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The epithelium comprising the respira-
tory and GI tracts induces IFN-ls to
enhance antiviral defenses.

IFN-l signaling enhances junctional
barrier function at the BBB to protect
against neurotropic viral infections.

Placental trophoblasts constitutively
releases type III IFNs as a mechanism
to protect the placenta from viral
infections.
Barrier surfaces such as the epithelium lining the respiratory and gastrointestinal
(GI) tracts, the endothelium comprising the blood–brain barrier (BBB), and pla-
cental trophoblasts provide key physical and immunological protection against
viruses. These barriers utilize nonredundant mechanisms to suppress viral infec-
tions including the production of interferons (IFNs), which induce a strong antiviral
state following receptor binding. However, whereas type I IFNs control infection
systemically, type III IFNs (IFN-ls) control infection locally at barrier surfaces and
areoftenpreferentially inducedbythesecells. In thisreview wefocusonthe roleof
IFN-l at barrier surfaces, focusing on the respiratory and GI tracts, the BBB, and
the placenta, and on how these IFNs act to suppress viral infections.
Recombinant IFN-l treatment is pro-
tective against vertical transmission of
Zika virus in vivo.
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Barrier Surfaces
Cellular barriers establish both physical and immunological defenses to prevent viruses from
breaching key entry portals into the human body. These barriers include the epithelium lining the
GI and respiratory tracts, the microvasculature that forms the BBB, and fetus-derived trophoblasts
that constitute the placental barrier during pregnancy (Figure 1). In addition to forming a physical
barrier, these cell types sometimes also function as conduits at key cellular interfaces to exchange
gases, small molecules, and nutrients. Thus, cell types that constitute barrier surfaces have evolved
unique mechanisms to defend against viral infections, while retaining their crucial role in maintaining
cellular homeostasis. Breakdown of these barriers can have far-reaching impacts. For example,
disruption of the placental barrier can allow pathogenic microorganisms to gain access to the fetal
compartment, which can induce fetal demise and/or congenital malformations in some cases [1].

Each of the barrier cell types mentioned above has evolved unique defense mechanisms to limit
access by viruses. In addition, these cell types have, in some cases, also coevolved by sharing
defensive strategies, despite their disparate locations throughout the body. These shared mech-
anisms include goblet cell-derived mucus secretions in the GI and respiratory tracts, which coat
the cell surface with a protective barrier, the formation of junctional complexes limiting paracellular
transport, and the formation of complex apical actin networks that limit direct passage of
moleculesacross the cell surface, amongothers [2,3]. Secondary tophysical (or natural) protective
strategies is the innate immune system. The innate immune system is essential in alerting the body
to pathogen infection and is highly evolutionarily conserved. The innate immune system is
activated by the recognition of ‘non-self’ from ‘self’ through diverse pattern-recognition receptors
(PRRs). The recognition of a foreign substance induces complex signaling pathways that are
essential for mounting an immune response to the pathogen and, if necessary, to induce adaptive
immunity. IFNsarekey cytokinesproduced during innate immunedetectionofviral infections. IFNs
play a primary role in barrier defenses and are important for barrier function and integrity in the face
of viral infections. In this review we discuss disparate barrier surfaces in the body and how type III
IFNs play a crucial role in antiviral defenses at these surfaces.
848 Trends in Immunology, October 2018, Vol. 39, No. 10 https://doi.org/10.1016/j.it.2018.08.008

© 2018 Elsevier Ltd. All rights reserved.

mailto:coynec2@pitt.edu
https://doi.org/10.1016/j.it.2018.08.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.it.2018.08.008&domain=pdf


