homeostasis, are
infected by neurotropic arboviruses like CHIKV, leading to
neuroinflammatory responses and potential neurological impairments
(Inglis et al., 2016). Bengue et al., 2021 revealed that MAYV-infected
astrocytes exhibit more extensive modulation of immune gene
expression than CHIKV-infected cells, with distinct patterns of
upregulated PRRs and chemokines (Bengue et al, 2021). The
differential response of astrocytes to MAYV and CHIKV, including
the impact on interferon production and inflammatory mediators like
IL-6, sheds light on the varying neurovirulence mechanisms of these
viruses (Priya et al., 2014; Bengue et al., 2019). Pretreating astrocytes
with interferons may restrict MAYV replication, suggesting potential
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Proposed mechanism of arthritogenic viruses’ pathogensis: from skin entry to neuroinflammation. (1) When a virus-infected mosquito bites a human,
it injects saliva containing the virus through its proboscis, breaking the skin barrier. The virus initially infects dendritic cells and fibroblasts, triggering
the activation of the innate- immune system through pattern recognition receptors (PRRs) like Toll-like receptors (TLRs) and RIG-I type receptors
(RLRs). This initiates a series of immune responses, including the recruitment of macrophages and other immune cells, as well as the production of
pro-inflammatory cytokines (such as IL-6 and TNF-a), chemokines (CCL2, CXCL10), and interferons (IFN-o. and IFNB); (2) despite the body's efforts
to contain the virus, it reaches the nearest lymph node with the help of migratory immune cells like dendritic cells. In the lymph nodes, the virus
replicates intensely before .entering the bloodstream, causing viremia. From there, the virus spreads to various organs like the liver, muscles, joints,
spleen, and, in severe cases, the brain; (3) the virus reaches the brain through peripheral nerves and the bloodstream; (4) once in the Central
Nervous System (CNS), (5) the virus compromises the blood-brain barriers integrity, using mechanisms like “Trojan horse,” transcytosis, or direct
disruption to enter the sterile environment; (5) infected neurons release signals like TNF-a and IL-1p, activating glial cells; (6) microglia, specialized
macrophages acting as sentinel cells, are the first to respond to neuronal infection by recognizing danger signals from neurons through receptors
like Toll-like receptors; (8) this triggers the activation of microglia, followed by astrocyte activation. Activated astrocytes release various molecules
like IL-1B, TNF-a, IL-6, IFN- v, TGF-B, and CCL2, which promote neuroroinflammation and modulate blood-brain barrier permeability; (9) astrocytes
further stimulate an inflammatory response by recruiting immune cells like CD4+T, CD8+T, NK cells, neutrophils, monocytes, and macrophages to
the site of infection, releasing chemokines and cytokines like CXCL10, CCL2, TNF-a, and IL-6. [Created with Biorender.com with license

no. DJ272BIEJL].
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therapeutic strategies (Bengue et al., 2021). Interestingly, CHIKV did
not affect IRF3 expression, a key factor in IFN induction, while MAYV
infection enhanced it. Bengue et al. also demonstrated a pronounced
induction of IFIH1 and DDX58 transcripts by MAYV compared to
CHIKYV, indicating significant upregulation of these PRRs by both
viruses. Their study also uncovered the upregulation of CXCL10,
CXCLI11, and CCL5 during viral infections, suggesting a robust
inflammatory response. Chemokines like CXCL10 can have dual
roles in virus-induced neuropathy, being both neuroprotective and
potentially neuro-pathogenic (Bengue et al., 2021).

Neuroinvasive SINV infection alters sphingolipid (SL) levels,
impacting viral replication (Avraham et al, 2023). Treating mice
with GZ-161 prevented the SINV-induced rise in serum SL levels,
suggesting that elevated SLs may trigger an immune response against
SINV. Elevated SL levels are linked to immune responses, particularly
IFNs (Albeituni and Stiban, 2019). GZ-161 appears to modulate NKT
cell activation, influencing the immune response in SVNI-infected
mice. Inhibiting excessive inflammatory responses through iNKT cell
modulation may benefit the management of acute viral encephalitis
(Avraham et al,, 2023). This aligns with previous findings implicating
pathogenic Th17 cells and CD4" and CD8" T cells in fatal SINV
encephalitis, suggesting GZ-161’s protection may come from
suppressing harmful immune responses rather than solely inhibiting
viral replication (Rowell and Griffin, 2002; Kulcsar et al., 2014; Kulcsar
and Griffin, 2016).

