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Mammalian arenaviruses are zoonotic viruses that cause asymptomatic, persistent infections in their rodent hosts but can lead
to severe and lethal hemorrhagic fever with bleeding and multiorgan failure in human patients. Lassa virus (LASV), for example,
is endemic in several West African countries, where it is responsible for an estimated 500,000 infections and 5,000 deaths annu-
ally. There are currently no FDA-licensed therapeutics or vaccines available to combat arenavirus infection. A hallmark of arena-
virus infection (e.g., LASV) is general immunosuppression that contributes to high viremia. Here, we discuss the early host im-
mune responses to arenavirus infection and the recently discovered molecular mechanisms that enable pathogenic viruses to
suppress host immune recognition and to contribute to the high degree of virulence. We also directly compare the innate im-
mune evasion mechanisms between arenaviruses and other hemorrhagic fever-causing viruses, such as Ebola, Marburg, Dengue,
and hantaviruses. A better understanding of the immunosuppression and immune evasion strategies of these deadly viruses may
guide the development of novel preventative and therapeutic options.

Arenaviruses are enveloped negative-sense RNA viruses with a
bisegmented genome composed of the L (large; ca. 7.3 kb)

and S (small; ca. 3.5 kb) segments. The S segment encodes the
nucleoprotein (NP) and glycoprotein precursor complex (GPC),
and the L segment encodes the L RNA-dependent RNA polymer-
ase (RdRp) and the matrix RING-finger protein (Z) (1, 2).

A newly suggested taxonomy divides the Arenaviridae family
into the genera Mammarenavirus and Reptarenavirus, whose res-
ervoirs are mainly rodents and reptiles (i.e., snakes), respectively
(3). Mammalian arenaviruses are grouped into New World (NW)
and Old World (OW) arenaviruses based on their geographical
distributions, as well as their serological and phylogenetic differ-
ences (1, 3). While the majority of these viruses do not cause
human disease, nine species are associated with neurological and
hemorrhagic diseases in humans. Lassa virus (LASV) accounts for
the highest number of cases, with an estimated 300,000 to 500,000
infections and �5,000 deaths annually (4, 5). There is currently no
FDA-licensed vaccine or therapeutic agent to protect against are-
navirus infection. The upregulation of type I interferon (IFN-�
and IFN-�), followed by the upregulation of a subset of cellular
gene products, namely, interferon-stimulated genes (ISGs), is an
essential mechanism to control viral infections (reviewed in refer-
ence 6). Two of the four arenavirus-encoded proteins, namely, the
nucleoprotein NP and the RING-finger Z protein, have recently
been described as type I IFN antagonists that contribute to the
general immunosuppression observed during the course of arena-
virus infection. A better understanding of how the host responds
to arenaviral infection and how some of these viruses manage to
evade host immune surveillance will offer important insights for
the development of effective preventative and treatment options.

INNATE AND CELLULAR IMMUNE RESPONSES DURING
VIRAL INFECTIONS

An important line of defense against intracellular pathogens, such
as viruses, is the innate immune system, with the IFN induction
and IFN signaling pathways at its core (6). The pattern recognition
receptors (PRRs), which consist of the three main protein families
retinoic acid-inducible gene RIG-I-like receptors (RLRs), Toll-

like receptors (TLRs), and NOD-like receptors (NLRs), are re-
sponsible for the initial sensing of different pathogens (7). It is
thought that these PRRs recognize specific features of a virus,
some of which are generated during viral replication, such as dou-
ble-stranded RNA or 5=-triphosphorylated RNA, collectively re-
ferred to as pathogen-associated molecular patterns (PAMPs) (8,
9). After initial sensing of these PAMPs, the PRRs initiate the
activation of different signaling pathways, using several essential
cellular adaptor proteins, that eventually results in the activation
of transcription factors, namely, interferon regulatory factor 3
(IRF3), IRF7, or NF-�B (10, 11). Subsequently, these pathways
lead to the expression or upregulation of specific subsets of gene
products, including type I IFN, proapoptotic factors, and cyto-
kines. The secreted type I IFN is recognized by target cells in an
autocrine or paracrine manner, initiating the IFN signaling path-
way (6, 12). The IFN signaling activation leads to the expression or
upregulation of hundreds of ISGs, which have specific functions
to counteract a given viral infection (6). ISG expression can affect
global cellular and/or specific viral transcription or translation, as
well as interfere with various steps of viral replication (reviewed in
reference 13). Some components of the IFN induction pathway
(e.g., IRF7) are also considered ISGs and, thus, are upregulated,
which in turn forms an amplifying feedback loop to prolong and
strengthen the antiviral effects (14, 15).

