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Abstract

Alphaviruses are emerging and reemerging viruses that cause disease syn-
dromes ranging from incapacitating arthritis to potentially fatal encephali-
tis.While infection by arthritogenic and encephalitic alphaviruses results in
distinct clinical manifestations, both virus groups induce robust innate and
adaptive immune responses. However, differences in cellular tropism, type I
interferon induction, immune cell recruitment, and B and T cell responses
result in differential disease progression and outcome. In this review, we dis-
cuss aspects of immune responses that contribute to protective or pathogenic
outcomes after alphavirus infection.
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INTRODUCTION

Alphaviruses are small, enveloped, positive-sense RNA viruses in the Togaviridae family and
continue to be a public health concern. Alphaviruses have reemerged in recent decades, causing
numerous epidemics and outbreaks worldwide (1). The alphavirus genome is approximately
12 kilobases and encodes four nonstructural proteins (nsP1–4) and five structural proteins
(capsid, E3, E2, 6K, and E1) in two open reading frames. The nonstructural polyproteins are
translated from the genomic RNA in the host cell cytoplasm and regulate viral replication and
protein processing, including synthesis of minus-strand RNA replicative intermediates. The
structural proteins are translated from the subgenomic RNA and required for virion formation
and budding (2, 3). Alphaviruses are transmitted mainly by hematophagous arthropods between
vertebrate reservoir hosts (e.g., nonhuman primates, birds, rodents, and marsupials) (1).

The Alphavirus genus comprises seven complexes classified based on antigenic characteristics
and includes over 30 viral species (4) (Figure 1). Historically, alphaviruses were categorized as
OldWorld or NewWorld based upon their area of endemicity and human disease characteristics.
Old World alphaviruses, include chikungunya virus (CHIKV), Sindbis virus (SINV), o’nyong-
nyong virus (ONNV), Semliki Forest virus (SFV), and Ross River virus (RRV), were first isolated
in Africa and Australia and mainly cause rheumatic disease affecting joints and musculoskeletal
tissues (5). Though part of the Old World alphavirus classification, Mayaro virus (MAYV) was
isolated in the West Indies and is responsible for outbreaks of arthritogenic disease in South and
Central America (6). New World alphaviruses, including Venezuelan (VEEV), eastern (EEEV),
and western (WEEV) equine encephalitis viruses, are found in North, Central, and South Amer-
ica, and infection can progress to neurological disease (7, 8). This classification generally aligns
with symptomatic manifestation and geography but has become less useful with recent geographic
patterns and reports of atypical disease presentation. For example, CHIKV is now endemic to sev-
eral continents, reemerging in Southeast Asia and islands in the Indian Ocean and spreading to
the Caribbean Islands and Americas (9). Additionally, SFV, SINV, and CHIKV can cause central
nervous system (CNS) infection and neurological disease instead of, or in addition to, rheumatic
manifestations (10). In this review, we characterize the alphaviruses based on their primary clinical
manifestations, arthritogenic or encephalitic.

Acute alphavirus infections are characterized by fever, rash, and myalgia that can progress to
severe arthritis or encephalitis based on the tropism of the virus. For both the arthritogenic and en-
cephalitic alphaviruses, viral RNA has been shown to persist past the acute stage of disease and re-
sult in long-term neurological sequelae or chronic joint pain and inflammation (11–13). Although
most alphaviruses typically cause non-life-threatening acute disease in humans, the economic and
social costs incurred during outbreaks are significant (14, 15). The severity and chronicity of dis-
ease often depend on the initial immune response to infection. Thus, an enhanced understanding
of the pathogenesis of acute alphavirus infection may be critical for the development of counter-
measures that limit morbidity.

Cell culture systems and animal models, including experimental infections of mice and
nonhuman primates, have been used to identify the cell targets of viral tropism and the factors
that contribute to a protective or pathogenic immune response. While recognition of shared
viral features and interferon induction may be similar between the arthritogenic and encephalitic
alphaviruses, cell tissue tropism, immunoevasion mechanisms, and immune cell recruitment differ
between the viruses. For the encephalitic alphaviruses, a key component leading to clinical disease
is entry into the CNS and infection of neuronal or glial cells (16). Based on the virus, invasion of
the nervous system occurs through hematogenous spread or retrograde and anterograde transport
along axons of neurons. Once in the brain, encephalitic alphaviruses infect and replicate within
neuronal cells and induce proinflammatory cytokines that compromise the blood-brain barrier
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Figure 1

Genetic relationships of alphaviruses. Aquatic alphavirus (purple): sleeping disease virus (SDV) (accession
number Q8QL52.1). Insect-only alphaviruses (teal): Mwinilunga virus (MWAV) (BBC45635) and Eilat virus
(EILV) (QBG67157). Western equine encephalitis virus complex (cyan): Aura virus (AURAV) (Q86925),
western equine encephalitis virus (WEEV) (QEX51909.1), Sindbis virus (SINV) (AAM10630.1), and
Whataroa virus (WHATV) (AAO33329). Semliki Forest virus complex (red): chikungunya virus (CHIKV)
(ABO38821), o’nyong-nyong virus (ONNV) (AAC97205), Ross River virus (RRV) (AYI50356.1), bebaru
virus (BEBV) (AEJ36225), Semliki Forest virus (SFV) (QQZ00842), Mayaro virus (MAYV) (QDL88200.1),
and Una virus (UNAV) (YP_009665989). Middelburg virus complex (green): Middelburg virus (MIDV)
(AAO33343). Ndumu virus complex (yellow): Ndumu virus (NDUV) (AAO33345). Barmah Forest virus
complex (pink): Barmah Forest virus (BFV) (AAO33347). Eastern equine encephalitis virus complex (dark
blue): eastern equine encephalitis virus (EEEV) (AMT80322.1). Venezuelan equine encephalitis virus
complex (orange): Rio Negro virus (RNV) (YP_009507803), Pixuna virus (PIXV) (YP_009507801), Tonate
virus (TONV) (AAD14557), and Venezuelan equine encephalitis virus (VEEV) (AAC19322.1). The
C-E3-E2–6K-E1 amino acid sequences were aligned using Geneious Aligner, and a phylogenic tree was
built using Geneious Tree Builder.

(BBB). Chemokine expression recruits innate immune cells, including monocytes and natural
killer (NK) cells, followed by adaptive immune cells into the brain (17). Infiltrating T cells induce
most of the pathological effects during alphavirus encephalitis but also are required for clearance
of virus (17) (Figure 2). Indeed, encephalitic alphavirus infection can result in lethal encephalitis.
Mouse models of encephalitic alphavirus disease closely mimic the biphasic nature of disease
characterized by febrile illness and neurologic sequelae that is seen in equines and some humans

www.annualreviews.org • Alphavirus Tropism and Immunity 617



Dissemination and
immune-mediated pathogenesis Initial infection

Subcutaneous

IFNs
ISGs

Clinical
manifestations

Aerosol/intranasal

Fibroblast

Langerhans
cell

Macrophage

Cytokines/
chemokines

Dendritic
cell

Osteoclast

Osteoblast

Monocyte

NK cell

CD8+ T cell

CD4+ T cell

B cell Pericyte

Oligodendrocyte

Microglia

Astrocyte Endothelial cell

Viral RNA

Encephalitic
alphavirus

Antibody Olfactory
neuron

Sustentacular
cell

Neuron

Fever

Rash
Weight loss

Nausea

Myalgia

Figure 2

Infection and pathogenesis of encephalitic alphaviruses. Inoculation by encephalitic alphaviruses can occur subcutaneously through the
bite of a mosquito or through an intranasal or aerosolized exposure. In the skin, some encephalitic alphaviruses (e.g., VEEV) will
replicate locally in dendritic cells and macrophages, prompting release of type I interferons and expression of ISGs. Virus then travels
to the draining lymph node or through the bloodstream to disseminate to peripheral tissues. Other encephalitic alphaviruses, like
EEEV, replicate in fibroblasts and osteoblasts but not in lymphoid tissues and do not induce a measurable peripheral inflammatory
response. Virus spreads rapidly to the CNS via several routes, including retrograde transport in neurons of the olfactory bulb and
trigeminal nerves, hematogenous routes, and across the BBB. Release of proinflammatory cytokines and chemokines alters and
compromises the BBB, contributing to further CNS infection. Immune cells are recruited into the brain parenchyma, and resident glia
become activated, both of which are essential for control of infection. Nonetheless, activated immune cells can also damage neurons
and cause demyelination, which drives the neurological syndromes observed in humans (stars and spirals). Depending on the virus strain,
neurons and glia can survive infection and harbor viral RNA after acute infection. Other signs and symptoms of systemic disease
include fever (blue circle), rash (purple circle), weight loss (pink circle), nausea (green circle), and myalgia (yellow circle). Abbreviations: BBB,
blood-brain barrier; CNS, central nervous system; EEEV, eastern equine encephalitis virus; IFN, interferon; ISG, interferon-stimulated
gene; NK, natural killer; VEEV, Venezuelan equine encephalitis virus. Figure adapted from images created with BioRender.com.

