
Contents lists available at ScienceDirect

Cytokine

journal homepage: www.elsevier.com/locate/cytokine

Running interference: Interplay between Zika virus and the host interferon
response

Ryan D. Pardy, Stefanie F. Valbon, Martin J. Richer⁎

Department of Microbiology and Immunology, McGill University, Montreal, Quebec, Canada
Rosalind & Morris Goodman Cancer Research Centre, McGill University, Montreal, Quebec, Canada

A R T I C L E I N F O

Keywords:
Zika virus
Interferons
Host defense
Viral pathogenesis

A B S T R A C T

The interferon (IFN) family of cytokines is a crucial part of the host’s ability to mount an effective immune
response against viral infections. In addition to establishing an antiviral state within cells, IFNs also support the
optimal activation of other key immune cell types. The ability of members of the Flaviviridae family to suppress
type I IFN responses has been well-described. Of these viruses, Zika virus (ZIKV) has recently attracted inter-
national attention due to a series of major outbreaks that featured the novel association of neurological symp-
toms with infection. Researchers have begun to investigate the strategies ZIKV uses to evade type I IFNs, and the
impact this has on the host. However, a unique feature of ZIKV infection compared to other flaviviruses is its
capacity to be transmitted sexually, as well as its ability to infect and persist within reproductive tissues. As such,
this raises the question of a potential role for type III IFN during ZIKV infection. In this review, we will discuss
the interplay between these two classes of IFN with ZIKV, models that have been used to interrogate these
interactions, and the effect this interplay has on infection and infection outcomes. We will also consider the
intriguing possibility of whether ZIKV has evolved improved evasion mechanisms to suppress the IFN response in
recent outbreaks.

1. Introduction

Zika virus (ZIKV) is a mosquito-borne virus (family Flaviviridae,
genus flavivirus) that has emerged as a significant global health threat
after causing several major outbreaks since 2007 [1]. Although it was
initially isolated in the Zika forest region of Uganda in 1947, the first
undisputed human infection was not described until 1964 [2–4].
Throughout the remainder of the 20th century, this was followed by
only a small number of isolated reports of ZIKV infection [1,5]. How-
ever, between April and July 2007 ZIKV caused a major outbreak on
Yap Island, Federated States of Micronesia, during which 73% of the
island’s population (approximately 5,000 people) is estimated to have
been infected [6]. This was followed by major ZIKV outbreaks in French
Polynesia (2013) [7], and South and Central America (2015) [8]. Most
recently, western India reported an outbreak that began in September
2018 with 135 confirmed cases, and ZIKV detected in 75,000 of
200,000 mosquito breeding sites tested in this region [9–10].

Infection with ZIKV is usually asymptomatic, however in up to 20%
of cases it may cause symptoms characteristic of a mild, febrile illness,
including fever, maculopapular rash, headaches, joint and muscle pain,

fatigue, and conjunctivitis [1]. In recent outbreaks, this list has been
expanded to include retro-orbital pain, edema and vomiting [1,6].
However, the most striking aspect of recent outbreaks has been the
novel association of ZIKV infection and severe neurological symptoms,
such as Guillain-Barré syndrome (GBS; an autoimmune ascending pa-
ralysis) and fetal microcephaly (a neurodevelopmental disorder due to
ZIKV infection during pregnancy) [1]. Phylogenetic analyses of isolates
from recent outbreaks have found that all contemporary ZIKV isolates
fall within the Asian lineage, as opposed to the originally identified
African lineage [11]. Furthermore, several amino acid polymorphisms
have been identified that are common to Asian lineage ZIKV isolates
with known clinical outcomes [1,12–13]. Understanding how ZIKV has
shifted from causing sporadic, innocuous infections, to becoming a
widespread health concern has been a significant focus of recent ZIKV
research. Although there are a number of factors that may be involved
in this shift, one intriguing possibility is that viral evolution has led to
an improved capacity to evade host immunity.

A critical aspect of the antiviral immune response is the production
of interferons (IFNs). The IFN superfamily is subdivided into three
classes: type I, II, and III IFN. The type I IFN family is mainly composed
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of IFN-α and IFN-β. These signal through the type I IFN receptor (IFN-
α/β receptor; IFNAR), which is expressed on all cell types, consequently
leading to a diverse range of effects on many different cell types during
infection [14]. Type II IFN, or IFN-γ, is mainly produced by T cells and
natural killer (NK) cells, and functions to support immune responses
against certain pathogens [14]. Lastly, the most recently discovered
class of IFN, type III IFNs, are expressed at mucosal sites and function
similarly to type I IFNs despite using a different receptor [14]. Since
much of the work relating to IFN and ZIKV infection has focused on the
role of type I and type III IFNs, this review will be centered on these two
families.