In addition to expressing type I IFN and ISGs, infected cells
express and secrete a large variety of cytokines, which play crucial
roles in the regulation of cellular immune responses (16–18). Cy-
tokines are responsible for the activation and maturation of many
professional immune cells, such as macrophages, dendritic cells
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(DCs), and T cells, which are thought to be crucial in the control
and clearance of many viral infections, including arenaviruses
(19–23).

IMMUNE RESPONSES DURING ARENAVIRUS INFECTIONS IN
MOUSE MODELS

To combat viral infections, different components of the immune
response, including innate, cellular, and humoral systems, are ac-
tivated. Studies in mice have shown that a functional innate im-
mune system with a productive IFN response is essential to con-
trol and eventually clear arenavirus infections (24–28). IFN-�/�
or IFN-�/�� receptor knockout mice fail to control arenavirus
infections, which result in systemic viral infections with more se-
vere and lethal pathological phenotypes than in wild-type mice
(24, 27, 28). Although the activation of IRF7 has been shown to be
important for the production of IFN-� (25, 26), which is crucial to
control lymphocytic choriomeningitis virus (LCMV) infection, it
is not involved in the eventual clearance of the virus by CD8� T
cells. This stands in agreement with the finding that IFN-� pro-
duced early in LCMV infection subsequently activates CD8� T
cells, thus favoring virus clearance from mice (29). Interestingly,
LCMV (clone 13) can maintain persistent infection, which de-
pends on a low level of type I IFN signaling that induces the anti-
inflammatory interleukin (IL-10), as well as programmed cell
death 1 ligand 1 (PD-L1) (30, 31). The balance of these two cyto-
kines is critical for the successful establishment of persistence or
the switch to an acute infection. IL-10 can interfere with the
NF-�B pathway, downregulate cytokines secreted by helper T cells
(Th1), decrease major histocompatibility complex (MHC) class II
presentation, and interfere with macrophage stimulation (30).
The inhibition of innate immune pathways during arenavirus in-
fections can interfere with the function of plasmacytoid DCs
(pDCs), leading to a failure of CD8� T cell activation due to a lack
of cross-priming by pDCs and a reduction in immunopathologi-
cal damages (32), which can result in an overall reduction of im-
munopathological damages. A recent study showed that IFN-�
and IFN-� have different effects on arenavirus infection: IFN-�
may control virus spread in early infection, while IFN-� may be
involved in viral clearance later in infection (33).

CELLULAR IMMUNE RESPONSES UPON IFN INDUCTION
DURING ARENAVIRUS INFECTIONS OF RODENTS AND
HUMANS

During arenavirus infection, the initial innate immune response
and the activation of the type I IFN system are essential to prime
subsequent cellular and adaptive immune responses to eventually
overcome and clear the infection (34–37). In adult mice infected
with LCMV, an IFN burst was observed from 6 to 48 h postinfec-
tion (38–40). Although the viral titers peak at 3 to 5 days postin-
fection, long after IFN levels have declined, this initial IFN burst
can be enough to restrict viral titers to levels manageable primarily
by cellular immune responses, which can clear the virus after 8
days of infection (39, 40). The type I IFN released mainly by pDCs
can subsequently affect the activation and maturation of B and T
cells (41, 42). Apart from secreting IFN, the activation of pDCs
also increases the presentation of MHC class I and II peptides and
leads to the production of costimulatory molecules and inflam-
matory cytokines. Before CD8� T lymphocytes can become acti-
vated against arenavirus infection, the early expression of and

downregulation of viral replication by the ISGs is paramount, but
the exact subset of ISGs required needs further investigation.