(18). In comparison, the arthritogenic alphaviruses infect and replicate in the joint-associated and
musculoskeletal tissues (19). Proinflammatory cytokine and chemokine expression induced by
infection recruits immune cells, including monocytes, NK cells, neutrophils, and T cells, which
limit infection but also cause tissue damage, edema, and inflammation (13). Additionally, infection
of osteoblasts by some arthritogenic alphaviruses promotes osteoclastogenesis and bone erosion
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Infection and pathogenesis of arthritogenic alphaviruses. Following a bite from an infected mosquito,
arthritogenic alphaviruses replicate locally in fibroblasts, keratinocytes, epithelial and endothelial cells, and/
or macrophages. Cellular infection results in induction of type I interferons and expression of ISGs. Virus
travels to the lymph node or through the bloodstream to disseminate to peripheral organs, where it
replicates to high titers in the joint-associated and musculoskeletal tissues. Infection of osteoblasts promotes
osteoclastogenesis and bone erosion. Proinflammatory cytokines and chemokines are released and recruit
cells that are essential to control infection but also mediate damage including synovitis, bone reabsorption,
and muscle fiber destruction. Macrophages, myofibroblasts, and muscle cells can survive infection and
harbor viral RNA many weeks after acute infection. These processes drive the clinical syndromes observed
in humans, including fever (blue circle), rash (purple circle), polyarthritis and polyarthralgia (red circles), and
myalgia (yellow circle). Abbreviations: IFN, interferon; ISG, interferon-stimulated gene; NK, natural killer.
Created with BioRender.com.

(13) (Figure 3). Mouse models of the arthritogenic alphaviruses induce foot swelling, myositis,
and/or bone loss, similar to disease observed in humans (20). In this review, we identify shared
and distinct factors within the innate and adaptive immune response to acute infection between
the encephalitic and arthritogenic alphaviruses that lead to infection, immunity, and disease
resolution and pathogenesis.

CELLULAR TROPISM

The distinction between disease syndromes caused by encephalitic and arthritogenic alphaviruses
can be attributed in part to their differences in cellular tropism, which is influenced by receptor
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usage, a permissive environment for replication, and immunological changes to the target cell.
Arthritogenic alphaviruses replicate at or near the site of infection and then disseminate to target
organs. CHIKV, a prototype arthritogenic alphavirus, replicates in fibroblasts, keratinocytes,
melanocytes, endothelial cells, epithelial cells, and possibly tissue-resident and -infiltrating
macrophages (21, 22). Infected cells or free virus seed the draining lymph node with virus,
which leads to viremia and dissemination to target organs and tissues, including the spleen,
joint-associated tissues, and muscle (23). In the muscle, CHIKV infects satellite cells, myoblasts,
and fibroblasts, and in the joint, it targets chondrocytes, osteoblasts, monocytes, and synovial
fibroblasts (24, 25), ultimately leading to polyarthralgia and polyarthritis (23). Using a CHIKV
reporter virus strain that creates a fate map for infected cells, one study showed skeletal muscle
myofibers and dermal and muscle fibroblasts could survive CHIKV infection and harbor viral
RNA for weeks (26). Although CHIKV infects skeletal muscle tissue, it is not the principal
source of infectious virus in vivo. Preventing skeletal muscle infection by using a CHIKV strain
encoding a skeletal muscle microRNA (miRNA) resulted in similar viral titers as control virus but
caused less joint swelling, CD4+ T cell recruitment, and proinflammatory cytokine expression,
implicating skeletal muscle infection as a driver of clinical disease (27).

Encephalitic alphaviruses vary in their cellular tropism and spread, which impact their clin-
ical manifestations. VEEV initially infects Langerhans cells in the skin and then transits to the
draining lymph node, where it targets dendritic cells (DCs) and to a lesser extent lymphocytes
and macrophages (28). In cell culture, VEEV replicates efficiently in DCs, macrophages, and
mesenchymal cells, including fibroblasts and osteoblasts (29). EEEV also infects mesenchymal
cells (29, 30) but replicates poorly in DCs and macrophages, leading to limited replication in
the draining lymph node and a delay in dissemination (29). However, the lack of EEEV infec-
tion in the draining lymph node is not related to type I interferon signaling, as replication blocks
in the draining lymph node persist in IFN-α/β receptor (IFNAR1)−/− mice, suggesting an ad-
ditional mechanism of restriction. A landmark study identified a hematopoietic-specific miRNA
(miR-142–3p) that targets the 3′ untranslated region of the EEEV genome and suppresses its
replication in myeloid cells (31). The lack of replication in myeloid cells limited induction of
type I interferons and enhanced spread to the CNS (31, 32). The WEEV genome also contains a
miR-142–3p seed sequence. Similar to the case of EEEV,WEEVmiRNA seed sites limited repli-
cation in macrophages or peripheral blood leukocytes (32, 33). The high levels of expression
of type I interferons during VEEV infection coupled with the lack of type I interferons during
EEEV infection suggest that myeloid cell infection and production of type I interferons during
encephalitic alphavirus infection can dictate the pathogenesis sequence (29, 31).

Expression of attachment and entry receptors also determines the cellular tropism of
alphaviruses. Distinct cell surface receptors have been identified for the arthritogenic and en-
cephalitic alphaviruses, which may contribute to the differential clinical manifestations. Matrix-
remodeling associated 8 (MXRA8) is an adhesion molecule and entry receptor for multiple arthri-
togenic alphaviruses, including CHIKV, MAYV, RRV, and ONNV, but not for the encephalitic
alphaviruses (34). MXRA8 is expressed in tissues that are relevant for arthritogenic alphavirus in-
fection, including those in ankle,muscle, spleen, and lymph node (35). Blockade of MXRA8 in cell
culture reduced CHIKV infection in human primary dermal and synovial fibroblasts, osteoblasts,
chondrocytes, and skeletal muscle cells (34).Mxra8−/− mice infected with CHIKV, MAYV, RRV,
or ONNV showed reduced viral burden and diminished clinical disease with decreased neutrophil
recruitment and proinflammatory cytokine and chemokine expression in the foot (35). Recently,
low-density lipoprotein receptor class A domain–containing 3 (LDLRAD3) was identified as a key
entry receptor for VEEV (but not EEEV or WEEV) in mouse and human neuroblastoma cells
and primary human dermal epithelial and fibroblast cells (36). LDLRAD3 is highly expressed
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in VEEV-tropic tissues, including brain tissue (37–39). Mice with deletions in Ldlrad3 were
completely resistant to lethal challenge with VEEV (36). Administration of the recombinant
domain 1 of LDLRAD3 as an Fc fusion protein before VEEV infection reduced viremia and viral
burden in the CNS to undetectable levels (36). Analogously, very low-density lipoprotein receptor
(VLDLR) mediated entry of SFV into human and mouse neuronal cells. Blockade of VLDLR
in vivo using an Fc-fusion protein of the ligand-binding domain of VLDLR prolonged time to
death in neonate mice. Expression of VLDLR and the closely related apolipoprotein E receptor 2
(ApoER2) also was sufficient for binding and internalization of EEEV and SINV (39a).

Arthritogenic and encephalitic alphaviruses can utilize glycosaminoglycans as attachment
factors (40). While the use of glycosaminoglycans, particularly heparan sulfate, typically arises
from passage in cell culture and results in attenuation in vivo, North American isolates of EEEV
naturally use heparan sulfate, which has been attributed to enhanced neurovirulence (41–44).
Compared to a mutated EEEV strain with reduced heparan sulfate binding, wild-type EEEV
strains caused decreased viral replication in peripheral tissues but increased viral replication in
the brain (41).

Other potential receptors for alphaviruses have been identified for specific cell types, includ-
ing prohibitin 1 on microglial cells for CHIKV, α1β1 integrin on fibroblasts for RRV, and natural
resistance–associated macrophage protein 2 (NRAMP2) on fibroblasts for SINV (45–47). CD147
also was recently identified as a potential entry factor for CHIKV and displays structural similar-
ities to MXRA8, suggesting a preferred structure for entry (48). However, these studies have not
been validated extensively or repeated in vivo, so their impact on tropism and the proinflammatory
cytokine and cellular response remains unclear. The future identification of additional attachment
and entry receptors for different alphaviruses may refine our understanding of cellular tropism,
virus-induced inflammation, and mechanisms of pathogenesis and possibly enable the design of
targeted therapeutics that block virus entry and infection.

INNATE IMMUNE RESPONSES TO ALPHAVIRUSES

Pattern Recognition Receptors

Host pattern recognition receptors (PRRs) can sense the RNA genome of alphaviruses and trig-
ger antiviral responses. Endosomal Toll-like receptors (TLRs)—including TLR3, which detects
double-stranded RNA (dsRNA), and TLR7 and TLR8, which recognize single-stranded RNA
(ssRNA)—and their downstream signaling molecules can be triggered during entry of virus or
uptake of cellular debris (49). Once in the cell cytoplasm, the RIG-I-like receptors RIG-I and
MDA5,which recognize dsRNA, and cyclic GMP-AMP (cGAMP) synthase (cGAS), which senses
endogenous or foreign DNA, are stimulated. This leads to the activation of downstream adaptor
and signaling molecules [TRIF, MyD88, mitochondrial antiviral-signaling protein (MAVS), and
stimulator of interferon genes (STING)], resulting in translocation of interferon regulatory fac-
tors (IRFs) into the nucleus and induction of type I interferons and proinflammatory cytokines
and chemokines (49–51). While the majority of studies have been performed with arthritogenic
alphaviruses, given that they share RNA architectural features with encephalitic alphaviruses, both
likely use common pathways of viral recognition (Figure 4).