The interplay between the host IFN response and evasion or sup-
pression of this response by members of the flavivirus genus is well
established. In particular, the non-structural (NS) 5 protein of many
flaviviruses suppresses type I IFN signaling through a number of dif-
ferent strategies. These include proteasomal degradation of signal
transducer and activator of transcription (STAT) 2, a protein in the type
I IFN signaling pathway (ZIKV, Dengue virus [DENV]); suppressing IFN-
stimulated gene (ISG) translation (Spondweni virus, yellow fever virus
[YFV]), or suppression of IFNAR maturation and expression (West Nile
virus [WNV]) [15]. However, there are many additional viral strategies
for evading the IFN response, as well as ways in which the host attempts
to counter these strategies. Less is known about the interplay between
ZIKV and type III IFNs, although it is recognized that they play an
important role in ZIKV immunity [16–19]. In this review, we will dis-
cuss type I and III IFNs, their role in ZIKV immunity, and how ZIKV
counters these key host defenses. Further, we consider whether ZIKV
has evolved enhanced capacity to evade the host’s antiviral IFN re-
sponse.

2. Type I and type III IFN

2.1. Production

Viral interference, the ability of an infected cell to become resistant
to re-infection, is a concept that has been described for decades.
However, it was in 1957 that Isaacs and Lindenmann first identified a
secreted molecule capable of decreasing virus production following re-
challenge. They hypothesized that this protein was capable of aborting
(or interfering with) viral replication and it was therefore coined as IFN
[20]. Since this discovery, the IFNs have been expanded to a super-
family of cytokines with three distinct classes (types I, II and III) which
were categorized based on their structure, receptor utilization and
biological function. The type I IFN class consists of 13 or 14 IFN-α
subtypes, in humans and mice respectively, and a single subtype for
IFN-β, as well as other, less studied subtypes such as IFN-ε, IFN-τ, IFN-κ,
IFN-ω, IFN-δ and IFN-ζ. The type II IFN family consists of just one
subtype, IFN-γ [14]. In 2003, three new IFN-like cytokines IFN-λ1, -λ2,
and -λ3 (IL-29, IL-28A and IL-28B respectively) were identified and
together with a more recently discovered cytokine, IFN-λ4, constitute
the type III IFN class [21–23]. The IFN response is initiated following
the detection of broadly conserved microbial molecular domains,
termed pathogen-associated molecular patterns (PAMPs), by three
groups of cellular sensors: Toll-like receptors (TLRs), RIG-I-like re-
ceptors (RLRs) and DNA sensors (Fig. 1A). Once a sensor has been
triggered, this initiates a signaling cascade that leads to the production
of IFNs and activation of the innate immune system [24].

TLRs are transmembrane proteins whose locations (extracellular or
endosomal) are dictated by the ligand for which they are specific. They
can function as viral sensors and are expressed in key sentinel cell types,
such as epithelial cells and cells from the innate and adaptive immune
systems. Due to the broad range of ligands that may be recognized,
TLRs are able to induce IFN production in response to most types of
viruses, ensuring the establishment of an antiviral state [25]. Plasma-
cytoid dendritic cells (pDCs) express TLR7 and TLR9 that trigger a
signaling cascade through the myeloid differentiation factor 88

(MyD88) pathway following recognition of single-stranded (ss)RNA or
unmethylated CpG sequences in DNA, respectively. MyD88 activates
interleukin (IL)-1 receptor associated kinase (IRAK) family kinases,
ultimately leading to phosphorylation of IFN regulatory factor (IRF)7,
which is essential for IFN production [24]. Conversely, double-stranded
(ds)RNA activates TLR3, which is expressed in myeloid DCs and epi-
thelial cells. Following activation, TLR3 utilizes the TIR-domain-con-
taining adapter inducing IFN-β (TRIF) protein pathway for IFN pro-
duction (Fig. 1A) [26]. The RLR family is composed of three cytosolic
sensors of virus replication, which are broadly expressed in most cell
types: retinoic acid-inducible gene I (RIG-I), melanoma differentiation-
associated protein 5 (MDA5), and Laboratory of Genetics and Phy-
siology 2 (LGP2) [27]. Following dsRNA binding, both RIG-I and MDA5
undergo conformational changes exposing their caspase activation and
recruitment domain (CARD) which binds to a CARD domain in the
mitochondrial antiviral-signaling (MAVS) adapter molecule. This in-
teraction leads to the formation of MAVS aggregate structures on the
mitochondrial membrane, recruitment and activation of noncanonical
IκB kinases (IKK) TANK-binding kinase 1 (TBK1) or IKKε, and phos-
phorylation of IRF3 and IRF7, which are necessary for IFN expression
(Fig. 1A) [24]. Although LGP2 lacks the CARD domain and is unable to
signal through this process, it is thought to be important for regulation
of the two other members of the RLR family [28]. DNA sensors are less
characterized, however the cyclic guanosine monophosphate (GMP)-
adenosine monophosphate (AMP) synthase-stimulator of IFN genes
(cGAS-STING) pathway has been shown to be important in IFN pro-
duction [29]. Recognition of cytoplasmic DNA (either self or foreign) by
cGAS triggers the synthesis of cyclic GMP-AMP (cGAMP) [30]. This
secondary messenger binds to STING, an endoplasmic reticulum
membrane protein, thereby triggering a conformational change that
enables it to recruit TBK1. The latter activates IRF3, leading to IFN
production (Fig. 1A) [30]. Combined, these pathways enable cells to
induce IFN synthesis by recognizing a broad range of PAMPs, ensuring
the establishment of an antiviral state within the cell.