Studies of human survivors of LASV infections indicate a gen-
eral immunosuppression characterized by low levels of type I IFN
and proinflammatory cytokines, such as tumor necrosis factor
alpha (TNF-�) or IL-1� (28, 43, 44). Fatal LASV infections are
often directly associated with altered levels of IFN-�-induced pro-
tein 10 (IP-10), IL-6, or IL-8 (28, 45–49). The reduction of cyto-
kines goes hand in hand with reduced expression of costimulatory
proteins in DCs, such as CD86, which results in the failure to
activate CD4� and CD8� T lymphocytes (32, 45, 48). Finally, in
LASV-infected patients, lymphopenia and lymphoid depletion
are often observed in the spleen and lymph nodes as a result of
reductions in DCs and CD8� T lymphocytes (50–52), which may
explain the overall poor immune response throughout the course
of LASV infection.

The immune response during infection by NW arenaviruses,
such as Junin virus (JUNV), appears to differ from immune re-
sponses during OW arenavirus infections, observed in LASV pa-
tients. The differences in immune responses upon infection by
OW or NW arenaviruses have been discussed in detail elsewhere
(53). Available data from in vitro and in vivo studies suggest that
NW arenavirus infections with JUNV or Machupo virus (MACV)
trigger an initial IFN response similar to that of LASV (54). But
rather than suppressing the innate immune pathways after the
initial IFN induction, as observed for LASV, the response during
JUNV infections shifts toward a proinflammatory response medi-
ated mainly by IFN-� and TNF-� (55, 56). Although in vivo re-
sults support the importance of IFN-� and IFN-�, work with
JUNV and MACV in cell culture indicates that viral titers were
mainly affected by IFN-� (57). Currently, it is unclear whether
these NW arenaviruses are unable to inhibit pathways that result
in the expression of IFN-� and IFN-� or whether these viruses
might even actively direct the innate immune responses toward an
inflammatory response to activate potential target cells at the site
of infection.

The differences in immune responses upon infection by OW or
NW arenaviruses can partly be explained by the difference in the
mechanisms of viral cell entry and/or cellular tropisms. While OW
arenaviruses (e.g., LASV) use cellular �-dystroglycan (�-DG) as
their receptors, clade B NW arenaviruses (e.g., JUNV and MACV)
that cause human disease use human transferrin receptor 1
(hTfR1) (58), which can result in a change of target cells in vivo.
This is supported by the lack of cytokine release from macro-
phages and dendritic cells during JUNV infection (21), results that
have previously been observed in Argentine hemorrhagic fever
patients (59–61).

MOLECULAR IMMUNOSUPPRESSIVE MECHANISMS OF
ARENAVIRUSES
NP as an IFN antagonist. The arenaviral nucleoprotein is the
most abundantly expressed viral protein in infected cells (62). NP
binds and encapsidates viral genomic RNA to form the viral nu-
cleocapsid (63). The nucleocapsid forms a complex with the viral
polymerase (L protein), called the viral ribonucleoprotein (vRNP)
complex, to synthesize viral genomic RNAs during viral replica-
tion and to transcribe viral mRNAs (63). Through interactions
with other viral and cellular proteins, NP also plays important
roles in the proper assembly and budding of progeny virions from
infected cells (64, 65). Besides serving essential roles in viral rep-
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lication, genome encapsidation, and virion assembly, NP has also
been shown to be intimately involved in regulating host innate
immunity (Fig. 1) (66–68).

Initial studies looking at IFN antagonism by different arenavi-
ral proteins have identified NP as the major viral protein that can
interfere with the IFN induction pathways (66, 67). NP is com-
prised of two domains separated by a flexible linker region (Fig.
2A). The N-terminal domain seems to function as the RNA-bind-
ing domain, contributing to viral genomic-RNA synthesis and

encapsidation (68, 69). Structural and biochemical analysis of sev-
eral arenaviral NPs, as well as bioinformatics analyses, have shown
that the C-terminal domain is mainly comprised of a highly con-
served 3=-to-5= exonuclease of the DEDDh family (68, 69). Mem-
bers of this exonuclease family are often involved in various nu-
cleic acid repair or proof-reading mechanisms (70, 71), but for
arenavirus NP, this exoribonuclease activity appears to mediate
type I IFN suppression (66, 72, 73). When any of the amino acids
of the active site of the exoribonuclease (RNase) is mutated, the