Neurotropic viruses can breach the CNS through multiple
pathways, not just hematogenous spread. Phillips et al. (2016)
identified that VEEV, WEEV, and potentially EEEV enter the
CNS at specific sites lacking the blood-brain barrier (BBB)
(Phillips et al., 2016). While early viral signals were not detected
in certain CNS tissues or the olfactory bulb, infection of the
olfactory bulb occurred later during CNS dissemination via
neuronal pathways from circumventricular organs entry points
(Ghosh et al., 2011; Phillips et al., 2016). Various neuroinvasion
routes have been proposed, including endothelial routes for VEEV
(Gorelkin, 1973) and EEEV (Honnold et al, 2015), the olfactory
tract (Charles et al., 1995; Vogel et al., 1996), leukocyte infection
(CHIKV and EEEV) (Vogel et al., 2005; Couderc et al., 2008), and
retrograde axonal transport (SINV) (Cook and Griffin, 2003). WNV
can infect the CNS through axonal transport from peripheral
neurons or interneuronally via the spinal cord (Samuel et al,
2007). VEEV uses the olfactory pathway, replicating in the nasal
mucosa to transiently disrupt the BBB and facilitate CNS invasion
(Schifer et al., 2011). Circumventricular organs, including the
anteroventral third ventricle (AV3V), the organum vasculosum
lamina terminalis within the AV3V (McKinley et al., 2003), and
the hypothalamus, are essential for virus invasion, with the
hypothalamus being a common target (Morita and Miyata, 2012;
Miyata, 2015). Hypothalamic neurons in the hypophyseal portal
system are susceptible to alphavirus invasion, impacting
neuroendocrine hormone secretion (Phillips et al., 2016).

The breakdown of the BBB after VEEV inoculation is linked to
infection outcomes (Phillips et al., 2016). WEEV infections can cause
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long-lasting neurological effects like Parkinsonism, even after
encephalitis recovery, with some cases reporting severe neurological
sequelae (Schultz et al, 1977). Blocking BBB opening can mitigate
VEEV’s CNS penetration (Charles et al,, 1995). Altering the BBB is
pivotal in encephalitis progression. WNV alters BBB permeability
through cytokines and matrix metalloproteinases (Wang et al., 2004;
Arjona et al., 2007; Suthar et al,, 2013), leading to inflammation and
CNS entry. This process involves TLR3-mediated TNF-o. production,
immune cell infiltration, and MIF-induced metalloproteinase
activation (Wang et al, 2004; Arjona et al, 2007; Yu et al, 2007;
Verma et al, 2010). Some viruses use infected immune cells as a
“Trojan Horse” to cross the brain endothelium and induce
inflammation (Dropulic and Masters, 1990). This mechanism, along
with direct infection of endothelial cells, has been proposed for WNV
entry into the CNS (Verma et al,, 2009).

All these findings contribute to our understanding of the
complex interactions between arboviruses and the central nervous
system, offering insights into the mechanisms underlying virus-
induced neuropathology and immune responses.

Impact of coinfection on the nervous
system outcome

Co-infection with multiple alphaviruses or an alphavirus and
another pathogen can lead to more severe neurological disease.
While no studies directly address the impact of coinfection on the
nervous system, the available findings allow us to hypothesize potential
mechanisms. Alphavirus coinfections may worsen neurological
outcomes by increasing inflammation, promoting neurodegeneration,
and disrupting normal immune responses in the CNS. The immune
response to alphavirus coinfections within the CNS involves the
activation of microglia, astrocytes, and infiltrating immune cells,
which release a surge of inflammatory molecules (cytokines and
chemokines) (Wongchitrat et al,, 2024). This creates a highly
inflammatory environment that can lead to complex neurological
problems. Excessive immune activation triggers widespread
inflammation in the brain and spinal cord, damaging neurons and
disrupting their function (Baxter and Heise, 2020). Chronic
neuroinflammation disrupts the CNS environment, damaging
neurons, impairing synaptic transmission, and compromising overall
neuron health (Kolliker-Frers et al., 2021). The persistent activation of
immune cells and the release of neurotoxic molecules may contribute
to neurodegenerative processes, further worsening neurological
impairment (Bantle et al, 2019; Adamu et al, 2024). Alphavirus
coinfections can also disrupt the BBB, a protective layer that
normally shields the CNS. This disruption allows more immune cells
and viral particles to enter the CNS, amplifying neuroinflammation
and neurodegeneration (Sian-Hulsmann and Riederer, 2024).
Additionally, different alphaviruses interacting within a coinfection
may increase their neurovirulence, raising the risk of neurological
complications. Understanding the dynamics of coinfections is pertinent

frontiersin.org


https://doi.org/10.3389/fcimb.2024.1421571
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

de Oliveira Souza et al.

for improving the diagnosis, treatment, and management of
alphavirus-related neurological diseases.

Conclusion

In conclusion, alphaviruses can in some instances invade the
nervous system, causing a range of atypical neurological
complications, from mild encephalitis to severe conditions like
Guillain-Barré syndrome and chronic impairments. Co-infections
with other pathogens may exacerbate these neurological issues by
disrupting the blood-brain barrier, dysregulating the immune
system, and potentially influencing alphavirus replication.
Investigations on risk factors for atypical neurological outcomes,
the role of co-infections, and developing improved diagnostic tools
for early detection are being actively pursued. The increasing
prevalence of alphaviruses due to climate change and global travel
underscores the importance of monitoring and understanding these
complex diseases to protect vulnerable populations.
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