Blood–brain barrier

Respiratory epithelium

Gastrointes�nal epithelium

Placenta
Tight

junc�ons

Tight
junc�ons

Tight
junc�ons

Goblet
cell

Goblet
cell Enteroendocrine

cell

Tu�
cell

Ciliated
epithelial

cell

Enterocyte

Pericyte

Cilia Mucus

Mucus
Microvilli

Microvilli

Syncy�otrophoblast
Cytotrophoblast

Microvascular
endothelium

Astrocyte

Figure 1. Protective Cellular Barriers of the Human Body. The cell composition of the blood–brain barrier (BBB),
respiratory tract, gastrointestinal (GI) tract, and placenta are shown. The BBB is made up in part of microvascular
endothelial cells which form a physical barrier between the brain and the blood. The respiratory epithelium is composed of
epithelial cells and goblet cells, which secrete mucus. The respiratory epithelial cells have cilia which beat in concert to clear
mucus. The GI tract contains enterocytes which have microvilli and goblet cells which secrete mucus. The human placenta
is composed in part by the outermost syncytiotrophoblasts and inner cytotrophoblasts. Syncytiotrophoblasts form a
dense brush border, but, unlike the respiratory and GI epithelium, this does not contain junctional complexes between cells
(because the syncytium is a continuous layer).
IFNs: Discovery, Induction, and Signaling
IFNs are a diverse family of cytokines with potent antiviral activity against many classes of
viruses [4]. IFNs consist of three families: type I, type II, and type III IFNs. In this review we focus
mainly on the antiviral activities of type I and III IFNs given their involvement at the interface of
barrier surfaces. Type I IFN was discovered in 1957 by Isaacs and Lindenmann, who named the
factor because of its ability to interfere with viral replication [5]. This family of IFNs includes many
different subtypes, including 13 IFN-a subtypes and a single IFN-b subtype. Type I IFN genes
are located on chromosome 9 in humans and on chromosome 4 in mice [6]. In humans, type I
IFN is encoded in an intron-less region of the chromosome where the a subtypes are located at
the 30 end, with IFN-b at the 50 end of the locus [7,8]. Type I IFNs signal through the
heterodimeric type I IFN receptor (IFNAR1/2) complex to induce hundreds of antiviral inter-
feron-stimulated genes (ISGs). IFNAR is expressed on all nucleated cells, which allows type I
IFNs to produce a potent systemic antiviral state.

Type III IFNs are the most recently discovered family of IFNs. This family includes IFN-l1, IFN-
l2, and IFN-l3, also known as interleukins IL-29, IL-28A, and IL-28B [9,10]. In 2013, a fourth
type III IFN, IFN-l4, was discovered [11,12]. IFN-l4 has been shown to induce antiviral activity
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against hepatitis C virus in cultured Huh7 liver cells [12]. However, it is nonfunctional in a large
subset of the world human population owing to a single-nucleotide polymorphism (SNP) that
causes a frameshift in the gene [11,12]. Type III interferon genes are located on chromosome
19 in humans and on chromosome 7 in mice [13]. Unlike the type I IFN locus, the type III genetic
cluster contains introns and exons within each IFN-l gene [13,14]. Each IFN-l gene has 5
exons; this characteristic shares homology with the IL-10 cytokine family [15]. Overall, aside
from sharing homology with the IL-10 cytokine family, type III IFNs share the IL-10R2 receptor
subunit, leading to the speculation that these cytokines might be evolutionarily related [4,16].
The receptor is heterodimeric and includes the other lambda receptor subunit, IFNLR1.
However, whereas virtually all cells express the functional type I IFN receptor IFNAR, the
expression of the type III receptor IFNLR complex is most commonly restricted to cells at
mucosal and other barrier surfaces [17]. Although the full repertoire of immune cells that do or
do not respond to type III IFNs has yet to be fully elucidated, it is becoming clear that some
immune cell populations may not be responsive to type III IFNs owing to their lack of IFNLR
expression [18]. Neutrophils are one of the few immune cells that express IFNLR and can
respond to IFN-l, representing an important bridge between innate and adaptive immunity
[19,20]. Thus, whereas type I IFNs function in a broad systemic manner, type III IFNs produce a
more localized antiviral state which may be largely restricted to barrier-associated cell types.