ZIKV is speculated to induce type I IFN production by activating
TLR3, TLR7, RIG-I and MDA5. The virus’ ssRNA genome could serve as
an activating ligand for TLR7, while a dsRNA intermediate formed
during replication of the genome could activate TLR3, RIG-I or MDA5.
It has also been shown that mitochondrial damage induced by infection
with DENV (and potentially other flaviviruses) can cause release of
mitochondrial DNA (mtDNA) into the cytoplasm, leading to activation
of the cGAS-STING pathway and IFN production [31–32]. However,
one study demonstrated significantly higher viral RNA accumulation
only after small interfering (si)RNA silencing of TLR3, not TLR7, RIG-I
or MDA5 [33]. Similarly, mice lacking MAVS (which is crucial for RIG-I
and MDA5 signaling) or IRF3 (which is involved in IFN induction
through the cGAS-STING, RIG-I, MDA5 and TLR3 pathways; Fig. 1A)
did not succumb to ZIKV infection, in contrast to IFNAR KO mice [34].
Together, this suggests a key role for TLR7 in IFN induction during ZIKV
infection, but does not rule out a contribution from other PRRs.

2.2. Signaling

In the absence of stimuli, IFN gene expression is virtually silent,
although it has been shown that a low level of IFN production is im-
portant for maintaining an adequate level of critical signaling proteins
(such as STAT1) in the cell [35]. This silencing is accomplished through
a number of transcriptional repressors localized in the promoter regions
of IFN proteins. However, following triggering by PAMPs, transcrip-
tional repressors are replaced by activating IRF proteins (such as IRF3
and IRF7), thereby allowing IFN gene transcription. While IRF3 is
constitutively expressed, IRF7 expression must be induced. As such,
IRF3 is crucial during the early stages of viral infection, while signaling
through IRF7 may result in delayed IFN induction [24].

Following expression, IFNs bind to their cognate receptors, which
triggers a signaling cascade that induces changes in gene expression and
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provides an early line of defense against viral infections. IFN receptors
are class II helical cytokine receptors, however each family utilizes a
different receptor dimer [36]. Type I IFNs signal through a hetero-
dimeric receptor composed of IFNAR1 and IFNAR2, which are low and

high affinity, respectively. IFNAR2 exists in three different isoforms,
however only IFNAR2c is able to signal through the Janus Kinase
(JAK)-STAT pathway leading to an antiviral response. IFNAR2c pos-
sesses a long transmembrane domain and the full intracellular domain

(caption on next page)
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which is required for adapter binding and correct signal transduction
[36]. Type III IFNs are different from the other two families since they
use a heterodimeric receptor composed of one unique subunit (IFN-λ
receptor 1 [IFNLR1]) and IL-10 receptor β (IL-10Rβ). The latter is also
involved in signal transduction for IL-10, IL-22 and IL-26 [36]. During
the canonical pathway, cytokine engagement and receptor dimerization
allows the transphosphorylation and activation of receptor-associated
kinases JAK1 (associated with IFNAR2 and IFNLR1) and tyrosine kinase
2 (TYK2; associated with IFNAR1 and IL-10Rβ; Fig. 1B). After activa-
tion, the receptor-associated kinases phosphorylate several tyrosine
residues on both receptor subunits, creating a docking site. STAT2 then
translocates to this docking site on the receptor and is phosphorylated
by TYK2, allowing for the recruitment and binding of STAT1. Phos-
phorylated STAT1 and STAT2 dimerize, dissociate from the receptor,
and associate with IRF9 (forming the IFN-stimulated gene factor 3
[ISGF3] complex) as they translocate to the nucleus. This complex is
able to bind to ISG promoters and induce the activation of several
hundred ISGs, ultimately ensuring the establishment of an antiviral
state in the cell [37].

The signaling cascades induced by both type I and III IFNs are si-
milar, yet these two cytokine families have different physiological
outcomes, which may be explained by receptor distribution. Although
all nucleated cells express IFNAR, the IFNLR1 chain of the IFNLR is
restricted to epithelial cells (e.g. gastrointestinal and reproductive
tracts) and to some immune cells [38–39]. For example, pDCs express
IFNLR1 at high levels, leading to robust STAT phosphorylation and ISG
induction in response to IFN-λ stimulation [39]. Due to the functional
tissue specificity, type III IFNs are unable to protect the host against
systemic infections but can provide protection from certain local in-
fections. For example, rotavirus infects intestinal epithelial cells, and
this infection is controlled in IFNAR-deficient, but not IFNLR-deficient
mice. Moreover, systemic treatment with IFN-λ, but not IFN-β, results
in the repression of rotavirus replication, further demonstrating the
differential roles of type I and III IFNs in epithelial antiviral host de-
fense [40].