FIG 1 Inhibition of innate immunity by arenavirus NP and Z. (A) Diagram of the type I interferon (IFN) induction and signaling pathways that play important
roles as part of innate immunity against arenavirus infection. The IFN induction pathway triggered by RIG-I and MDA5 (collectively known as the RIG-I-like
receptors or RLRs) is an important viral-defense pathway against arenaviruses. This RLR pathway can be blocked by arenavirus Z protein when it binds directly
to RIG-I and MDA-5 and prevents the activation of the mitochondrial antiviral signaling (MAVS) protein. The action of NP in this pathway is more complex,
as it exerts important effects at multiple steps. It is thought that the exoribonuclease function of NP can destroy pathogen-associated molecular pattern (PAMP)
RNAs to blunt RIG-I and MDA-5 activation. At the same time, NP might be able to bind directly to RIG-I to prevent its activation. It can also bind to IKKε and
prevent the activation of the IFN-responsive factor IRF3. NP is also capable of blocking NF-�B activation, a pathway that is thought to be activated by arenavirus
glycoprotein GP via the Toll-like receptors (TLRs). Mouse experiments have also shown that arenaviruses can interfere with the p65 subunit of NF-�B, as well
as STAT2, via an unknown mechanism.
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immunosuppressive function by NP is abolished, resulting in a
virus that can induce strong IFN expression and shows a reduced
growth potential in immunocompetent cells and an attenuated
phenotype in infected animals (66–68). The important role of the
NP RNase function in suppressing immune response in order to
favor virus replication is evidenced by the appearance of wild-type
virus revertants in many of the sick animals with detectable levels
of viremia (72). It is thought that double-stranded RNAs (dsRNAs)
are generated during viral replication in the cytoplasm (Fig. 1 and
2C). These dsRNAs serve as PAMPs for ligands such as retinoic
acid-inducible gene 1 (RIG-I) or melanoma differentiation-asso-
ciated protein 5 (MDA5), which in turn would induce an antiviral
signaling cascade (74, 75).

NP has also been shown to disrupt the IFN induction pathway
by directly binding to effector proteins of this pathway (Fig. 2A to
C). Biochemical assays have shown that LCMV NP can directly
interact with RIG-I and MDA5 to suppress the IFN induction
pathway (76). Further downstream in this pathway, LCMV and

Pichinde virus (PICV) NPs have also been shown to interact di-
rectly with the I�B kinase ε (IKKε) (72, 77). This interaction dis-
rupts the binding of IKKε and the TANK-binding kinase 1 (TBK1)
to form a heterodimer, which results in the failure of IRF3 phos-
phorylation and, therefore, prevents its activation (Fig. 1). Muta-
tions in either the NP exoribonuclease active site (D391, E393,
D466, D533, and H528 in LASV NP) or a nearby conserved DI-
EGR amino acid motif in NP (Fig. 2A) result in a defect in the
ability of NP to block nuclear translocation of IRF3 as a potential
consequence of the reduced affinity to IKKε (Fig. 2C) (72, 77). In
addition to interfering with the IRF3 pathway, NP can also block
the NF-�B pathway (Fig. 1), the exact mechanism of which is
currently unknown (72). A major caveat is that the majority of
experiments performed in these studies used transiently expressed
NPs. Therefore, the importance of the difference of the NP-di-
rected inhibition of either the IRF3 or the NF-�B pathways re-
mains to be analyzed in more detail.