Both type I and III IFNs are induced through the recognition of pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs) by PRRs. PRRs, such as
Toll-like receptors (TLRs), recognize common features of microorganisms, thus providing them
with a strategy to detect diverse and unrelated pathogens [21]. When PRRs recognize a PAMP,
an intracellular signaling cascade is induced, thus altering the transcriptional profile of the cell
and leading to the upregulation of transcription factors such as interferon regulatory factors
(IRFs) and NF-kB, which in turn induce IFNs. The induction of each class of IFNs has been
shown to require slightly different proteins to bind to the promoter of a given gene [22]. For
example, IFN-b induction requires the binding of NF-kB, AP-1, and phosphorylated IRF3 [23].
On the one hand, IRF7 does not typically bind to the promoter of IFNB in unstimulated cells,
largely owing to the fact that it is itself an ISG and must be upregulated before it can become
fully expressed and activated. If IRF7 is present and phosphorylated, it can then bind to the
IFNB promoter in the place of IRF3 [22,23]. On the other hand, a recent study showed that the
promoter of the gene coding for IFN-l1 has multiple NF-kB binding sites, suggesting that
binding of multiple NF-kB proteins can induce expression. This study concluded that IFN-l1
could be induced by the binding of multiple NF-kB proteins to binding sites within the promoter
region in human cells in vitro, without the requirement for IRF3 binding or another factor [24].
Once IFNs are expressed, they can then initiate a positive feedback loop acting in both
autocrine and paracrine manners [25].

As discussed above, type I IFNs signal through the heterodimeric IFN-a/b receptor (IFNAR1/2)
whereas type III IFNs signal through the heterodimeric IFN-l receptor (IFNLR1/IL10R2) [26].
However,despite theirdistinct induction differences and usage of receptor complexes, once type I
or III IFNs bind to their respective receptors, the downstream signaling process is almost identical
and leads to the induction of hundreds of ISGs through the canonical signaling pathway [26,27].
However, the kinetics of ISG induction have been shown to differ in some cell types. For example,
human primary hepatocytes express IFNLR and are able to respond to type III IFN; however, type I
and III IFNs vary in the magnitude and induction pattern of ISGs induced in these cells [28]. Another
group showed that whereas both type I and III IFNs induce a similar number of ISGs, type III IFN
induced a slightly different subset of ISGs in a polarized murine intestinal epithelial cell line [29].
Other studies have indicated that human stem cell-derived enteroids treated with either IFN-b or
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IFN-l induce ISGs in a similar manner [30]. These results indicate that ISG induction by type I and III
IFN is dependent on many factors, including IFN concentration, cell and tissue type, and time-
points assessed. Of relevance, the expression of IFNs and ISGs in various cells can trigger a state
of antiviral immunity, and here we focus on barrier surfaces.

Antiviral Activity of IFN-ls at Epithelial and Endothelial Barriers
The Respiratory Tract
The respiratory tract is a pseudostratified columnar epithelium composed of ciliated epithelial
cells, mucus-secreting goblet cells, and basal cells (Figure 1). The epithelium forms a physical
barrier in part owing to the presence of tripartite junctional complexes (composed of tight and
adherens junctions, and desmosomes) that form between neighboring cells to restrict the free
flow of ions and solutes [31]. Two mechanical defense mechanisms in the respiratory tract are
the beating of cilia on the apical surface of all ciliated cells and mucus secretion from goblet
cells. Cilia beat in a synchronized motion to move mucus out of the respiratory tract to clear
pathogens [32]. By contrast, junctional complexes form a belt-like structure along the apical-
most domains of the paracellular cell surface to restrict viruses (and other pathogens) from
accessing subcellular domains [3]. Collectively, these defensive strategies work in concert to
directly clear pathogens (e.g., viruses) from the lungs or to prevent their penetration into the
bloodstream should they bypass other physical defenses. However, if these physical barriers
are breached or weakened, which can occur in the context of both normal and abnormal
physiologic states, IFNs represent a key antiviral defense.