TLRs.Most TLRs signal through MyD88, but TLR4 and TLR3 signal through TRIF instead.
Single-nucleotide polymorphism analysis of CHIKV-infected patients revealed that TLR3
(rs6552950), TLR7 (rs179010, rs5741880, rs3853839), and TLR8 (rs3764879) polymorphisms
were associated with disease severity, implicating these TLRs in alphavirus pathogenesis (52,
53). A deficiency in TLR3 in the context of CHIKV infection resulted in increased viremia
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and dissemination, reduced disease, and increased macrophage and neutrophil recruitment to
joint-associated tissue, which was corroborated by experiments with mice lacking the TLR3
adaptor molecule, TRIF (52, 54). Bone marrow chimera studies showed that TLR3 signaling
on hematopoietic cells controls viremia, whereas TLR3 signaling on nonhematopoietic cells is
needed to limit disease (52). Nevertheless, more research may be warranted. A conflicting study
suggested no role for TLR3 in control of CHIKV replication (22). Loss of TLR7 or signaling
through its adaptor molecule, MyD88, during CHIKV infections increased viremia at early
time points (55). A lack of MyD88 signaling resulted in increased CHIKV infection in Ly6Chi

monocytes, but this translated to only a mild increase in foot swelling (54, 55). In comparison,
RRV infection of Tlr7−/− or Myd88−/− mice resulted in enhanced clinical disease and muscle
damage; however, loss of these adaptor molecules did not impact early viral load but rather
delayed virus clearance in blood and muscle (56).

TLR signaling impacts encephalitic alphavirus survival through modulation of cellular im-
munity or BBB permeability rather than direct control of viral replication. During infection of
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Figure 4 (Figure appears on preceding page)

Overview of innate immune signaling pathways impacting alphavirus infection. Alphavirus entry is mediated by attachment factors and
receptors at the host cell surface. Once internalized in an endosome, alphaviruses undergo fusion of the viral envelope with the
endosomal membrane to release nucleocapsid and positive-strand viral genomic RNA into the cytoplasm. This RNA is translated to
generate nonstructural proteins (nsP1–4) that form an initial viral replication complex to synthesize a negative-strand RNA
intermediate. The viral replication complex will then switch to generate positive-strand genomic RNA and (positive-strand)
subgenomic RNA from these negative-strand RNA intermediates. Subgenomic RNA encodes the structural polyproteins (C-E3-E2-
6K-E1), and these are translated and processed in the endoplasmic reticulum before delivery to the cell surface to encapsulate genomic
RNA during virion budding. PRRs at the cell surface (TLR4) and within the endosome (TLR3, TLR7, and TLR8) will recognize
PAMPs and signal through distinct adaptor proteins (e.g., MyD88 and TRIF). TLR activation, along with secondary signaling through
potassium efflux, can activate the inflammasome. Transcription of viral RNA in the cytoplasm leads to formation of dsRNA, which can
activate cytoplasmic PRRs, RIG-I and MDA5, to interact with MAVS on the mitochondrial membrane. cGAS can recognize
endogenous or foreign DNA released during infection, leading to activation of STING. These recognition events initiate translocation
of IRFs and NF-κB into the nucleus and regulation of type I interferons and proinflammatory gene expression. Innate immune
pathways that confer presumed protective (green box) or pathological (red box) responses to arthritogenic (blue font) or encephalitic (pink
font) alphavirus infection are indicated to the left of each represented signaling molecule. Abbreviations: cGAMP, cyclic GMP-AMP;
cGAS, cGAMP synthase; CHIKV, chikungunya virus; dsRNA, double-stranded RNA; IRF, interferon regulatory factor; MAVS,
mitochondrial antiviral-signaling protein; MAYV, Mayaro virus; NF-κB, nuclear factor kappa B; NSV, neuroadapted SINV; ONNV,
o’nyong-nyong virus; PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; RRV, Ross River virus; SINV,
Sindbis virus; ssRNA, single-stranded RNA; STING, stimulator of interferon genes; TLR, Toll-like receptor, VEEV, Venezuelan
equine encephalitis virus; WEEV, western equine encephalitis virus. Adapted from images created with BioRender.com.

neuroadapted SINV (NSV), the lack of TLR3, TLR7, and TLR9 did not impact CNS infec-
tion but increased time to death and reduced the number of CD11b+ myeloid cells within the
brain and spinal cord (57), suggesting TLR signaling modulated chemokine expression or sur-
vival of CD11b+ cells in the CNS. In contrast, TLR4 signaling was detrimental to infection with
an attenuated VEEV strain. While TLR4 signaling did not alter the viral load in the CNS, it did
increase BBB permeability through increased expression of proteins associated with endothelial
cell integrity and leukocyte trafficking, including MMP-9, MMP-2, ICAM-1, CCL2, and IFN-γ
(58). Lack of TLR4 signaling also increased the number of B cells in the brain, suggesting an
enhanced antibody response, although this was not evaluated (58).

Inflammasome.The NLRP3 inflammasome is a multiprotein complex that results in the secre-
tion of IL-1β and IL-18. Stimulation of various receptors, including TLRs, induces expression of
the inactive forms of NLRP3, procaspase-1, pro-IL-1β, and pro-IL-18 (59). Secondary signaling
through potassium efflux or reactive oxygen species initiates the cascade to oligomerize NLRP3
with the adaptor protein, ASC, and effector, caspase-1, which activates the inflammasome (59, 60).
Alphavirus infection can activate the NLRP3 inflammasome, resulting in production of IL-1β and
IL-18 (60, 61). In vitro studies identified human dermal fibroblasts and murine bone marrow–
derived macrophages as agents of inflammasome activity and IL-1β secretion following CHIKV
or MAYV infection (60, 62, 63). The lack of NLRP3 or caspase-1/11 during MAYV infection
resulted in a slight increase in clinical disease with fewer monocytes and neutrophils but more
NK cells infiltrating joint-associated tissues compared to wild-type mice (60). Since NLRP3 or
caspase-1/11 activity did not alter viral burden in this model, it can be inferred that the difference
in clinical disease is associated with changes in immune cell recruitment (60). In CHIKV-infected
patients, NLRP3, IL-18, ASC, and caspase-1 mRNA expression in peripheral blood mononuclear
cells and IL-1β levels in serum were increased and correlated with the high viremia seen during
acute infection (61). In mice, CHIKV infection induced expression of NLRP3 and caspase-1 in
ankle tissues, and treatment with an NLRP3 or caspase-1 inhibitor reduced foot swelling and os-
teoclastogenesis without altering viral burden inmusculoskeletal tissues (61).As similar reductions
in clinical disease and bone loss were observed with the NLRP3 inhibitor in the context of RRV
infection, NLRP3 inflammasome activation and signaling likely contribute to pathogenesis (61).
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RIG-I-like receptors. In the cytoplasm, replication of the alphavirus genome produces dsRNA
intermediates that can bind to and activate RIG-I and MDA5, leading to an interaction with
MAVS on the mitochondrial membrane. These events trigger a signaling cascade resulting in
IRF3 nuclear translocation and induction of type I interferons, proinflammatory cytokines, and
chemokines. It is less clear whether alphavirus RNAs signal primarily through RIG-I or MDA5
(64–67). An in vitro ectopic expression screen of interferon-stimulated genes (ISGs) identified
RIG-I and MDA5 as inhibitors of alphavirus replication (68). Both RIG-I and MDA5 induced
expression of IFN-β following infection of immortalized mouse fibroblast cells with mutants of
VEEV or SINV that do not inhibit host translation following infection (65). However, another
study identified MDA5 as the key inducer of type I interferon following SINV infection in
mouse fibroblasts, but not in bone marrow–derived macrophages (66). For CHIKV, ectopic
expression of RIG-I reduced viral replication and infection (67). Analysis of the CHIKV genome
binding to RIG-I identified the 3′ untranslated region as the targeted region (67). In contrast,
CHIKV infection in Rig-I−/− orMda5−/− mice showed no difference in viral burden compared to
wild-type mice, whereasMavs−/− mice had increased viremia and foot swelling (22, 54). Similarly,
NSV caused increased mortality and viral burden in the brain and spinal cord of Mavs−/− mice
(69). These in vivo studies suggest a redundant role for RIG-I andMDA5 in restricting alphavirus
infection.

cGAS-STING.The cGAS-STING signaling pathway, which detects endogenous or nonself
DNA in the cytoplasm, also has been shown to reduce alphavirus infection (51, 70). DNA bind-
ing to cGAS produces cGAMP, which binds to and activates STING, resulting in IRF3 nuclear
translocation and type I interferon production (50). Ectopic expression of cGAS in STAT1−/− fi-
broblasts inhibited infection with SINV, ONNV, VEEV, and CHIKV (70). A genetic deficiency
of cGAS or STING in Raw 264.7 myeloid cells enhanced replication of CHIKV, and Stinggt/gt

loss-of-function mouse embryonic fibroblasts sustained a large increase in viral load (51). Loss
of STING signaling during CHIKV infection resulted in increased viral burden; foot swelling;
and mRNA expression of cytokines and chemokines, including that encoded by Cxcl10 (71). Con-
sistent with increased levels of Cxcl10, more F4/80+ or Ly6C+ cells were present in the feet of
Stinggt/gt mice (71). Although alphavirus RNA is not believed to engage cGAS directly, CHIKV
infection and the resulting cellular injury can lead to translocation of nuclear or mitochondrial
DNA into the cytoplasm. This DNA can then bind and stimulate cGAS (51).