2.3. Function

Once bound to the ISG promoters, each class of IFN induces the
expression of a unique and partially overlapping set of genes. This gene
expression pattern can be further modulated depending on the cell type,
IFN dose and timing. ISGs can target different steps of the viral life cycle
such as entry, uncoating, transcription, translation, assembly and
egress, and may have broad or restricted activity against different virus
groups [41]. Some ISGs, such as MX1, OAS1, EIF2AK2 (which encodes
protein kinase R [PKR]), TRIM5, ZC3HAV1 (which encodes zinc finger
antiviral protein [ZAP]), APOBEC3G, and IFITM3 are considered to be
individually very potent at blocking viral infection. However, it is hy-
pothesized that the expression of multiple modest ISGs may be more
advantageous, since high expression of a single, highly potent ISG could
result in immunopathology [41]. ISGs exert their antiviral effects via a
broad range of mechanisms. For example, the activation of 2′-5′-oli-
goadenylate synthetase 1 (OAS1) occurs following binding of viral
dsRNA and leads to the synthesis of 2′-5′-oligoadenylates. This substrate
activates latent ribonuclease (RNase L) which indiscriminately de-
grades all RNA (host or viral) in the infected cell [42]. Another well-

studied ISG is PKR, which is activated by autophosphorylation fol-
lowing binding of dsRNA. Once activated, PKR phosphorylates eu-
karyotic initiation factor 2α (eIF2α), which inhibits viral RNA and most
host mRNA translation [42]. Several other IGSs have been identified
and further analysis of their antiviral activity was conducted via over-
expression screen studies, in which the activity of 380 genes were
compared between several viruses, such as hepatitis C virus, YFV, WNV,
chikungunya virus, Venezuelan equine encephalitis virus and human
immunodeficiency virus type-1 [43]. There are also several ISGs that
are not able to directly induce an antiviral response, but instead act to
enhance pattern recognition receptor (PRR) pathways. These ISGs
support post-translational modifications of genes downstream of PAMP
recognition, which ultimately enhances the IFN response [44]. To-
gether, the global change in gene expression allows the cell to create an
environment where viral replication is abrogated, decreasing the
chances of virus dissemination.

3. IFNs during ZIKV infection

3.1. In vitro and ex vivo studies

Since the 2015 ZIKV outbreak in the Americas, a number of models
of ZIKV infection have been established to interrogate how ZIKV in-
teracts with its host and counters the type I IFN response. Systems using
immortal cell lines allow for more precise analysis of interactions be-
tween specific viral and host proteins, and the impact of these inter-
actions. Similarly, a small number of studies using primary human cells
have provided some insight into the normal course of infection in hu-
mans. Mouse models have also been an important method to improve
our understanding of the impact of IFN on ZIKV pathogenesis and the
immune response to infection.

Disruption of the type I IFN response by the NS5 protein during
infection has been well-described for a number of flaviviruses, including
DENV, YFV, WNV and Japanese encephalitis virus (reviewed in [15]).
Similarly, two independent groups have demonstrated that the ZIKV
NS5 protein targets STAT2 for proteasomal degradation, thereby dis-
rupting type I IFN signaling [45–46]. This effect was observed in A549
lung carcinoma cells [46], Vero (African green monkey kidney epi-
thelial) cells and primary human fibroblasts [45], but not mouse em-
bryonic fibroblasts (MEFs) [45–46], which has had significant im-
plications for in vivo models of ZIKV infection (discussed below).
Intriguingly, a separate study demonstrated that STAT2 degradation by
NS5 promoted STAT1 homodimerization, which increased transcription
of the IFN-γ-inducible gene CXCL10 and supported virus replication
[47]. A similar “pro-inflammatory” effect of ZIKV infection was ob-
served in THP-1 cells (a human monocyte cell line), in which ZIKV
infection induced inflammasome activation [31]. Mechanistically, it
was shown that NS1 promoted the stability of caspase-1, which cleaves
cGAS and prevents cGAS-STING-mediated IFN production [31]. Whe-
ther IFN-γ or the inflammasome have pro-viral functions beyond sup-
pressing the type I IFN response remains unknown, but each represents
an intriguing example of differential regulation of inflammatory cyto-
kines by ZIKV.

In addition to disrupting type I IFN signaling and cGAS-STING ac-
tivation, a number of ZIKV’s NS proteins are capable of blocking de-
tection of viral RNA by RIG-I or TLR3. In one study, transfection of

Fig. 1. Interplay between ZIKV and the type I and type III IFN responses. (A) IFN production may be induced by a variety of stimuli, including CpG DNA (TLR9),
ssRNA (TLR7), dsRNA (TLR3 and RIG-I) or mitochondrial (mt)DNA (cGAS-STING). Solid arrows indicate canonical signaling pathways for RIG-I and TLRs. Dashed
arrows indicate proposed pathway by which flavivirus infection could cause mtDNA release into the cytoplasm, leading to activation of cGAS-STING, which uniquely
activates TBK1 and IRF3. (B) Type I and type III IFNs signal through their cognate receptors, activating downstream signaling via STAT1-STAT2 heterodimers, which
bind to IRF9 to form the IFN-stimulated gene factor 3 (ISGF3) complex. ISGF3 then translocates to the nucleus to activate IFN-stimulated gene transcription. During
ZIKV infection, type I IFNs have been shown to block virus replication and dissemination, at least in part by enhancing the antiviral immune response. During ZIKV
infection in the context of pregnancy, type III IFNs block virus replication in reproductive tissues which contributes to improving pregnancy outcomes. Although ZIKV
has many strategies to suppress IFN response, the question remains whether contemporary, Asian lineage isolates have enhanced capacity to evade host immunity.
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individual NS proteins from ZIKVCBD (Cambodia 2010; Table 1) into
293 T cells demonstrated that NS2A, NS2B, NS4A, NS4B and NS5 all
suppressed IFN promoter activation by polyinosinic:polycytidylic acid
(polyI:C) or RIG-I agonist treatment [48]. When these experiments were
repeated using the NS proteins from a more recent isolate, ZIKVPR