The respiratory epithelium secretes type III IFNs as an antiviral response to viruses that might be
damaging to this barrier [33–35]. Studies have shown that primary murine tracheal respiratory
epithelial cells and murine lung epithelial cell lines are able to respond to both type I and III IFN
[36,37]. Although these cells can respond to both types of IFNs, they preferentially induce type
III IFNs in response to influenza A virus (IAV), respiratory syncytial virus (RSV), M. tuberculosis,
and other infections [38–41]. In primary cultures of human airway epithelium grown at an air–
liquid interface (ALI), type III IFNs are preferentially secreted into both the apical and basolateral
compartments in response to IAV infection [37,39]. In addition, when ALI epithelial cell cultures
were pretreated with recombinant IFN-l, IAV replication was reduced relative to untreated cells
[36]. Although recombinant type I IFN can restrict IAV replication, it is not typically secreted by
these cells during a natural infection [36,42]. In mice, type III IFNs are also preferentially induced
by IAV infection [33], and mice deficient in IL28RA exhibit higher levels of IAV replication
compared to wild-type controls [43]. Similar findings have been shown in the context of RSV
infection [41]. Collectively, these studies indicate that IFN-l is an important mediator of antiviral
defenses in the respiratory tract.

The Gastrointestinal Tract
The GI tract is a complex surface that acts as a protective and immunological barrier in a diverse
microbial environment. The GI epithelium is composed of at least seven distinct cell types,
including Paneth cells, goblet cells, enterocytes, and enteroendocrine cells, among others
(Figure 1). The physical barriers that comprise the respiratory epithelial barrier (described above)
are largely shared by the GI epithelium, with the exception of beating cilia. In contrast to beating
cilia, the GIepitheliumcontains a dense brush borderat theapical surfaceof theepitheliumwhich is
supported by a dense cortical actin network that acts to prevent viral access to the cytosol [3].

Historically, the role of IFNs in the GI tract has mostly been studied in the context of cell lines
[44]. These cell line-based studies have shown that both type I and III IFNs can be rapidly
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induced upon the recognition of PAMPs and that these cells are able to mount an antiviral
response against enteric viruses [29,45]. Type III IFNs have been shown to induce ISGs in
intestine-derived cell culture models in response to many important enteric viruses, including
rotavirus, reovirus, norovirus, and enteroviruses that are tropic for the GI tract [46–49]. These
studies have shown that IFN-l has an important role at the GI epithelium; however, immortal-
ized cell lines are often derived from malignancies, in which native healthy cell signaling
pathways are inherently altered, and therefore these cell lines do not fully recapitulate the
diversity of cell types present in the epithelium or their functionality.

Recently, new advances in primary intestinal stem cell-derived in vitro enteroid and organoid
models have provided new systems to study enteric virus infections in the setting of a
multicellular GI epithelium (reviewed in [50]). Several studies have shown the ability of human
intestinal enteroids and organoids to respond to both type I and III IFNs and to induce IFNs and/
or ISGs in response to enteric viral infections [47–49,51,52]. However, although human
intestinal organoids induce the expression of both type I and III IFNs at the transcript level
in response to rotavirus infections, only type III IFNs are secreted from infected cells [53,54],
suggesting that GI epithelial cells preferentially secrete type III IFNs over type I IFNs. When
intestinal enteroids or organoids are pretreated with either type I or III IFN, rotavirus replication is
decreased, indicating that type I and III may induce similar antiviral states [46,52,55]. In mice,
IFN-l restricts norovirus and reovirus replication in the intestine [47,48,54]. Indeed, a growing
body of work in cell lines – primary stem cell-derived organoids – as well as in vivo experiments
in mice have demonstrated the prominent role of type III IFNs in restricting enteric virus
infections. However, given that the GI epithelium is composed of multiple cell types, it remains
unclear whether type I and III IFNs function equivalently in these cell types, or whether cell type
specificity governs their functions. Concomitantly, given that enteric viruses exhibit a tropism for
the cell types in which they infect the GI epithelium, whether related or unrelated enteric viruses
exhibit differential susceptibility to IFN treatment remains unclear.