Type I Interferon Induction and Response

Engagement of PRRs triggers the nuclear translocation of IRFs and NF-κB transcription factors,
resulting in expression of proinflammatory cytokines and chemokines and type I interferons. Sig-
naling of type I interferons in an autocrine and paracrine manner induces ISG expression that
primes the antiviral state, which can block multiple stages of the alphavirus life cycle, including
entry, translation, replication, and virion morphogenesis.

Interferon regulatory factors. Activation of IRFs (IRF1, IRF3, IRF5, and IRF7) through PRR
signaling and recruitment of adaptor molecules initiates IRF homo- or heterodimerization and
translocation into the nucleus. In the nucleus, the IRF dimers bind to DNA and regulate the
expression of type I interferons and ISGs (72). Additionally, IRF1 and IRF7 are activated by
IFN-β signaling, resulting in a positive-feedback loop for ISG expression and IFN-α production
(73, 74). Signaling through IRF1, IRF3, or IRF7 is implicated in the control of tropism and
disease caused by alphaviruses. CHIKV infection of mice deficient in IRF1 resulted in increased
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infection of muscle cells and expression of the neutrophil and granulocyte chemoattractants
CXCL1, CXCL2, CCL3, and CCL4, which correlated with recruitment of neutrophils and
eosinophils and foot swelling (75). Similar results with RRV infection in Irf1−/− mice corrobo-
rated findings that muscle cell infection modulates inflammation (75). Although in-depth studies
are lacking for the encephalitic alphaviruses, IRF1 expression reduced mortality during VEEV
infections, suggesting a protective role (76).

IRF3 and IRF7 provide protective functions during alphavirus infection. In the absence of
IRF3 and IRF7, CHIKV infection led to a lethal shock syndrome associated with a massive proin-
flammatory cytokine response (54). Bone marrow chimera experiments showed that expression
of IRF3 and IRF7 in either hematopoietic or nonhematopoietic cells was sufficient to prevent
mortality, suggesting that PRR signaling and type I interferon production could occur in both cell
types (77). While a deficiency of either IRF3 or IRF7 enhanced CHIKV-mediated foot swelling
and VEEV mortality, IRF7 expression was critical to the control of viral replication and produc-
tion of type I interferons in vivo (54, 77, 78). In analogous studies, NSV-infected Irf7−/− mice had
increased viral burden in the CNS and an accelerated time to death, with reduced type I inter-
ferons compared to wild-type mice (57, 78, 79). Consistent with in vivo results, macrophages and
DCs required IRF7 to produce type I interferons following VEEV infection, further validating the
concept that myeloid cells are the main producers of type I interferons (78). In contrast, WEEV
infection of human neuroblastoma cells expressing a dominant negative IRF3 mutant showed that
this transcription factor is critical for induction of type I interferon and control of viral replication
(80). Overall, these results suggested a cell type–specific requirement of IRF3 and IRF7.

IRF2 negatively regulates type I interferon signaling through suppression of IRF1 and limits
mortality after encephalitic alphavirus infection (81). Irf2−/− mice infected with NSV or an at-
tenuated VEEV strain showed increased lethality compared to wild-type mice (81, 82). For NSV
infection, lethality is associated with reduced B cells and virus-specific IgG in the brain, which re-
sulted in higher viral burden in the CNS (81). Additionally, IRF2 expression increased inducible
nitric oxide synthase (iNOS) expression in the brain during VEEV infection (82). Based on in vitro
studies, microglia cells likely produce iNOS following VEEV infection, and thus a lack of iNOS
in infected Irf2−/− mice would result in reduced nitric oxide and increased viral burden (82).

Type I interferon signaling is critical for protection against arthritogenic and encephalitic al-
phaviruses. Administration of IFN-α during VEEV or CHIKV infection reduced disease by lim-
iting viral replication (83, 84). Likewise, alphavirus infection in mice lacking the type I interferon
receptor IFNAR uniformly resulted in enhanced viral replication and dissemination and rapid
death (22, 76, 85, 86). For the arthritogenic alphaviruses, specifically CHIKV, type I interferon
signaling through IFNAR on nonhematopoietic cells was required to prevent lethality (22).When
the individual contributions of IFN-α and IFN-β were dissected during CHIKV infection, both
IFN-α and IFN-β reduced foot swelling (87). However, lack of IFN-α-enhanced virus dissemi-
nation and IFN-β deficiency increased neutrophil recruitment to the musculoskeletal tissue (87).
These results are similar to those of earlier studies using lymphocytic choriomeningitis virus.
IFN-β expression did not impact early virus replication, but blockade of IFN-β enhanced the host
response, specifically the virus-specific T cell responses (88). Thus, these studies further validated
distinct immunomodulatory and antiviral roles of specific type I interferons.

Interferon-stimulated genes and control of alphaviruses. Interferon binding to the IF-
NAR1/IFNAR2 heterodimeric receptor activates the Janus kinase ( JAK)/signal transducer and
activator of transcription (STAT) pathway to induce the transcription of ISGs that control al-
phavirus infection (89). Alternatively, some ISGs can be induced directly following PRR activation
(89).While hundreds of ISGs have been identified as differentially expressed or regulated during
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alphavirus infection, a limited number have demonstrated inhibitory activity against the arthri-
togenic and encephalitic alphaviruses (Table 1). Protein kinase R (PKR) and 2′,5′-oligoadenylate
synthetase (OAS) proteins are expressed constitutively at low levels in cells and then increased
following alphavirus infection (90, 91). PKR recognizes dsRNA and then phosphorylates eIF2α,
leading to inhibition of translation (90). In cell culture, PKR induction in fibroblasts reduced repli-
cation of SFV, SINV, and CHIKV and delayed protein translation during SFV infection (92–94).
Nonetheless, there are discrepancies in findings about the role of PKR for translation inhibition
during CHIKV infection. One group suggested that CHIKV-mediated translation inhibition was
PKR-independent, whereas another reported the opposite (93, 95).This disparity could be related
to differences in the experimental method of altering PKR expression and the method of analysis.
The first group used small interfering RNAs to silence PKR and analyzed puromycin incorpora-
tion into de novo polypeptide chains by immunoblotting.While there was substantial knockdown,
it was not complete (93). The other group used genetically deficient PKR−/− mouse embryonic
fibroblasts and evaluated puromycin labeling of de novo proteins via confocal microscopy (95).
Ostensibly in agreement with both studies, SINV infection uses both PKR-dependent and PKR-
independent mechanisms of translation inhibition (94). PKR activation upregulates GADD34
(growth arrest and DNA damage–inducible protein 34), which is a phosphatase that negatively
regulates eukaryotic initiation factor 2α (eIF2α) (96).Gadd34−/− neonatal mice quickly succumbed
to CHIKV infection and showed increased viral load in noncanonical target tissues, such as the
heart, which correlated with reduced levels of type I interferons (95). Similarly, PKR−/− mice had
prolonged SFV infection in the brain (92). OAS also recognizes dsRNA, which activates RNase
L and leads to mRNA or viral RNA degradation (90). The large OAS isoform OAS3 restricted
replication of CHIKV, SFV, and SINV (91, 97). Unlike in Ifnar1−/− mice, where SINV infection
resulted in 100% mortality, Rnasel−/− or PKR−/− mice were protected from lethal SINV chal-
lenge, indicating other factors contribute to type I interferon–mediated protection (98). ISG20 is
an interferon-induced endonuclease that preferentially targets ssRNA for degradation (99).How-
ever, during alphavirus infection, ISG20 inhibits translation, and not degradation, of the viral RNA
genome through upregulation of other ISGs through IRF3 (100). In cell culture, ectopic expres-
sion of ISG20 reduced replication of SINV,CHIKV, and VEEV (100, 101). However, the absence
of ISG20 during CHIKV or virulent VEEV infection did not impact clinical disease or lethality,
but there was increased lethality and clinical disease with an attenuated strain of VEEV (100).