(Puerto Rico 2015; Table 1), an A188V mutation in the NS1 protein was
found to have conferred the capacity to block phosphorylation of TBK1
downstream of RIG-I activation [48]. Similar studies using 293 T cells
transfected with individual ZIKVUG (Uganda 1947; Table 1) proteins
showed inhibition of type I IFN production by NS1, NS2B-NS3 and
NS4B [49]. Recently, Chatel-Chaix et al. identified a mechanistic role
for NS4B in evasion of type I IFN production [50]. They showed that
ZIKV infection of Huh7 hepatocarcinoma cells caused NS4B-dependent
mitochondrial elongation, which supports ZIKV replication by blocking
recruitment of RIG-I or MDA5 to MAVS on the mitochondrial mem-
brane [50]. Together, these studies have helped improve our under-
standing of some of the diverse strategies ZIKV uses to antagonize type I
IFN production and signaling.

A small number of studies using primary human cells have been
informative on cell tropism and infection dynamics in humans. A
longitudinal study from Singapore tracked the cytokines present in
serum from 55 patients infected with ZIKV at acute, early convalescent,
late convalescent and recovery phases. They detected a small but sig-
nificant difference in IFN-α in the serum during the early and late
convalescent phases, with less IFN-α detected in the ZIKV-infected
group than the healthy controls [51]. However, IFN-α is more likely to
be involved during the acute, viremic phase of the response, so the
authors are warranted in not drawing conclusions from this result.
Primary human blood samples and ex vivo infections using ZIKVNIC

(Nicaragua 2016; Table 1) in primary peripheral blood mononuclear
cells (PBMCs) from a pediatric cohort were used to identify
CD14+CD16+ monocytes as the primary target of ZIKV infection in the
blood. This study also identified a significant increase in the frequency
of pDCs, a cell type known to be a major source of type I IFN during
infection [52], in the blood of ZIKV-infected patients [53]. Similarly,
lower viral load and increased frequency of CD14+ non-classical
monocytes were found in PBMCs infected with the Asian lineage isolate
ZIKVFP (French Polynesia 2013; Table 1), compared to the African
lineage isolate ZIKVUG [54]. This was associated with a virtually un-
detectable IFN response, and upregulation of the anti-inflammatory
cytokine IL-10 during ZIKVFP infection [54]. Activated monocytes are
known to produce large amounts of cytokines to direct their own dif-
ferentiation, and their skewing towards a less inflammatory, “non-
classical” phenotype may indicate an additional method of host im-
mune evasion by ZIKV. It is of particular interest that this effect was
only observed during infection with the more contemporary ZIKVFP,
which raises the possibility that recent ZIKV isolates have an improved
ability to dampen inflammatory immune responses.

More specific information on the impact of ZIKV on particular cell
types has come from studies using human monocyte-derived dendritic
cells (MDCs) [55] and primary human brain microvascular endothelial

cells (hBMECs) [56]. Bowen et al. found that ZIKVUG, ZIKVSEN (Senegal
1984; Table 1), ZIKVMYS (Malaysia 1966; Table 1), and ZIKVPR all in-
duced transcription of type I IFN genes, but not translation in MDCs
[55]. However, ZIKVUG and ZIKVSEN (African lineage) replicated to
much higher titers, and were more cytotoxic than their Asian lineage
counterparts, suggesting that contemporary isolates may have evolved
to be less inflammatory [55]. In line with this finding, ZIKVPR was
found to persistently infect hBMECs, which rendered the cells unable to
respond to IFN-α [56]. ZIKV was continuously released from the ba-
solateral membrane of the hBMECs [56]. Since these cells help form the
blood-brain barrier, it was proposed that basolateral release of the virus
would provide a means by which ZIKV could enter the central nervous
system, for example in the context of fetal infection, although this re-
mains to be demonstrated experimentally [56]. Together, this suggests
that contemporary ZIKV isolates may have an enhanced ability to
suppress the type I IFN response to reach immune-privileged sites such
as the brain.