The Blood–Brain Barrier
The BBB is composed of microvascular endothelial cells, pericytes, and astrocytes, and is a
selective transport membrane that serves as the protective barrier surrounding the brain
(Figure 1). The BBB protects the central nervous system (CNS) from a wide variety of toxins
and microorganisms in the blood, while allowing selective exchange of ions and solutes.
Similarly to polarized epithelial cells, the microvascular endothelial cells that comprise the
BBB are connected by junctional complexes between adjacent cells. In addition to its barrier
properties, the BBB microvasculature is important for the exchange of signals between
the brain and the circulatory system. Beneath the endothelium is a continuous basement
membrane that connects the microvasculature to the pericytes and endfoot astrocytes that
further limit permeability of the barrier [56]. The BBB is disrupted upon infection with several
neurotropic viruses, such as West Nile virus (WNV), and damage is caused by both host and
viral factors [57,58].

Type III IFNs play important roles in antiviral defenses at the BBB [57,59]. However, the
mechanisms by which type III IFNs restrict viral infections at this barrier site may be unique.
Unlike the canonical mechanism of IFN-induced antiviral defenses through ISG induction, type
III IFNs also function to protect mice from WNV infection through non-ISG-dependent mecha-
nisms. For instance, mice lacking functional type III IFN signaling (Ifnlr1�/�) exhibit increased
BBB permeability and higher viral titers after WNV infection relative to wild-type controls [57].
However, unlike the canonical pathway of ISG induction, IFN-l appears to exert its antiviral
activity at least in part from a direct increase in endothelial barrier properties. Specifically,
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treatment of cultured mouse brain microvascular cells with recombinant IFN-l increased
transendothelial resistance values (TEER) in vitro, a measure of the ability of the endothelium
to resist ion flow, through a transcription-independent mechanism [57]. This study suggested
that these IFNs could elicit antiviral defenses of barrier cell types through ISG-independent
mechanisms; however, whether this property is shared by other barrier cell types has yet to be
determined.

The role of type III IFNs in the human BBB is less clear, owing in part to the difficulties of
modeling this complex system ex vivo. Studies utilizing cultured human BBB microvascular
endothelial cells suggest that type III IFNs might also play a key role in defense: human BBB
endothelial cells can respond to synthetic ligands of viral RNA or to viral infections by potently
inducing type III IFNs [60]. When immortalized human BBB microvascular endothelial cells were
stimulated with the synthetic viral RNA mimetic poly(I:C), they responded by secreting high
concentrations of IFN-l compared to mock-treated cells. At low doses of poly(I:C), these cells
also secreted higher concentrations of IFN-l than IFN-b compared to mock-treated cells,
suggesting that type III IFNs might be preferentially released in these cells, similarly to what was
surmised for epithelium-derived cell types [60].