Bone marrow stromal cell antigen 2 (BST-2), also known as tetherin, prevents extracellular
release of CHIKV and SFV, resulting in retention of virus particles on the surface of the cell (102,
103). Bst2−/− mice infected with CHIKV showed increased viral burden and reduced expression
of IFN-γ and CD40L in the foot and draining lymph node; this result suggested that BST-2
may also impact other aspects of immunity (e.g., T cell activation or DC maturation) to control
CHIKV spread (104).VEEV infection upregulated BST-2 in fibroblasts, and ectopic expression of
BST-2 reduced viral loads (105). Similarly, ectopic expression of poly(ADP-ribose) polymerases 7,
10, or 12 (PARP7, 10, or 12) in BHK cells and fibroblasts reduced VEEV viral loads (105). Viperin,
which is encoded by RSAD2, was highly expressed in peripheral blood mononuclear cells isolated
fromCHIKV-infected individuals and controlled SINV infection in vitro (101, 106).Mice lacking
viperin showed increased viremia and joint inflammation during CHIKV infection and increased
mortality during SINV infection (106, 107). Interferon-induced transmembrane 3 (IFITM3) is
recruited to the late endosome and reduces infection of SFV, SINV, ONNV, VEEV, MAYV, and
CHIKV (108, 109). Ifitm3−/− mice infected with CHIKV showed increased foot swelling and viral
infection (108). A lack of IFITM3 expression enhanced infection in neutrophils and macrophages,
thus altering the tropism of CHIKV (108). In analogous studies with VEEV, infected Ifitm3−/−

mice developed higher viral load in theCNS at early time points and had increasedmortality (108).
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Table 1 Function of interferon-stimulated genes against alphaviruses

ISG Viruses In vitro studies In vivo studies References
PKR SFV

SINV
CHIKV

Human
PKR siRNA KD in foreskin fibroblasts:

� No change in cellular translation or
type I IFN levels (CHIKV)

PKR−/− mouse
SFV:

� No death
� Delayed viral clearance in

brain
SINV:

� 100% survival

92–95, 98

Mouse
PKR−/− MEFs or PKR siRNA KD in
NIH-3T3 cells:
� ↑ Infection/viral titer (SFV, CHIKV,

SINV)
� ↓ Type I IFNs (SFV, CHIKV)
� ↓ Cellular translation (CHIKV)
� Prolonged infection (SINV)

PKR−/− BMDCs:
� ↑ Viral titer (SINV)
� ↑ Replication or translation (SINV)

Dominant-negative PKR mutant in
NIH-3T3 cells:
� Partial ↓ cellular translation (SINV)
� No change in viral titers (SINV)

GADD34 CHIKV Mouse
Gadd34−/− MEFs:

� ↑ Viral titer (CHIKV)
� ↓ IFN-β (CHIKV)

Gadd34−/− neonate mouse
CHIKV:

� ↑ Lethality
� ↑ Viral load
� ↓ Type I IFNs

95

OAS SFV
SINV
CHIKV

Human
Oas3−/− or Rnasel−/− A549 cells:

� No total RNA degradation (SINV)
� ↑ Viral titers (SINV)

Ectopic expression of OAS3 in HeLa cells:
� ↓ Viral titers (CHIKV, SINV, SFV)
� ↓ Viral RNA accumulation (CHIKV)

Mouse
Rnasel−/− BMDCs:

� No change in viral titer (SINV)
� ↓ Replication or translation (SINV)

Rnasel−/− mouse
SINV:

� 100% survival

91, 97

ISG20 SINV
CHIKV
VEEV

Mouse
Ectopic expression in MEFs:

� ↓ Replication (SINV)
� ↓ Viral titers (CHIKV, VEEV)
� ↓ Translation (CHIKV)

Mouse
SINV encoding ISG20
(neonate):
� ↑ Survival

Isg20−/− mouse
CHIKV (neonate):

� No change in survival
VEEV:

� Virulent strain—no change
in survival

� Attenuated strain—↑
lethality and disease

100, 101

(Continued)
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Table 1 (Continued)

ISG Viruses In vitro studies In vivo studies References
Bst2/Tetherin SFV

CHIKV
VEEV

Human
Ectopic expression in 293T and HeLa cells:

� ↓ Viral titer (SFV, CHIKV)
� ↓ Virus release (SFV, CHIKV)

Rodent
Bst2−/− MEFs and macrophages:

� ↑ Viral titers in the presence of type I
IFNs (CHIKV)

NIH-3T3 or BHK-21 cells infected with
VEEV expressing Bst2:
� ↓ Virus release (VEEV)

Bst2−/− mouse
CHIKV:

� ↑ Viral burden
� ↓ Type I IFNs, IFN-γ, and

CD40 expression

102–105

RSAD2/
Viperin

SINV
CHIKV

Mouse
Ectopic expression in MEFs:

� ↓ replication (SINV)
Rsad2−/− tail fibroblasts:

� ↑ Viral antigen and load (CHIKV)
� ↑ Type I IFN expression (CHIKV)

Mouse
SINV encoding Viperin

(neonate):
� ↑ Survival

Rsad2−/− mouse
CHIKV (young):

� ↑ Foot titer early
� ↑ Viremia
� ↑ Cytokines, chemokines,

and inflammation
� ↑ F4/80+ cells and

monocyte recruitment
� CD4+ T cell–mediated

disease with ↑ IFN-γ

101, 106, 107

IFITM CHIKV
VEEV
SFV
ONNV
MAYV

Human
Loss of IFITM3 activity in HeLa cells:

� ↑ Infection (CHIKV, MAYV)
� ↑ Virus spread (CHIKV)

Ectopic expression of IFITM1 or IFITM2 in
HeLa cells:
� ↓ Infection (CHIKV, MAYV)

Mouse
Ifitm3−/− MEFs:

� ↓ Infection (CHIKV, VEEV, SFV,
ONNV)

� ↓ Viral fusion (CHIKV)

Ifitm3−/− mouse
CHIKV (young):

� ↑ Foot swelling
� ↑ Tissue titers and

macrophage infection
� ↑ Inflammatory cytokines

VEEV:
� ↑ Mortality
� ↑ Early CNS titers

108, 109

PLZF SFV Mouse
Zbtb16−/− MEFs:

� ↓ Infection
Zbtb16−/− BMMs:

� ↓ PLZF-dependent ISGs: Oas1g, Viperin,
Ifit2, Cxcl10

Zbtb16−/− NK cells:
� ↓ Effector function

Zbtb16−/− mouse
� ↑ Tissue titers
� No change in serum IFN

levels
↓ PLZF-dependent ISGs:

� Oas1g, Viperin, Ifit2,
Cxcl10

� ↓ NK cell effector function
� ↓ Granzyme B

110

(Continued)
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Table 1 (Continued)

ISG Viruses In vitro studies In vivo studies References
ZC3HAV1/
ZAP

SINV
SFV
RRV
VEEV

Human
ZC3HAV1−/− 293T cells:

� Cofactor TRIM25 silenced
� ↑ Viral replication (SINV)

siRNA KD in Huh-7 cells:
� ↑ Viral replication (SINV)

Rodent
ZAP-transduced fibroblasts:

� ↓ Viral replication (SINV, SFV, RRV,
VEEV)

� ↓ Viral RNA translation (SINV)
BHK-21 cells with ZAP overexpression:

� + KD of 69 ISGs: ↑↑ viral replication
(SINV)

Mouse
Overexpression in MEFs:

� ↓ Virus release (SINV)
� ↓↓ Virus release with IFN treatment

(SINV)
siRNA KD in MEFs:

� ↑ Viral replication (SINV)

Mouse
Inoculation with SINV
encoding ZAP (neonate):
� ↑ Survival

101, 111–114

ISG15 SINV
CHIKV

Mouse
Ectopic expression in MEFs:

� ↓ Virus release (SINV)
siRNA KD in MEFs:

� ↑ Viral replication (SINV)

Mouse
Inoculation with SINV
encoding ISG15 (neonates):
� No change in survival

(SINV)
IFN-α/βR−/− mouse inoculated
with SINV encoding ISG15:
� ↑ Survival (SINV)
� ↓ Viral titers (SINV)
� ↓ Immunopathology

(SINV)
ISG15−/− mouse

� ↑ Lethality (SINV,
CHIKV)

� No change in tissue titers
and type I IFN (CHIKV)

� ↑ TNF-α, IL-1β, IL-6,
CCL2, CCL3, CCL5
(CHIKV)

101, 115–117

Abbreviations: BMDC, bone marrow–derived dendritic cell; BMM, bone marrow–derived macrophage; CHIKV, chikungunya virus; CNS, central nervous
system; GADD34, growth arrest and DNA damage–inducible protein 34; IFN, interferon; ISG, interferon-stimulated gene; ITIFM, interferon-induced
transmembrane; KD, knockdown; MAYV, Mayaro virus; MEF, mouse embryonic fibroblast; OAS, 2′,5′-oligoadenylate synthetase; ONNV, o’nyong-nyong
virus; PKR,protein kinase R; PLZF,promyelocytic zinc finger; RRV,Ross River virus; SFV,Semliki Forest virus; SINV,Sindbis virus; siRNA, small interfering
RNA; VEEV, Venezuelan equine virus; VLP, virus-like particle; ZAP, zinc finger antiviral protein.