3.2. Mouse studies

The 2015–2016 Brazilian outbreak was unprecedented for ZIKV,
both in terms of the magnitude of the outbreak, as well as the novel
association of GBS and fetal microcephaly with infection. In response to
the outbreak, several research groups proposed mouse models of ZIKV
infection, to attempt to recapitulate the severe symptoms rarely asso-
ciated with infection. Such models include mice genetically deficient
for IFNAR or IFNAR and the IFN-γ receptor [34,57–59], mice deficient
in IFNAR in a subset of myeloid cells [60], mice that produce little to no
IFN (Irf3-/-Irf5-/-Irf7-/- “triple knockout” [TKO] mice) [34,61], STAT2
KO mice [62], or mice that have human STAT2 introduced into the
murine Stat2 locus [63]. Some studies also opted to use a less disruptive
approach, by treating mice with an IFNAR-blocking antibody prior to
infection. In addition to these models, there are several papers in which
the mice remain unmanipulated with regards to the IFN response,
which have proven valuable for improving our understanding of the
immune response to ZIKV infection [64–66].

Models in which IFNAR has been deleted or blocked have enabled
dissection of tissues in which ZIKV can replicate, and how it causes
pathogenesis. Virus has been detected in virtually all tissues examined,
including the spleen, kidneys, liver, and immune privileged sites such as
the brain, testes, ovaries, and eyes [34,57–59,67]. Virus replication and
destruction of neural progenitor cells in the forebrain of TKO mice may
also provide clues for how ZIKV induces fetal microcephaly in the de-
veloping brain [61]. These models provide useful tools for testing novel
therapeutic or vaccination approaches, since the pathogenesis ZIKV
induces enables researchers to measure the therapeutic effect of treat-
ment. However, the impact of these modifications on the immune re-
sponse, and thus how relevant some findings are to typical human in-
fections, remains unclear.

Common features of ZIKV infection in mice that lack IFNAR or both
IFNAR and the IFN-γ receptor include systemic viremia, severe illness

Table 1
ZIKV Strains Used in Cited Studies.

Name in text Isolate name Source Lineage Location Year of isolation Accession number References

MP1751 MP1751 Mosquito (Aedes africanus) African Uganda 1962 KY288905.1
ZIKVPBR Paraiba_01 Human Asian Paraiba, Brazil 2015 KX280026.1 [82]
ZIKVCBD FSS13025 Human Asian Cambodia 2010 KU955593.1 [83]
ZIKVCDN PLCal_ZV Human Asian Canada via Thailand 2013 KF993678.1 [84]
ZIKVFP H/PF/2013 Human Asian French Polynesia 2013 KJ776791.2 [85]
ZIKVMYS P6-740 Mosquito (Aedes aegypti) Asian Malaysia 1966 KX694533.2 [83]
ZIKVNIC Nica 2–16 Human Asian Nicaragua 2016 N/A [86]
ZIKVRBR PE243 Human Asian Recife, Brazil 2015 KX197192 [70]
ZIKVPR PRVABC-59 Human Asian Puerto Rico 2015 KX377337.1
ZIKVSEN DakAr41525 Mosquito (Aedes africanus) African Senegal 1984 KX601166.2 [83]
ZIKVUG MR766 Rhesus Macaque African Uganda 1947 KX421193.1 [2,83]
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and symptoms ranging from ruffled fur, to paralysis, to death
[34,57–59]. In one particular model, infection with as little as one
plaque-forming unit (PFU) proved lethal [57]. These studies highlight
the importance of an intact IFN response in protecting hosts from ZIKV
infection. However, they are not representative of the normal course of
infection in humans, of which 80% are asymptomatic, and the majority
of symptomatic infections are characterized by self-limiting, flu-like
symptoms and are rarely, if ever, associated with mortality [1]. The
widespread use of these models likely stems from the aforementioned
papers in which the ZIKV NS5 protein antagonized IFN signaling by
targeting STAT2 for degradation in human, but not mouse cells
[45–46], as well as the lack of obvious pathogenesis present in wild-
type (WT) mice. However, it is clear that ZIKV can establish an active
and detectable infection in WT mice [34,58,64], which much more
closely resembles the normal course of human ZIKV infection.

ZIKV infection in immunocompetent mice has enabled character-
ization and tracking of the immune response to infection. In particular,
our group has demonstrated that infection of WT C57BL/6 mice with
ZIKVCDN (Canada via Thailand 2013; Table 1) induces type I IFN pro-
duction, DC and NK cell activation, and a robust, prototypical Th1 CD4
and effector CD8 T cell response [64]. These responses required active
viral replication, as they were only observed in mice infected with live
ZIKV and not mice inoculated with UV-inactivated virus [64]. Optimal
activation of many immune cell types, including CD8 T cells, is one of
many important functions of type I IFNs during viral infections, in
addition to establishing an antiviral state [68]. The robust, polyfunc-
tional CD8 T cell response described by our group and later by Huang
et al. would not be present in immunodeficient mouse models which
lack IFNAR signaling [64–65]. As such, fully immunocompetent mouse
models (with no anti-IFNAR antibody blockade) represent an important
tool to interrogate the immune response to infection, and whether ZIKV
has evolved to modulate the immune response.