Z as an IFN antagonist. The smallest arenaviral protein is the

FIG 2 Molecular basis for arenavirus immune evasion. (A) Crystal structure of LASV NP (PDB code 3MWP). The C terminus of NP comprises a 3=-to-5=
exoribonuclease whose active-site residues (magenta) are involved in mediating type I IFN suppression. The direct binding to IKKε might be facilitated by the
highly conserved DIEGR motif (green) of NP. (B) The DIEGR motif involved in the possible IKKε binding and the catalytic site of the exoribonuclease form a
single positively charged binding pocket (red), as can be seen in the surface charge representation. (C) The C terminus of NP is involved in two known immune
evasion mechanisms, namely, the reduction of PAMP RNA species through its exoribonuclease function to prevent RIG-I and MDA5 activation and the
inhibition of IKKε to prevent downstream activation of IRF3. RIG-I and MDA5 consist of two CARD domains, a helicase domain, and a C-terminal domain
(CTD), whereas IKKε possesses a kinase domain, a leucine zipper (LZ), and a helix-loop-helix (HLH) domain. (D) Nuclear magnetic resonance structure of
LASV Z (PDB code 2M1S). The small matrix Z protein possesses a central RING domain flanked by highly flexible N- and C-terminal extensions. The
immunosuppressive function of Z has recently been mapped to the N-terminal domain (magenta), which contains negatively (red) and positively (blue) charged
regions that could facilitate different protein-protein interactions. (E) The immunosuppressive function of the Z protein N-terminal domain has been shown to
be via direct binding to the CARD domains of RIG-I and MDA5, resulting in a disruption in the interaction and activation of the mitochondrial antiviral signaling
(MAVS) protein with its CARD domain, proline-rich domain, and transmembrane domain (TMD).
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zinc finger protein (Z), encoded on the L genomic RNA segment.
The Z proteins are 90 to 99 amino acids in size, depending on the
virus species, and belong to the RING finger protein family (78)
(Fig. 2D). RING finger proteins are involved in many protein-
protein interactions (79). Correspondingly, the arenavirus Z pro-
tein has been shown to interact with cellular proteins, such as the
promyelocytic leukemia protein (PML), eukaryotic elongation
factor 4E (eIF4E), or components of the endosomal sorting com-
plexes required for transport (ESCRT) (79, 80). In addition to
interactions with cellular proteins, Z also interacts with the viral L
protein to “lock” the protein onto the genome (81), as well as
serving as a main component for viral budding by oligomerizing
and forming the viral matrix of progeny virus particles (79).

Z has also recently been shown to inhibit the IFN induction
pathway by directly binding to the N-terminal CARD domains of
RIG-I and MDA5 (82) (Fig. 2E). Interestingly, Z proteins from all
known highly pathogenic arenaviruses (e.g., LASV, Lujo virus,
MACV, Sabia virus, Chapare virus, Guanarito virus, Dandenong
virus, and JUNV), as well as the relatively low-pathogenicity
LCMV, are able to bind to RIG-I and MDA5 and, thus, suppress
the production of IFN-� (82). In contrast, Z proteins of non-
pathogenic arenaviruses do not bind to RIG-I or MDA5 and fail to
inhibit the IFN induction pathway (82). This reported interfer-
ence with IFN induction can lead to the inhibition of human mac-
rophage activation, which subsequently affects the proper func-
tion of human NK cells and T cells (83). Therefore, it is
hypothesized that the type I IFN-antagonistic action of the Z pro-
tein may actively contribute to a successful infection by increasing
viral replication and disease pathogenesis in human patients.

COMPARISON OF INNATE IMMUNE EVASION STRATEGIES
OF DIFFERENT HEMORRHAGIC FEVER-CAUSING VIRUSES
AND ARENAVIRUSES

Viral IFN antagonists have been described for almost all known
virus families (84), so that the inhibition of different IFN pathways
seems to be a common theme among all viruses to successfully
establish infections. Besides arenaviruses, other hemorrhagic fe-
ver-causing viruses, including members of the filoviruses (Mar-
burg virus and Ebola virus [EBOV]) (85), flaviviruses (yellow fe-
ver virus, Dengue virus [DENV], Omsk hemorrhagic fever virus,
and Kyasanur forest disease virus) (86–88, 104, 105), and bunya-
viruses (Crimean-Congo hemorrhagic fever virus, Rift Valley fe-
ver virus, and severe fever with thrombocytopenia syndrome virus
[SFTSV], and hantaviruses) (89–93) are also known to encode
factors to suppress host IFN responses. It would appear that viral
replication and disease progression that eventually lead to
symptoms like vascular leakage, hemorrhages, and multiorgan
failure (85, 94, 95) originated with a strong inhibition of IFN
induction and/or signaling by these viruses. Thus, for several of
these viruses, it has been shown that the inhibition of the innate
immune pathways correlates with disease progression and out-
come in humans (94, 95).