Multiple interferon-induced zinc finger proteins also suppress alphavirus infection.Neonatal mice
lacking promyelocytic leukemia zinc finger (PLZF), encoded by Zbtb16, and infected with SFV
sustained markedly higher viral burdens with diminished NK cell activation and ISG responses
(110). PLZF binds to the promoter regions and regulates expression of some ISGs, including
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IFIT2 and viperin, suggesting a potential protective mechanism in vivo (110). Additionally, zinc
finger antiviral protein (ZAP) impaired translation of the SINV genome through interactions with
tripartite motif-containing 25 (TRIM25) and controlled infection in neonatal mice (101, 111–
114). ISG15 is induced rapidly by type I interferons following infection with CHIKV or SINV
and reduces viral replication (101, 115, 116).The lack of ISG15 during SINV or CHIKV infection
resulted in a shorter survival time (115, 117). Reconstitution of ISG15 protected mice from SINV
replication and lethality (116, 117). Interestingly, CHIKV lethality in ISG15-deficient mice was
not mediated through increased viral load or changes in type I interferon expression. This was
likely due to the high levels of proinflammatory cytokines (115).

Cellular Immunity

As part of the innate immune response to alphavirus infection, hematopoietic cells aremobilized to
sites of infection.These immune cells can be critical to control viral replication, promote clearance
of infected cells, and stimulate a protective adaptive immune response. However, infiltrating and
tissue-resident cells produce proinflammatory cytokines and chemokines that also can contribute
to immunopathogenesis and disease progression. Here we discuss the protective and pathogenic
cellular immune responses that occur during alphavirus infection.

Myeloid cells.DCs, macrophages, monocytes, and neutrophils are rapidly recruited to the site of
infection and contribute to control or pathogenesis of alphavirus infections. The activity of these
cells in the context of immunity has been studied extensively during arthritogenic alphavirus in-
fection. While there are limited studies directly evaluating myeloid cells during encephalitic al-
phavirus infection, chemokine and cytokine expression and analysis of cellular infiltrates suggest
that myeloid cells also may contribute to protection or pathogenesis. Some alphaviruses, includ-
ing SFV, VEEV, and SINV, replicate in myeloid DCs (mDCs), also referred to as conventional
DCs, and/or Langerhans cells, which can traffic the virus to DLNs to promote virus dissemi-
nation (28, 29, 118, 119). Infection of myeloid DCs by RRV and Barmah Forest virus (BFV) is
dictated by N-linked glycans present on the E2 protein (120). Unprocessed viruses displaying
high-mannose glycans derived from mosquito cells infected mDCs more efficiently than viruses
with complex glycans acquired from mammalian cells (120). Additionally, VEEV, SINV, CHIKV,
MAYV, and RRV replicate inmacrophages (21, 29, 78, 84, 121).While alphavirus RNA persistence
is not extensively covered in this review, macrophages are proposed reservoirs for CHIKV RNA
in joint-associated tissues (122). Beyond viral replication, subsets of recruited or tissue-resident
myeloid cells produce type I interferons and cytokines that assist in viral clearance yet also pro-
mote inflammatory tissue damage.

Plasmacytoid dendritic cells (pDCs) specialize in type I interferon production predominantly
following stimulation of the endosomal TLR7, sensing single-stranded RNA, or TLR9, sensing
unmethylated CpG DNA, and signaling through IRF7 (123). The importance of pDCs during
alphavirus infection has been evaluated only for arthritogenic alphaviruses. One study used mice
with pDC-specific forced expression of IRF7 on an Irf3/Irf7−/− background, ensuring pDCs were
the sole producers of type I interferons. This model established that production of type I interfer-
ons by pDCs was sufficient to protect Irf3/Irf7−/− mice from lethal CHIKV challenge and control
viral replication (124). The type I interferons produced by pDCs during CHIKV or MAYV infec-
tion can limit infection of monocytes (55). Perturbation of pDC production of type I interferons
through changes in microbiome composition resulted in increased CHIKV or MAYV infection
of Ly6Chi monocytes (55). pDCs protected mice infected with an interferon-sensitive mutant of
RRV from clinical disease and viral load in a MAVS-independent manner (125). These results
were supported by studies showing that direct interaction of pDCs and infected epithelial cells or
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fibroblasts stimulatedTLR7 signaling to induce type I interferon secretion (124). Since pDCs con-
trol arthritogenic alphavirus infections through IRF7-dependent production of type I interferons,
and IRF7 signaling is important for the control of the encephalitic alphavirus VEEV (78), pDCs
likely also produce type I interferons during encephalitic alphavirus infection. To date, there are
no data showing that alphaviruses replicate in pDCs, which, in theory, could alter type I interferon
expression and immune protection.

Shortly after alphavirus infection, chemoattractants such as CCL2, CXCL10, and MIF, pre-
sumably secreted by fibroblasts, endothelial and epithelial cells, and macrophages, recruit mono-
cytes to the site of infection, where they differentiate based on the cytokine milieu (126–134). The
presence of monocytes and macrophages in tissues is associated with increased expression of IL-6,
TNF-α, IL-1β, and type I interferons and correlates with cytokine release following alphavirus
infection of monocytes or macrophages in vitro (84, 135–137). During arthritogenic alphavirus
infection, monocytes and macrophages accumulate in musculoskeletal tissues and serve both pro-
tective and pathogenic functions (137, 138). Clodronate liposome depletion of macrophages re-
duced skeletal muscle damage and clinical disease during RRV and CHIKV infection but did
not impact viral burden in tissues (84, 135). Limiting monocyte and/or macrophage recruitment
through a deficiency of MIF or CXCL10 expression also reduced clinical disease and immune
cell infiltration during RRV, CHIKV, or ONNV infection (126, 131). However, Ccr2−/− mice,
which lack the receptor for CCL2, infected with CHIKV developed severe foot swelling due to
a compensatory influx of neutrophils and eosinophils in joint-associated tissue (139). Whereas
complete abrogation of monocyte recruitment through CCR2 deletion leads to increased patho-
genesis (presumably due to neutrophils), administration of bindarit, a small molecule that inhibits
p50/p65 activation of the CCL2 promoter, during CHIKV or RRV infection reduced expression
of proinflammatory cytokines. This decreased recruitment of CD11b+ and F4/80+ cells and al-
leviated clinical disease and muscle damage (127, 138, 140). These studies show that recruitment
of monocytes and macrophages drives a proinflammatory response resulting in tissue damage and
disease.

The resolution of acute musculoskeletal disease caused by alphaviruses is associated with an
increase in alternative M2 macrophages expressing arginase 1 (Arg1) and chitinase-like protein 3
(also called Ym1) and in CX3CR1+ macrophages, which could support healing of the damaged
tissue (130, 141). Indeed, CX3CR1-deficient mice showed increased disease and muscle damage
following RRV infection, consistent with a protective role of these cells (130). However, specific
depletion of Arg1 in monocytes, macrophages, and neutrophils did not alter acute infection but
rather enhanced clearance of RRV at late time points (e.g., 14 and 21 days after inoculation) and
increased tissue recovery, indicating that Arg1+ macrophages and neutrophils prolong infection
and tissue damage (141).

The impact of myeloid cells on encephalic alphavirus infection has been less extensively charac-
terized.However, some studies do provide insight into their possible roles during infection.VEEV
infection induces expression of CCL2, MIF, and CXCL10 in the brain, suggesting that mono-
cytes and/or macrophages are recruited into the brain (128, 129, 142). Indeed, CX3CR1+CCR2+

monocytes enter the brain at early time points following intranasal VEEV infection, and this
correlated with increased levels of TNF-α and IL-1β (16). These cytokines can destabilize the
BBB, and indeed, monocytes were localized near areas of BBB permeability (16, 143, 144). Since
VEEV-infected myeloid cells are one of the main producers of type I interferons in cell culture,
the recruitment of these cells to the brain may be protective (78). Contrasting protective and
pathological roles have been proposed for neutrophils during encephalitic alphavirus infection.
Infection of cynomolgus macaques with VEEV resulted in neutropenia, whereas EEEV infection
produced neutrophilia (145). Future studies are needed to determine whether these differences in
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neutrophil mobilization might be caused by differential type I interferon production in VEEV-
or EEEV-infected myeloid cells.

NK cells.NK cells are rapidly activated and recruited to the site of viral infections. NK cells
mediate clearance of infected cells through release of cytolytic perforin and granzyme molecules,
secretion of IFN-γ, and interaction of death receptors on cell targets with Fas ligand (146, 147).
Activated NK cells are detectable in the blood and musculoskeletal tissues following CHIKV or
RRV infection in humans and mice and in the brains of SFV-, SINV-, or VEEV-infected mice
(148–153). A pathogenic role of NK cells has been proposed during arthritogenic alphavirus in-
fection, though this finding may be CHIKV genotype dependent (154). NK cell depletion during
a lethal challenge with an attenuated VEEV strain resulted in protection of mice, and adoptive
transfer ofNK cells into depletedmice resulted in increased lethality (155).NK cell–depletedmice
had reduced levels of IL-12p40, granulocyte colony-stimulating factor (G-CSF), and RANTES;
higher levels of TNF-α; and equivalent IFN-γ expression in the brain compared to control mice
(155). Since the levels of IFN-γ were similar between the groups, this suggests there was increased
T cell activity in the NK cell–depleted mice, which may have contributed to the protection ob-
served (155). Though the absence of NK cells during SFV infection prolonged time to death, the
mice succumbed to infection at a higher rate than controls (152). The clinical disease associated
with NK cell depletion after SFV infection was not typical (e.g., paralysis), suggesting that NK
cells are pathogenic in the brain but may have protective roles at other infection sites (152). These
studies suggest that NK cells may be pathogenic during alphavirus infection, but their relative
contribution to disease can vary between the different viruses.

