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Abstract

Molecular Mechanisms Governing Host Responses
and Cellular Tropism During Flavivirus Infection
By Kendra M. Quicke

The RIG-I-like receptors (RLRs) are crucial to initiating innate immune responses to
multiple flaviviruses. LGP2, a non-signaling member of this family, is a central regulator
of the RIG-I and MDAS5 pathways. However, the molecular mechanism underlying the
regulatory function of LGP2 is still unclear. Additionally, very little is currently known
about the specific role of RLRs in responding to Zika virus (ZIKV), a re-emerging
flavivirus. ZIKV has exhibited several characteristics that are not observed with other
flaviviruses, and as such it should not be assumed that the same host factors will
efficiently control infection with this virus. Antiviral responses also vary based on cell
type. As ZIKV appears to have a broad tropism, including innate immune cells,
neuroprogenitor cells, and placental cells, it is important to evaluate the responses
induced in each of these tissues. The work presented within this dissertation provides
insight into the molecular mechanisms of RLR signaling regulation, antiviral responses to
ZIKV infection, and ZIKV cellular tropism. Specifically, we demonstrate a heretofore
undescribed mechanism of LGP2 negative regulation, wherein LGP2 inhibits early RIG-
activation by preventing K63-ubiquitination of the RIG-I1 CARDs through an interaction
with the E3 ligase TRIM25. We also explore the susceptibility and immune responses to
ZIKV infection within human primary dendritic cells (DCs), placental macrophages
(Hofbauer cells [HCs]), and cytotrophoblasts (CTBs). DCs and HCs, and CTBs to a
lesser extent, were found to support productive ZIKV infection. ZIKV induced antiviral
gene expression in these cells, but this did not always correspond to increased protein
production, particularly in the case of type | interferons (IFNs). Furthermore, ZIKV was
found to potently inhibit type | IFN signaling by inhibiting activation of the transcription
factors STAT1/2. In addition, the presence of cross-reactive flavivirus antibodies may
further impact the immune responses and tropism of ZIKV. DENV-induced monoclonal
antibodies cross-reacted with ZIKV and resulted in attenuated antiviral responses in HCs
and enhanced infection of HCs and human placental explant tissues, suggesting a
mechanism for the vertical transmission of ZIKV. These findings may have translational

consequences on the development of new vaccines and antiviral therapies.
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Chapter 1: Introduction

*Contains content originally published as a review in the European Journal of
Immunology: Quicke KM, Diamond MS, Suthar MS. Negative regulators of the RIG-I-like
receptor signaling pathway. European journal of immunology. 2017;47(4):615-628.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

It has been modified in part for this dissertation.



Introduction to RIG-I-like receptors

Recognition of viral pathogen-associated molecular patterns (PAMPSs) is one of the first
lines of defense during virus infection. Binding of viral PAMPs by pattern recognition
receptors (PRRs) triggers the production of type | interferons (IFNs), and pro-
inflammatory cytokines and chemokines. This response subsequently primes activation
of innate immune cells (dendritic cells (DCs), macrophages, monocytes, innate lymphoid
cells, and y/d T cells) and adaptive immune responses (T and B cells). Each aspect of
the immune response is regulated by stimulatory and inhibitory signals that modulate the
strength and nature of the response. Positive regulators enhance the antiviral immune
response to control and clear viral infection. Conversely, negative regulators dampen
inflammatory responses to prevent immune-mediated tissue damage and spontaneous
autoimmunity (Hugot et al., 2001; Ogura et al., 2001; Oldstone and Rosen, 2014; Rice et
al., 2013; Sun et al., 2012).

The retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), are a family of
three RNA helicase PRRs that are essential for mediating intracellular antiviral
responses. The RLRs are expressed within the cytoplasm of nearly every mammalian
cell. RIG-I and melanoma differentiation-associated gene 5 (MDAS), are important
initiators of the innate immune response to RNA virus infection (Loo and Gale, 2011).
The third member, Laboratory of Genetics and Physiology 2 (LGP2), regulates the
signaling potential of RIG-I and MDA5 (Rothenfusser et al., 2005; Yoneyama et al.,

2005).

Structure of the RLRs
RIG-I was first discovered in 1997 by Sun and colleagues at Shanghai Second Medical
University within actively differentiating promyelocytic leukemia cells. The RIG-I gene

was induced by retinoic acid and was found to share homology with other human DExH



RNA helicases (Imaizumi et al., 2002). Additionally, it was determined that the RIG-I
protein contained an RNA binding and an ATP hydrolysis motif (Imaizumi et al., 2002).
Later work identified RIG-I as an essential innate immune signaling protein in response
to transfected dsRNA and viral infection (Yoneyama et al.,, 2004). The caspase
activation and recruitment domains (CARDs) of RIG-I were found to be necessary for
downstream signaling activation. Specifically, the isolated CARDs (N-RIG) activated the
transcription factors IRF-3 and NF-kB, resulting in IFN-B production. Intact helicase
activity was also required for signaling by full-length RIG-1, as a mutation in the ATP-
binding site resulted in a dominant negative form of RIG-1. Additionally, RIG-I was found
to bind the dsRNA ligand poly(l:C) (Yoneyama et al., 2004).