The importance of the adaptive immune responses present in WT
mice has been highlighted by the spread of ZIKV to the brain and testes
of Rag1 KO mice pre-treated with anti-IFNAR blocking antibody, which
was not observed in WT mice [69]. Similarly, another group infected
A129 mice (which lack IFNAR) with ZIKVRBR (Recife, Brazil 2015;
Table 1), and adoptively transferred purified CD4 T cells 7 days post-
infection to naïve A129 mice. The same day as the adoptive transfer,
mice were infected with ZIKVUG, which is lethal in A129 mice. They
found that mice that received CD4 T cells from ZIKVRBR-infected mice
were protected against lethal ZIKVUG infection, in contrast to mice that
received naïve CD4 T cells [70]. Although each of these studies took
place in the context of immunodeficient mice, they outline an important
role of adaptive immune responses in controlling ZIKV infection and
protecting from pathogenesis.

The type I and type III IFN responses in the lower female re-
productive tract (LFRT) have been closely analyzed in a WT model that
used intravaginal infection with ZIKVPR. Although ZIKVPR was found to
productively infect the LFRT, it induced minimal type I and type III IFN
transcription [66]. However, both systemic induction of the IFN re-
sponse by intraperitoneal infection with lymphocytic choriomeningitis
virus (LCMV) and local induction by intravaginal acitretin treatment (a
retinoic acid derivative that enhances RIG-I signaling) were found to
inhibit ZIKV replication in the LFRT [66]. This emphasizes the im-
portance of an intact IFN response in host protection and suggests that
this contemporary ZIKV isolate induces minimal inflammation. Whe-
ther this would also be true for an African lineage isolate would be of
great interest for understanding whether ZIKV has recently acquired
this capacity to counter host defenses.

Our understanding of how ZIKV modulates the IFN response, and
the impact this has on the immune response to infection has been sig-
nificantly advanced by the above studies. As a whole, research into the
relationship between IFNs and ZIKV underscores the important role
these key antiviral cytokines play in protecting from ZIKV infection.
One notable exception was observed when IFNAR KO bone marrow was

transferred to IFNAR KO and WT mice. The IFNAR KO mice recon-
stituted with IFNAR KO bone marrow had high systemic viral loads,
leading to paralysis [71]. However, WT mice reconstituted with IFNAR
KO bone marrow maintained this high viremia, in the absence of any
neurological symptoms [71]. Depleting CD8 T cells in IFNAR KO mice
was also found to prevent paralysis in spite of high viral load, sug-
gesting a pathogenic role for IFNs and CD8 T cells during infection [71].
Nonetheless, in systems in which the IFN response is intact, virus is
rapidly controlled by the immune response, much like what is observed
during human ZIKV infections.

4. IFNs and ZIKV infection during pregnancy

By far the most dramatic development during recent outbreaks was
the novel association of ZIKV infection with fetal microcephaly [1,72].
During the Brazilian outbreak, the prevalence of fetal microcephaly
among ZIKV-infected pregnant women was 2.3%, significantly higher
than the baseline prevalence of 0.02% in Brazil [73–74]. Microcephaly
results from a defect in fetal brain development, resulting in a head size
that is smaller than normal. This is often associated with both cognitive
and developmental delays. Given the severe short- and long-term health
threat this poses, significant research has been undertaken to under-
stand how ZIKV causes these defects, and the role type I and III IFNs
play in this process.

Type III IFNs are primarily produced at epithelial surfaces, and their
important role in protecting against ZIKV in the context of pregnancy
was clearly shown by the Coyne group in 2016 [16]. They demon-
strated that primary human trophoblasts constitutively release IFN-λ1,
which acts in an autocrine and paracrine manner to render these cells
resistant to infection with ZIKVUG or ZIKVCBD [16]. Similarly, they used
the JEG-3 placental cell line to generate 3D organoids, which enable the
cells to form syncytia and are therefore more representative of a full-
term placenta. They found that the 3D organoids, in contrast to 2D
cultured cells, basally expressed type III IFN, like the primary human
trophoblasts, which was protective against infection with ZIKVCBD or
ZIKVPBR (Paraiba, Brazil 2015; Table 1). Conditioned media from the
3D organoids was also able to inhibit ZIKV infection of hBMECs, de-
monstrating the important role of basal type III IFN secretion in pro-
tecting the placenta from infection [17]. This has also been documented
in mouse models, in which administration of recombinant murine IFN-
λ2 to ZIKV-infected IFNAR KO dams [18] or pegylated mouse IFN-λ2 to
ZIKV-infected WT dams treated with IFNAR-blocking antibody [19]
reduced viral loads in the fetus. Both of these studies only saw ther-
apeutic effects when ZIKV infection and IFN-λ treatment occurred mid-
gestation (infections occurred either 10.5 days post-conception [E10.5]
[18] or on E12 [19]). This suggests that the cells that IFN-λ acts on in
order to confer resistance to infection (e.g. trophoblast or fetal mem-
brane epithelial cells) are not yet present at the earlier time points
tested [18].