Human and Murine Placental Structures
The placenta is a complex cellular barrier that forms the key interface between a mother and
fetus during pregnancy (Figure 2). Unlike the cellular barriers described above, which are largely
conserved functionally and morphologically between species, the structural complexity of the
placenta varies greatly between eutherian organisms (reviewed in [61,62]). However, despite
these differences, the placentas of these organisms must still form a protective barrier to
prevent infectious agents present in the maternal circulation from accessing the immunologi-
cally underdeveloped fetus. The human placenta is hemochorial, meaning that the fetally-
derived chorion is in direct contact with maternal blood. The human placenta is composed of
distinct types of fetally-derived trophoblast cells, macrophages (termed Hofbauer cells), endo-
thelial cells, and fibroblasts. The syncytiotrophoblast (SYN) forms the outermost barrier of the
human placenta and lines the chorionic villi, which fully develop in the first trimester and become
bathed in maternal blood by the end of the first trimester, supplying nutrients to the developing
fetus (Figure 2) [1]. The SYN is a highly unique cell type given that it does not contain any cellular
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Figure 2. Human Placental Structure. A zoomed-in villous tree shows floating and anchoring villi. The villous trees are
lined by syncytiotrophoblasts and an inner layer of cytotrophoblasts (that become more discontinuous throughout
pregnancy) that fuse to replenish the outer syncytial layer. Invasive extravillous trophoblasts extend from the villous tree
into the maternal deciduas, and both anchor the placenta to the uterine wall and remodel the maternal microvasculature.
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junctions and instead exists as a large syncytium of shared cytosolic space and multiple nuclei.
Subjacent to the SYN layer are cytotrophoblasts (CYTs), which are mononuclear cells that fuse
through the activity of the endogenous retrovirus fusion protein syncytin/HERV-W to form the
SYN [63]. Although the CYT layer is largely continuous through the first half of pregnancy, this
layer becomes more discontinuous as the placenta becomes larger in later stages of gestation
because CYTs rapidly fuse to replenish the SYN layer to meet the demands of the growing
placenta [1]. Extravillous trophoblasts (EVTs) reside at the tips of anchoring villi and imbed
directly into the maternal decidua to anchor the fetal placenta to the uterus, and are
also responsible for remodeling the maternal microvasculature [1]. The mouse placenta is
structurally distinct from the human placenta and differs in select cell types and architecture. For
example, although the mouse placenta is also hemochorial, it contains spongiotrophoblasts,
which are not found in the human placenta [64]. In addition, the mouse placenta contains two
SYN layers, which are formed by distinct endogenous retrovirus fusion proteins [65] and, in
contrast to the human placenta, do not directly contact maternal blood [66]. However, in all
cases, the placentas of eutherian organisms form an interface between maternal and fetal
blood, and must therefore form a powerful protective barrier to protect the fetus from viral
infections.

Type III IFNs in Placental Antiviral Defenses
Growing evidence suggests that type III IFNs play essential roles in the protection of the human
placenta from viral infections. Of note, unlike the other barrier cell types described above, which
require PAMP-mediated IFN-l induction, type III IFNs are constitutively released from human
trophoblasts in the absence of any viral infections [67–69] (Figure 3). Consistent with this,
medium isolated from uninfected primary full-term human trophoblast cells or from chorionic villi
isolated from human mid-gestation placentas can exert potent antiviral activity against dispa-
rate RNA and DNA viruses, including teratogenic viruses such as Zika virus (ZIKV), rubella virus
(RuV), human cytomegalovirus (hCMV), varicella zoster virus (VZV), and herpesvirus (HSV-1)
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Figure 3. Syncytiotrophoblasts Constitutively Release IFN-ls. Fetus-derived syncytiotrophoblasts constitutively
release IFN-ls that lead to the upregulation of interferon-stimulated genes (ISGs) in both autocrine (in the syncytium itself)
and paracrine (presumably in maternal-derived tissue) manners.
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[67–70]. By contrast, this medium does not restrict infection by non-viral pathogens including
Toxoplasma gondii and Listeria monocytogenes [69]. Subsequent studies revealed that this
medium contained IFN-ls 1–3, although other antiviral components such as placental-specific
chromosome 19 miRNA cluster (C19MC) miRNAs were also present in the medium [67,68,70].
However, type III IFNs have been reported to play an important role in the paracrine-mediated
antiviral effects of trophoblast conditioned medium because the protective antiviral effects (e.g.,
to ZIKV) are lost in medium-treated cells known to be unresponsive to IFN-ls I (e.g., human
placental fibroblasts) or upon RNAi-mediated reduction of IFNLR expression in human brain
microvascular endothelial cells [67,68]. The major cell type responsible for IFN-l release
appears to be the SYN layer because inhibiting fusion of CYTs to SYN by treatment with
dimethyl sulfoxide (DMSO) reduces ISG induction in cells exposed to placental conditioned
medium relative to controls; reciprocally, enhancing CYT-SYN fusion upon treatment with
epidermal growth factor (EGF) triggers ISG induction [67]. Release of IFN-l from the SYN layer
in vivo might provide a mechanism by which the placenta delivers antiviral IFNs directly into
maternal blood, given the direct contact of SYN with the circulation. Consistent with a possible
autocrine feedback of released IFN-ls on the placenta itself, isolated placental trophoblasts
from full-term placentas and explants of mid-gestation chorionic villi expressed high levels of
ISGs under basal (uninfected) states, suggesting that released IFN-l might function to protect
the placenta from viral infections [67,68]. Accordingly, treatment of isolated mid-gestation
chorionic villi with a small-molecule inhibitor of JAK1/2 (ruxolitinib) reduced the basal expression
levels of ISGs and sensitized the SYN to infection with ZIKV, compared to DMSO-treated
controls [68]. It is important to note that the release of type III IFNs from placental trophoblasts is
not conserved in human trophoblast cell lines, including BeWo, JEG-3, and JAR cells [67].
However, these cell lines can robustly induce type III IFNs when treated with synthetic viral RNA
mimetics or when infected with ZIKV [67]. Although the trophoblast cell lines mentioned above
do not constitutively release type III IFNs under standard culture conditions, our group has
developed a JEG-3-based 3D explant culture model that recapitulates the constitutive release
of IFN-ls from primary trophoblasts [68]. Accordingly, JEG-3 cultured in 3D become resistant
to infection by viruses (vesicular stomatitis virus, VSV; and ZIKV) and conditioned medium
isolated from these cells has been shown to induce ISGs and to confer protection from ZIKV
infection in non-placental cells responding to type III IFNs [68,71]. Collectively, these human-
based models point to an important role for type III IFNs in the protection of the human placenta
from viral infections throughout gestation.