MDAGS was identified in 2002 by Kang and colleagues at Columbia University in a
screen to define genes involved in the terminal differentiation of human melanoma cells.
The gene produced a 3.4kb cDNA and a 1025 amino acid protein. The MDA5 protein
contained a DExH box RNA helicase domain and an N-terminal caspase activation and
recruitment domain (CARD). Additionally, MDA5 was found to exhibit ATPase activity,
but only in the presence of double-stranded RNA (dsRNA). The authors determined that
MDAGS localized to the cytoplasm of HEK293 cells, and expression was detected in
almost all organs tested. MDA5 was also later found to play an important role in
activating innate immune responses to viral infection (Andrejeva et al., 2004; Yoneyama
et al.,, 2005). Similar to RIG-I, the MDA5 CARDs were required for induction of
downstream signaling and activated IRF-3 and NF-kB promoter activities. A functional
helicase domain was found to be necessary for full signaling potential, and MDAS5 also
bound dsRNA substrates (Yoneyama et al., 2005).

As mentioned, RIG-I1 and MDA5 both contain two N-terminal CARDs that act as
signaling domains, a central DExD/H RNA helicase domain that facilitates ATP

hydrolysis and RNA binding, and a C-terminal domain (CTD) that aids in RNA ligand



recognition and binding specificity (reviewed in detail in (Bruns and Horvath, 2012)).
RIG-I and MDAS share 35% overall amino acid identity (reviewed in (Bruns and Horvath,
2012)). Specifically, their CARDs share 23-24% amino acid identity, their helicase
domains share 35-37% identity, and their CTDs share 30% identity (Bruns and Horvath,
2012; Yoneyama et al., 2005). The CARDs contain protein-protein interaction domains
that allow for the construction of signaling complexes (Bouchier-Hayes and Martin,
2002). The helicase domains of all three RLRs contain six highly conserved sequence
motifs (I-VI) (Bamming and Horvath, 2009; Cordin et al., 2006). Motifs | and Il are known
as the Walker A and Walker B motif, respectively, and are important for binding ATP and
for ATP hydrolysis. Motif Ill plays a role in mediating interactions between the two ends
of the helicase domain. Motifs IV and V are involved in RNA binding. Motif V has also
been found to bind nucleotides, along with motif VI (Bamming and Horvath, 2009). The
CTDs of RIG-I and MDA5 are important for binding specific RNA substrates (Cui et al.,
2008; Takahasi et al., 2009; Takahasi et al., 2008). RIG-I has been found to
preferentially bind short (<2kb) double-stranded RNA (dsRNA) and single-stranded RNA
(ssRNA) with 5’-triphosphate modifications, and dsRNA with blunt ends (Hornung et al.,
2006; Kato et al., 2008; Kato et al., 2006; Lu et al., 2010; Pichlmair et al., 2006;
Takahasi et al., 2008). MDA5 preferentially binds longer (>2kb) dsRNA with blunt ends
(Kato et al., 2008; Kato et al., 2006; Li et al., 2009a). RIG-I was also found to recognize
certain RNA sequences, including the polyU/UC tract of the 3’ untranslated region (UTR)
of the hepatitis C virus (HCV) genome, and 5’ppp was required for recognition of this
sequence by RIG-1 (Saito et al., 2008). Additionally, this RNA ligand was found to
specifically activate RIG-I and not MDAS.

LGP2 was discovered in 2001 by Cui and colleagues in the Laboratory of
Genetics and Physiology at the NIH in Bethesda, Maryland in an effort to identify regions

of the Stat3/5 locus of murine chromosome 11 that play a role in mammary gland



development and tumor formation (Cui et al., 2001). The Lgp2 gene was found
downstream of the Stat5b gene, and produced a 2.4kb mRNA. The mouse Lgp2 cDNA
showed 80% similarity to the corresponding human cDNA. At the protein level, the
authors determined that mouse and human LGP2 shared 94% similarity and 79%
identity. They also identified a DExD/H box domain, containing ATP binding and ATPase
motifs as well as an unwinding motif, and a helicase carboxy-terminal domain,
containing an RNA binding motif. LGP2 expression was detected in a broad range of
mouse tissues, including heart, lung, liver, spleen, mammary gland, and mammary gland
tumors. When over-expressed in HelLa cells, it was found that LGP2 localizes to the
cytoplasm, and is not secreted (Cui et al., 2001).