γδ T cells.The most abundant skin-resident T lymphocytes, γδ T cells, constitute a first line
of defense in the immune response at the local site of alphavirus infection (156). These cells lack
MHC restriction and do not require conventional processing to react to antigens.They have a crit-
ical role in cytotoxicity, cytokine secretion, and promoting DC maturation (157, 158). In CHIKV
infection, γδ T cells play a protective role. CHIKV infection in mouse footpads prompted an in-
crease in γδ T cells in the foot and adjacent popliteal lymph nodes (159). An absence of γδ T cells
yields increased monocyte infiltration into joints and higher levels of the proinflammatory media-
tors IFN-γ, CCL2, and CXCL9. This leads to increased tissue damage and disease severity (160).
The role of γδ T cells in controlling CHIKV infection in humans remains unclear (161). Indeed,
many functions of γδ T cells are unknown, particularly in the CNS (162). The early antiviral re-
sponse to encephalitic alphavirus infection in the brain may be independent of γδ T cells, since γδ

T cell–deficient mice showed no change in survival compared to wild-type mice following VEEV
and SINV challenge (163). VEEV persisted in the brains of γδ T cell–deficient mice for up to four
weeks in the absence of clinical disease, suggesting these cells function in clearance (163).

ADAPTIVE IMMUNE RESPONSES TO ACUTE ALPHAVIRUS
INFECTION

Compared to the extensive work on innate immunity to alphaviruses, studies exploring the roles
of adaptive immunity in modulating alphavirus infection, pathogenesis, and disease severity are
more limited. A hallmark of acute alphavirus infection is rapid viral dissemination from a local
site of replication to distant target tissues (11). During this initial phase, CD8+ T cells, CD4+ T
cells, and B cells become activated in the context of antigen-presenting cells and cytokine stimu-
lation. Antigen-experienced cells migrate from lymphoid tissues to sites of infection to contribute
to local inflammation, control of replication, and clearance for some, but not all, alphaviruses
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(84, 164–166). In this section, we review differences in lymphocyte contributions to the acute
immune response against arthritogenic and encephalitic alphaviruses.

CD8+ T Cell Responses

Studies examining the functions of CD8+ T cells in alphavirus infection have identified limited
tissue-specific roles in controlling replication of some alphavirus species. For others, the contri-
bution of CD8+ T cells to protective immunity is uncertain. During acute alphavirus infection,
CD8+ T cells become activated and express markers such as CD69, CD107a, granzyme B, and
perforin (167, 168). Infiltrating activated CD8+ T cell numbers increase in the circulation and
in tissues targeted by arthritogenic (169, 170) and encephalitic (163) alphaviruses. One primary
function of CD8+ T cells is direct cytolysis of virus-infected cells and production of antiviral and
immunomodulatory proteins (171). Studies in mice suggest that CD8+ T cells mediate damage
to neuronal cells in the CNS in the context of SFV infection. SFV infects oligodendrocytes,
which upregulate MHC-I antigens, making them targets for cytotoxic killing (172). Depletion of
CD8+ T cells reduced inflammation and eliminated demyelinating lesions in mice infected with
SFV, confirming their pathogenic role (173, 174). For neurotropic alphaviruses like NSV and
VEEV, the latter of which primarily infects neurons, CD8+ T cells do not target neurons directly,
possibly because of the paucity of MHC-I expressed in these cells. Instead, CD8+ T cells may
protect the host via noncytolytic mechanisms of viral clearance (175, 176). CD8+ T cells are not
absolutely required for clearance of NSV and VEEV, since they were eventually cleared, though
more slowly, in CD8+ T cell–deficient mice (163, 176). However, recovery from NSV and VEEV
infections in B cell–deficient mice required CD8+ and CD4+ T cells (175, 177), and adoptive
transfer of primed T cells prevented lethal VEEV-induced encephalitis in TCRαβ−/− mice (163,
178). Studies suggest CD8+ T cells may act in concert with other lymphocytes (e.g., CD4+ T
cells and γδ T cells) to secrete cytokines (TNF-α and IFN-γ) that aid in clearance of intracellular
viral RNA, though the antiviral proteins responsible for this control remain poorly characterized
(176, 179–183). Studies with NSV showed the CD8+ T cell–dependent clearance from neurons
is localized in the brain stem and spinal cord, but not in the cerebral cortex (180, 184). This
phenotype was attributed to differences in MHC-I surface expression and differential suscepti-
bility of neuronal subpopulations to IFN-γ-mediated clearance (176, 184). In comparison, CD8+

T cells seem to have less antiviral effect in joint-associated tissues in the context of infection by
the arthritogenic alphaviruses CHIKV and MAYV (168, 185–188). The mechanisms by which
CHIKV and other arthritogenic alphaviruses evade the CD8+ T cell response could be due to
impaired antigen presentation by infected dermal cells, lack of migration or accessibility of CD8+

T cells to infected cells, or an immunosuppressive microenvironment within specific target tissues
(26, 168). This may explain why CHIKV infection persists in joint-associated tissues (24, 26, 122,
150, 189, 190). Analogous studies with RRV suggested that CD8+ T cells control RRV infection
in muscle but not in joint tissues (191, 192). Different immune environments among target tissues
may have different influences on the immune control of arthritogenic alphaviruses by CD8+

T cells.

CD4+ T Cell Responses

Naive CD4+ T cells are activated after MHC-II-restricted antigen presentation and, depending
on the cytokine milieu, differentiate into one of several effector T helper (Th) subsets—Th1,Th2,
or Th17 cells—or regulatory T cells (Tregs) (193). Each CD4+ T cell lineage is distinguished by
its cytokine production profile, which can modulate the acute response to infection via activation,
enhancement, and/or suppression of innate and adaptive immune components. Though our
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understanding of CD4+ T cells during alphavirus infection remains limited, studies have shown
they can function in protection and/or pathogenesis depending on the alphavirus.

Th1 cells. In animal models of alphavirus pathogenesis, virus-specific CD4+ T cells migrate to
infected sites in peripheral organs and the CNS (25, 126, 164, 194). These cells express the tran-
scription factor T-bet and produce high levels of IFN-γ, consistent with a Th1 subset of CD4+

T cells (84, 164, 185, 195). Th1 cells mediate control of intracellular pathogens by recruiting and
activating myeloid cells to sites of infection (196–199). During acute CHIKV infection, Th1 cells
contribute to the pathogenesis of arthritis (150, 166, 185). Mice with genetic or acquired defi-
ciencies of MHC-II or CD4+ T cells developed minimal or no joint pathology when challenged
with CHIKV, with little impact on tissue viral RNA levels (84, 185, 200). Adoptive transfer of
CD4+ T cells fromCHIKV-infected donors into infected TCRαβ−/− mice restored joint swelling
(185). Therapies targeting CD4+ T cells, such as fingolimod, which blocks lymphocyte exit from
lymphoid organs (201), and anti-CTLA-4 blocking antibodies (202), reduced joint pathology in
CHIKV-infected mice. Though IFN-γ expression levels are elevated in Th1 cells during CHIKV
infection, this cytokine does not seem to contribute to CD4+ T cell–mediated joint swelling (150),
possibly because CHIKV interferes with downstream JAK/STAT signaling to promote its replica-
tion (203). Instead, Th1 cells might mediate arthritis through production of granzyme A, a serine
protease involved in T cell–mediated cytolysis (204). Accordingly, mice deficient in granzyme A
and infected with CHIKV did not develop joint swelling (205).

The few studies of Th1 cells in neurotropic alphavirus infection have reported conflicting re-
sults regarding their role in disease pathogenesis. This may be due to differences in animal mod-
els used, including variations in host genetic background, route of virus inoculation, and inherent
pathogenicity of challenge strains. In studies using VEEV, IFN-γ-expressing CD4+ T cells pro-
moted disease resolution in the CNS. Adoptive transfer of primed CD4+ T cells into TCRαβ−/−

mice conferred protection against lethal intranasal VEEV challenge (163, 178). One study eval-
uated a nonlethal strain of VEEV in B cell–deficient mice and showed recovery from infection,
except when CD4+ and CD8+ T cells were depleted. The CD4+ compartment contributed to
the majority of the T cell–associated antiviral activity and produced more IFN-γ and had higher
levels of degranulation activity than CD8+ T cells (177). Possible mechanisms of Th1-mediated
VEEV clearance from the CNS include direct cytotoxic effects and IFN-γ-mediated activation
of protective monocytes and microglia (177). In NSV infections of mice, CD4+ T cells have both
pathogenic and protective effects (175, 195, 206) that may be potentiated by their expression of
IFN-γ (180). Understanding the functional roles of CD4+ T cells and the cytokines they produce
in alphavirus encephalitis remains a complex problem that likely will require studies in mice with
conditional cytokine deletions.