The development of mouse-based models to delineate the role of type III IFNs in murine
pregnancy have also provided important insights and support a pan-species role for type III
IFNs in placental antiviral defenses. Utilizing a mouse model wherein the fetally-derived placenta
lacks functional IFN-l signaling in the setting of an IFN-l-competent pregnant dam, a recent
study investigated whether type III IFNs protected against transplacental ZIKV transmission
[72]. Infection of pregnant dams at embryonic (E) day E6 of pregnancy (before full placentation)
resulted in fetal demise in both IFN-l signaling-competent and -deficient placentas, suggesting
that type III IFNs played little to no role in placental antiviral defenses before placentation. By
contrast, when pregnant dams were infected later in gestation (following complete placental
development at �E9.5), only placentas lacking functional type III IFN signaling displayed high
rates of ZIKV vertical transmission, which correlated with high fetal viral loads, fetal demise, and/
or congenital malformations. Analogously, treatment of pregnant dams carrying wild-type
fetuses with recombinant IFN-l2 decreased ZIKV infection by 2500-fold relative to untreated
pregnant dams [72]. This murine study showed that type III IFNs could protect against ZIKV
vertical transmission in a gestational age-dependent manner. Another in vivo study also
showed that recombinant IFN-l2 treatment of pregnant dams restricted the vertical
Trends in Immunology, October 2018, Vol. 39, No. 10 855



Outstanding Questions
Do IFNs control enteric virus infections
in a cell type-specific manner?

What is the impact of excessive IFN
signaling in barrier cells?

How do type III IFNs enhance the bar-
rier function of microvascular endothe-
lial cells?

Do defects in IFN-l signaling sensitize
the fetus to viral infections?

What controls the constitutive release
of IFN-ls from placental trophoblasts?

How do placental trophoblasts avoid
the cytotoxic impact of high basal
expression of ISGs?
transmission of ZIKV [73]. However, it remains unknown whether the mouse placenta consti-
tutively releases type III IFNs in a manner that recapitulates the human placenta, or whether
these IFNs are induced systemically or in response to placental infection. Nonetheless, these
studies have provided fundamental advances in our understanding of the in vivo role of type III
IFNs in placental antiviral defenses, and suggest that these IFNs may play functional roles in
many eutherian organisms, although this remains to be determined more broadly.