These studies outline the protective role of type III IFNs during ZIKV
infection in the context of pregnancy. In addition, several mouse models
have also sought to understand the viral and immune correlates of fetal
pathogenesis during ZIKV infection. Such studies have found both a
protective and pathogenic role for type I IFN with ZIKV infection during
pregnancy. Infecting IFNAR KO dams early in pregnancy caused fetal
demise [18], and when IFNAR KO dams were crossed with WT males to
generate IFNAR+/- fetuses, significant intrauterine growth restriction
(IUGR) and fetal resorption were observed [75]. Even in WT dams
mated with WT sires, anti-IFNAR antibody treatment resulted in IUGR,
although no fetal resorption was observed [75]. Intravaginal infection
of WT pregnant dams led to productive infection of the LFRT and IUGR
in fetuses, which was more severe when the fetuses were IFNAR+/-

[76]. However, Yockey et al. took this approach a step further by
crossing IFNAR KO females with IFNAR+/- males to generate a mix of
IFNAR+/- and IFNAR KO fetuses [77]. They found that only the het-
erozygous fetuses were resorbed after intravaginal infection on E5.5, or

R.D. Pardy, et al. Cytokine 119 (2019) 7–15

12



displayed IUGR after infection on E8.5, in spite of higher viral loads in
the IFNAR KO fetuses, suggesting a pathogenic role for type I IFN.
Mechanistically, they found that treating placental explants with IFN-β
caused disruption of villous structures, while IFN-λ treatment had no
impact [77]. Together, this presents a model in which ZIKV infection of
the fetus can induce a robust type I IFN response, which restricts fetal
growth.

Reconciling the protective and pathogenic roles of the type I IFN
response to ZIKV during pregnancy may be dependent on the context of
infection. The two Yockey et al. studies found IUGR was more severe in
IFNAR+/- fetuses compared to both WT and IFNAR KO fetuses. In WT
mice, the intact maternal IFN response is likely responsible for limiting
virus infection of the fetus. In contrast, the IFNAR+/- fetuses contain the
only cells capable of responding to type I IFN, in an environment in
which high viral replication is supported and type I IFNs are still pro-
duced [48,78]. The protective role of type III IFNs appears to be clearer,
providing robust antiviral protection without the damaging side effects
induced by type I IFNs.

5. Has ZIKV evolved to suppress the IFN response?

Since its initial isolation ZIKV has progressed from a relatively in-
nocuous pathogen, which caused only a handful of isolated infections,
to a global health concern which has caused several severe outbreaks
and is now associated with GBS and fetal microcephaly. A number of
factors may explain this shift, including interactions with vector spe-
cies, new host populations, and virus evolution. Interestingly, a recent
paper has suggested that contemporary ZIKV isolates replicate more
efficiently in a human astrocytoma cell line compared to their pre-
epidemic counterparts, implying ZIKV may have evolved to have in-
creased viral fitness [79]. Whether ZIKV has evolved to cause more
severe pathogenesis was recently discussed in a review by Rossi et al.,
[80] but it merits consideration whether ZIKV has specifically mutated
to suppress IFN responses.

Only two studies have compared infection with African and Asian
lineage ZIKV isolates, both in the context of immunocompromised mice.
Dowall et al. found that infecting A129 mice with as little as 10 PFU of
the African lineage ZIKV isolate MP1751 (Uganda 1962; Table 1)
caused lethal infection within 7 days [81]. In contrast, mice infected
with ZIKVPR (Asian lineage) survived regardless of the infectious dose
(between 10 and 106 PFU) [81]. High viral loads were detected in all
tissues assayed from both groups, yet ZIKVPR caused no clinical disease
in the mice [81]. Similarly, Tripathi et al. observed lethality in STAT2
KO mice only after subcutaneous infection with ZIKVUG or ZIKVSEN

(African lineages), but not with ZIKVPR, ZIKVCBD, or ZIKVMYS (Asian
lineages) [62]. Mortality correlated with inflammatory cytokine in-
duction [62]. Indeed, IFN-α and IFN-β mRNA levels were highest
during ZIKVUG infection, however IFN-α mRNA expression was higher
during ZIKVPR infection compared to ZIKVSEN, and IFN-β induction was
comparable between the two strains [62]. However, these two studies
share in common a more inflammatory, more lethal infection in im-
munocompromised mice during African lineage ZIKV infection. This
provides potential support for the hypothesis that ZIKV has evolved to
suppress inflammatory immune responses, including the type I IFN
response, which could contribute to the enhanced pathogenesis and
severity of recent outbreaks.

6. Conclusion

The interplay between ZIKV and type I and III IFNs is complex and
much remains to be understood. In its effort to suppress type I IFN,
ZIKV may in fact promote other inflammatory responses. The benefit to
or detraction from virus replication of these responses remains to be
further investigated. Extensive work has recently been done in in vivo
systems, however it is still unclear what impact conducting this work in
various immunocompromised settings may have on infection outcomes.

This is particularly true if it is shown that ZIKV has evolved to suppress
the IFN response, as these effects would be lost in hosts unable to
produce or respond to IFNs. Although recent outbreaks have been
controlled, ZIKV remains a virus that has the capacity to cause severe
neurological symptoms in naïve populations, which it may encounter as
its mosquito vectors’ geographical ranges expand. Future research ef-
forts are therefore necessary to continue to improve our understanding
of this pathogen, especially its pathogenicity and interplay with the IFN
response.
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