Th2 cells.The Th2 subset of CD4+ T cells contributes to the response against extracellular
pathogens by producing cytokines (e.g., IL-4, IL-5, IL-10, and IL-13) that modulate humoral
immunity (207). In general, few studies have reported on the effects of Th2 cells and their cy-
tokines on alphavirus pathogenesis, and those that have are focused mostly on CHIKV (208).
Th2 cytokines can be measured in the joint tissues of CHIKV-infected humans, and higher lev-
els of some Th2 cytokines (e.g., IL-13) are associated with delayed disease resolution and pro-
longed musculoskeletal symptoms (209–212). In mice, the T cell response is shifted from Th2
skewing early in infection and toward a Th1 bias later in the response (154, 212), which appears
to contrast with that seen in humans (209). In human CHIKV infections, it is speculated that
the enhanced Th2 response is an attempt to curtail damaging proinflammatory Th1 cell activity
(209, 213).
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Th17 cells and Tregs.Differentiation of naive CD4+ cells into Th17 or Tregs is promoted by
tumor growth factor β (TGF-β) in the context of additional proinflammatory signals. In the pres-
ence of IL-6 or IL-12, CD4+ T cells differentiate into Th17 cells, which have a pathogenic effect
in arthritogenic and encephalitic alphavirus infections. The cytokines secreted by Th17 cells, in-
cluding IL-17, IL-22, IL-23, and granulocyte-macrophage colony-stimulating factor (GM-CSF),
are implicated in neutrophil recruitment to infected musculoskeletal tissues (214, 215) and linked
to bone erosion during CHIKV infection (216). In NSV infection, Th17 cells have been associ-
ated with fatal encephalomyelitis in the absence of IFN-γ expression (217), although the effector
functions causing disease remain unclear. Plausible explanations include Th17 cell production of
IL-17, which contributes to autoimmune encephalitis (218), and GM-CSF and IL-22, which can
cause neuronal damage through activation of microglial cells, recruitment of myeloid cells to the
CNS, and BBB disruption (219, 220). Th17 cells can also directly target neurons, which express
the IL-17 receptor under physiological stress (221).

In the absence of proinflammatory signals, TGF-β promotes differentiation of naive CD4+

T cells into Tregs (222, 223). Tregs produce the anti-inflammatory cytokines IL-10 and TGF-β,
which suppress activity of immune cells and confer a protective role in arthritogenic and en-
cephalitic alphavirus infection (222, 224). Selective expansion of Tregs can downregulate costim-
ulation by antigen-presenting DCs and limit pathogenic CD4+ T cell–mediated joint swelling
(224). Interestingly, MAYV infection induces a higher level of Tregs than CHIKV does during
acute infection. This may be one reason why there are more asymptomatic cases of MAYV infec-
tion than CHIKV infection (225–227).Most studies describing the function of Tregs in alphavirus
encephalitis have focused on NSV. Tregs are implicated as a source of IL-10 in the regulatory im-
mune response to NSV infection in the brain (228), and deficiencies in IL-10 accelerate fatal dis-
ease (206). In comparative studies of BALB/c mice that are resistant to fatal NSV and susceptible
C57BL/6 mice, there are more Tregs producing IL-10 in the former (206). The exact mechanism
by which Tregs and IL-10 protect against NSV-induced CNS disease remains unclear.

B Cell Responses

During alphavirus infection, B cells produce virus-specific antibodies that clear virus from the
bloodstream. B cells and antibodies also have important roles in the clearance of arthritogenic
and encephalitic alphaviruses from target tissues and modulate disease progression (229, 230).
Infection of B cell–deficient mice with CHIKV (230) or VEEV (177) resulted in persistent in-
fection in the joint or brain, respectively. Resolution of infection and disease depended on both
antibody neutralizing activity and effector functions, including antibody-mediated cellular cyto-
toxicity, complement activation, and virus opsonization (231). Indeed, passive transfer of mono-
clonal antibodies or immune serum protected against arthritogenic and encephalitic alphavirus
infection and disease (232–240). Protective antibodies interfered with virus attachment and entry,
endosomal fusion, virion assembly, virus egress, and cell-to-cell spread (231, 238, 241–243).

Neutralizing IgM responses early in infection are associated with reduced viral load and re-
covery in models of CHIKV and SINV infection (244). However, antiviral IgM persistence is
associated with chronic disease and a failure to clear alphavirus infection (245–247). Natural IgM
antibodies in the sera of mice can recognize CHIKV and also contribute to protection, although
this has not been confirmed in humans (208, 248). In humans, high levels of CHIKV replica-
tion early during infection triggered production of anti-CHIKV IgG3 antibodies that promoted
disease resolution (249). In C57BL/6 mice, CHIKV infection largely induced IgG2c antibod-
ies, which efficiently engaged complement components and activating Fcγ receptors. During al-
phavirus infection, CD4+ T cell help is important for antibody isotype switching in B cells.When
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MHC-II−/− mice, deficient in CD4+ T cells, were infected with SFV, infectious virus was initially
cleared at the same rate as in wild-type mice. However, early levels of IgM and IgG2b were lower,
levels of SFV RNA in the brain were higher, and infectious virus was detected one month after
infection (250). Interestingly, the antibody-mediated control of CHIKV infection can occur inde-
pendently of CD4+ T cell help. Cd4−/− mice infected with CHIKV still controlled infection de-
spite lower levels of neutralizing antibodies. Similarly, in MHC-II−/− mice infected with CHIKV,
class switching from IgM to IgG still occurred in the absence of T cell help (200). Thus, CD4+

T cell–independent antibody responses can be protective in arthritogenic alphavirus infection.
Long-term control of virus replication in the CNS is associated with infiltration and reten-

tion of B cells that secrete virus-specific antibodies (251). High levels of neutralizing antibodies,
however, were insufficient for eliminating NSV and SFV from the brain during acute infection
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Figure 5 (Figure appears on preceding page)

Protective and pathogenic components of the immune response to alphavirus infections. Pattern recognition
receptors, type I interferons, interferon-stimulated genes, and immune cells involved in the innate and
adaptive immune responses to alphaviruses that are encephalitic (pink ovals), arthritogenic (light blue ovals),
or both encephalitic and arthritogenic (mauve overlap) are categorized by their known or presumed
(a) protective and/or (b) pathogenic contributions. Specific viruses are indicated when the type of immune
response differs compared to other viruses in the respective group. Abbreviations: BST-2, bone marrow
stromal cell antigen 2; cGAS, cyclic GMP-AMP synthase; EEEV, eastern equine encephalitis virus;
GADD34, growth arrest and DNA damage–inducible protein 34; IFITM3, interferon-induced
transmembrane 3; IRF1, interferon regulatory factor 1; ISG20, interferon-stimulated gene 20; NK, natural
killer; NSV, neuroadapted Sindbis virus; OAS3, 2′,5′-oligoadenylate synthetase 3; PARP7, poly(ADP-ribose)
polymerase 7; pDC, plasmacytoid dendritic cell; PKR, protein kinase R; PLZF, promyelocytic leukemia zinc
finger; RRV, Ross River virus; SFV, Semliki Forest virus; STING, stimulator of interferon genes; Th1, T
helper type 1; TLR3, Toll-like receptor 3; Treg, regulatory T cell; TRIM25, tripartite motif-containing 25;
WEEV, western equine encephalitis virus; ZAP, zinc finger antiviral protein.

(250). Initial clearance of infectious NSV from the brains of mice with severe combined immune
deficiency by hyperimmune serum was followed by reemergence of infectious virus (252). This
was also seen in arthritogenic alphavirus infection. Treatment of CHIKV-infected Rag1−/− mice
with exogenous neutralizing monoclonal antibodies eliminated infectious virus from circulation,
but as antibody levels waned, infectious virus reemerged (200, 230). During infection, pathogenic
strains of CHIKV can subvert or delay induction of humoral immune responses by triggering
a rapid influx of neutrophils and monocytes into the draining lymph node that disrupts follicle
organization and impairs B cell responses to CHIKV (253).

CONCLUSIONS

Alphaviruses remain a global concern as climate change, international travel, and urbanization ex-
pand themosquito vector distribution, vector exposure, and potential virus adaptation tomosquito
species. This pattern has already been observed with CHIKV, which now causes explosive out-
breaks worldwide. A single–amino acid mutation in the E1 structural protein of CHIKV enhanced
its replication in Aedes albopictus mosquitoes and enabled epidemic spread into new regions of the
world (254). VEEV, EEEV, and WEEV are emerging viruses and classified as biodefense threats
owing to their high lethality following aerosol transmission.While there are no available counter-
measures against alphavirus infection, multiple promising vaccine approaches are being evaluated
in clinical trials, including virus-like particle, live-attenuated strains, or viral-vectored platforms
against CHIKV, VEEV, EEEV, orWEEV (NCT03879603,NCT00584805,NCT02466750, and
NCT03051386) (255–258). Furthermore, numerous studies have documented in vivo protection
against arthritogenic and encephalitic alphaviruses using monoclonal antibodies and reduced in-
fection in vitro with repurposed drugs and small-molecule inhibitors (232, 237, 239, 242, 259, 260).
As our understanding of the similarities and differences in pathogenesis of alphaviruses grows
(Figure 5), new approaches and broadly effective immune-targeted therapies may become possi-
ble in the not-so-distant future.
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