Collectively,humanandmousestudieshaveprovided insights into IFN-l signalingat thematernal-
–fetal interface and suggest that placental trophoblasts are key cellular components in this
process. However, is it less clear what the paracrine-mediated impact of constitutive IFN-l
release could be in the context of pregnancy. It should be noted that human placental chorionic
villi are contained within a maternal blood-filled cavity called the intervillous space (IVS). The IVS
contains as much as 150 mL of maternal blood at the later stages of pregnancy, which is delivered
by hundreds of maternal spiral arteries in the uterus [1]. This space is highly contained and, given
this structure, it is possible that IFN-l released from the placenta within this space remains
localized and acts on key cells located at the maternal-fetal interface rather than being transported
systemically. Consistent with this,maternal-derived deciduatissue and fetally-derivedamnion and
chorion membranes and isolated epithelial cells are highly responsive to recombinant IFN-l
treatment, which suppresses ZIKV infection [72,73]. Thus, although the precise cellular targets
of placenta-derived IFN-l remain unclear, several pieces of evidence indicate that both maternal-
and fetus-derived tissues are likely to benefit from its protective effects during pregnancy.

Whereas type III IFNs promote antiviral defenses, which might protect the fetus and placenta
from some viral infections, type I IFNs appear to exert an opposing effect, with these types of
IFNs damaging placental structure and function. Indeed, a recent study showed that mouse
placentas derived from mouse fetuses expressing a single copy of IFNAR (Ifnar+/�) were
resorbed at much higher rates than littermates homozygously lacking type I IFN signaling
(Ifnar�/�) when dams were infected intravaginally with ZIKV [74]. As expected, the levels of ZIKV
replication in Ifnar�/� fetuses were much higher than in Ifnar+/� littermates, supporting the
hypothesis that this phenotype was not the result of enhanced viral replication in the Ifnar+/�

fetus itself. Instead, fetal demise resulted from hypoxia and reabsorption, suggesting adverse
impacts on placental function [74]. Consistent with this, human chorionic villi isolated from the
second trimester of human pregnancy treated with recombinant type I, but not type III, IFN
(IFN-b) displayed high numbers of syncytial knots, which are associated with placental damage
and reduced production of essential pregnancy hormones [74]. This study suggests that type I
IFNs might damage the placenta whereas type III IFNs might exert protective effects. It is
intriguing that pregnant women with interferonopathies (which result from genetic alterations
leading to constitutive production of type I IFNs in the absence of infection) [75] exhibit a range
of pregnancy complications, including increased rates of preeclampsia, miscarriage, and pre-
term birth, and their infants display congenital malformations reminiscent of teratogenic
pathogens (such as microcephaly and growth restriction) in the absence of any maternal
infections [76,77]. Although further studies will be necessary to fully delineate the roles of type I
and III IFNs during pregnancy, it is possible that crucial differences may exist between type I
versus III IFN signaling at the placental barrier.

Concluding Remarks
In addition to their role as physical barriers, it is becoming increasingly clear that the cell types
constituting barriers in the human body are also dynamic and highly reactive chemical barriers
that use type III IFNs to protect these sites from viral infections. The role of IFN-l in the
protection of the BBB and the GI and respiratory tracts have clearly established these
856 Trends in Immunology, October 2018, Vol. 39, No. 10



molecules as essential in antiviral defenses in these crucial tissues. The recent identification of
type III IFNs as antiviral effectors released from placental trophoblasts also establishes a new
framework in our understanding of how the placenta can restrict the vertical transmission of
viruses. Furthermore, these findings suggest that defects in IFN-l production or signaling could
have profound impacts on maternal–fetal health and could sensitize the fetus to viral infections.
However, many important questions remain unanswered (see Outstanding Questions). For
example, future research into the intrinsic and/or extrinsic factors that might weaken placental
type III IFN-mediated defenses could provide important insights into the mechanisms by which
viruses may be vertically transmitted to the developing fetus. In addition, the pathway(s) and
molecules that regulate the constitutive expression of IFN-ls from placental trophoblasts
remain to be defined, as do the mechanism(s) by which these cells resist the possible cytotoxic
effects of some ISGs expressed basally at high concentrations. Despite these outstanding
questions, the emerging role of these IFNs at the maternal–fetal interface suggests that these
cytokines might play a fundamental role in antiviral fetal defenses during pregnancy.
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