Interestingly, it appears that immune suppression by these vi-
ruses is not perfect, as early IFN responses are usually triggered
that result in the reduction of viral titers in patients’ sera, which
has been linked to improved survival rates (89, 96). However,
different viruses encode IFN antagonists that can effectively sup-
press type I IFN expression (89, 94–96), leading to high viral titers.
In order to increase the efficiency of immunosuppression, these
hemorrhagic fever-causing viruses appear to utilize several of their

proteins to inhibit IFN induction and/or IFN signaling pathways
(89, 97, 98). Some of these viral IFN antagonists target the early
stages of the IFN induction pathway by reducing PAMP RNAs, as
well as reducing the activation of the RLRs (i.e., RIG-I or MDA5)
(7). Similarly to the exoribonuclease function of arenaviral NPs
and the inhibitory effect of the Z protein on RIG-I and MDA5,
other viruses target this important induction step to prevent an
innate immune response by other means. For example, the filovi-
ral VP35 has been shown to sequester dsRNAs that could serve as
PAMPs for RIG-I and MDA5 activation (97). At the same time,
VP35 interferes with the RIG-I cofactor known as the protein
activator of the interferon-induced protein kinase (PACT) to fur-
ther aid the inhibitory effect. Hantaviruses remove the triphos-
phorylated termini of their genomes to evade RIG-I recognition
(99), highlighting an active role for viral enzymatic functions to
evade recognition by RLRs.

Besides directly interfering with the upstream stages of the IFN
induction pathway, hemorrhagic fever viral IFN antagonists seem
to target at least one other step of this pathway, which is further
downstream and is involved in the phosphorylation and, thus, the
activation of IRF3. Similar to arenavirus NP, other hemorrhagic
fever viruses, such as filoviruses, hantaviruses, and SFTSV, also
prevent the formation of the TBK1-IKKε heterodimer (97, 99),
which phosphorylates IRF3.

While published studies have only indicated that arenaviruses
interfere with IFN production and consequently suppress the in-
duction of ISGs (100, 101), other viruses have been shown to also
inhibit the IFN signaling pathway. It has been shown that MARV
VP40 inhibits the phosphorylation of STAT1 by Jak1, while EBOV
VP24 blocks this pathway further downstream from STAT1/Jak1
and prevents the nuclear translocation of the interferon-stimu-
lated gene factor 3 (ISGF3) complex (97). DENV utilizes several of
its proteins to antagonize IFN signaling. This virus uses its NS2A,
NS4A, NS4B, and NS5 proteins to downregulate the phosphory-
lation of Jak1, Tyk2, and STAT1, while targeting STAT2 for pro-
teasomal degradation (102) and, thus, preventing any form of
STAT-mediated downstream signaling in this important antiviral
pathway. The mechanism(s) by which arenaviruses might inhibit
the IFN signaling pathway still need to be demonstrated.

SUMMARY

The outcomes of human arenavirus infections are tightly linked to
cellular immune responses, which are controlled by the activation
of the innate immune pathways. In LASV-infected patients, the
immune response is generally suppressed, while an inflammatory
response is observed in JUNV-infected patients (44, 56). While
having limited coding capacity on a relatively small genome, these
viruses remarkably possess two IFN antagonists, namely, NP and
Z proteins. Comparing the functions of these arenaviral IFN an-
tagonists with other hemorrhagic fever-causing viruses highlights
the fact that this seems to be a common strategy displayed by these
viruses. It is conceivable that multiple viral proteins acting as IFN
antagonists increase the chances of a complete inhibition of these
antiviral pathways in order to optimize viral replication and trans-
mission (84, 94, 103). This emphasizes the importance of regulat-
ing host immunity during the course of the infection, especially
the innate immune responses early in the infection. The current
knowledge about the immune antagonism displayed by arenavi-
ruses is almost exclusively limited to the inhibition of the IFN
induction pathway by NP and Z proteins. It was shown that are-
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naviruses are capable of inhibiting IRF3 to prevent the production
of type I IFN (66, 67), whereas the role of and interaction with
IRF7 was implicated as important (25) but remains less clear. Fu-
ture research will require extending the knowledge about poten-
tial interactions between arenaviral proteins and the IFN signaling
pathway to explore potential mechanisms of inhibition as indi-
cated in mouse studies (101). For other hemorrhagic fever-caus-
ing viruses, the inhibition of the IFN signaling pathway has been
characterized (84, 89, 97) and highlights potential starting points
for the development of potential immunotherapeutic options.
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