While LGP2 lacks the CARDs required for signaling, it shares homology with
RIG-I and MDA5 within its DExXD/H helicase domain and CTD (Murali et al., 2008;
Takahasi et al., 2009; Yoneyama et al., 2005). Specifically, the LGP2 helicase domain
shares 34% amino acid identity with RIG-I and 43% identity with MDAS5. The LGP2 CTD
shares 29% amino acid identity with RIG-I and 33% identity with MDAS (reviewed in
(Bruns and Horvath, 2012)). Similar to the other RLRs, the DEXD/H helicase domain of
LGP2 is capable of ATP hydrolysis and RNA binding (Bamming and Horvath, 2009;
Bruns et al., 2013; Cui et al., 2001), whereas the CTD confers specificity to RNA ligand
recognition and binding (Cui et al., 2008; Pippig et al., 2009). LGP2 can bind a range of
RNA ligands, including short dsRNAs (<2kb) and 5'-triphosphate ssRNAs, which serve
as RIG-I ligands (Kato et al., 2008; Saito et al., 2008; Takahasi et al., 2009; Takahasi et
al., 2008), and long dsRNAs (>2kb), which serve as MDAS5 ligands (Bruns et al., 2013;

Kato et al., 2008; Li et al., 2009b).



Function of RIG-I1 and MDAS5

RIG-1 and MDAS are normally maintained in an inactive state. This is, in part, due to an
auto-regulatory function of the CTD, also called the regulatory domain (RD), which, in
the case of RIG-I, interacts with the CARDs to prevent unwarranted interaction with
downstream factors (Saito et al., 2007; Yoneyama et al., 2004). Phosphorylation of the
CARDs, by PKCa/Bll for RIG-I, also helps maintain an inactive state by blocking the
CARD activation site (Gack et al., 2010; Maharaj et al., 2012). Following binding to non-
self RNAs, however, the interaction between the regulatory domain and the CARDs is
disrupted and the RLRs undergo post-translational modification to reach an activated
state. It is thought that Riplet, an E3 ubiquitin ligase, adds K63-linked polyubiquitin to the
CTD of RIG-I at K788, and that this polyubiquitination disrupts the RIG-I self CTD-CARD
interaction (Oshiumi et al., 2013). PP1a/y dephosphorylates the CARDs of both RIG-I
and MDA5 (Wies et al., 2013), which, on RIG-I, opens up the binding site for the E3
ubiquitin ligase TRIM25. TRIM25 binds RIG-I via its C-terminal SPRY domain and
promotes K63-polyubiquitionation of the second CARD of RIG-I at K172, which appears
to be necessary for CARD-CARD interactions with MAVS (Gack et al., 2007). For MDAS5,
TRIM65 binds via its SPRY domain and K63-polyubiquitinates the helicase domain of
MDAGS at position K743 (Lang et al., 2017).

Upon activation, the RLRs translocate to mitochondria and mitochondrial-
associated membranes where they interact with the essential adaptor protein
mitochondrial antiviral signaling (MAVS; also known as IPS-1, VISA, Cardif) (Horner et
al., 2011; Liu et al., 2012) via binding of the RLR CARDs with a CARD region on MAVS.
MAVS must also be post-translationally modified to attain an activated state - it is
phosphorylated by TBK1 (Liu et al., 2015). Binding of RIG-I or MDAS5 to MAVS triggers
the formation of a signaling synapse that recruits adaptor proteins (TRAF3, TRAF®6),

kinases (TBK1, IKKe), and transcription factors (IRF-3, NF-kB) (Horner et al., 2011; Liu



et al., 2012) resulting in the formation of the canonical IFN-B enhanceosome complex
that promotes IFN-B transcription. Subsequent type | IFN signaling through the JAK-
STAT pathway rapidly induces expression of hundreds of IFN-stimulated genes (ISGs),
which restrict virus infection and replication through direct effector functions (reviewed in
(Schoggins and Rice, 2011)).

The differences in RNA ligand binding specificity allow RIG-I and MDAS5 to
recognize different virus families with varying viral RNA genome characteristics. For
instance, RIG-I is known to recognize viral RNA from Paramyxoviridae (e.g. Sendai virus
[SeV], measles virus, Newcastle disease virus [NDV]), Rhabdoviridae (e.g. vesicular
stomatitis virus [VSV]), Orthomyxoviridae (e.g. influenza), and Flaviviridae (e.g. hepatitis
C virus [HCV]) among others, while MDA5 has been shown to recognize viral RNA from
Picornaviridae (e.g. encephalomyocarditis virus [EMCV], Mengo virus) (Reviewed in
(Loo and Gale, 2011)). Both RIG-I and MDADS play a role in recognizing and responding
to viral RNA from other members of the Flaviviridae family (e.g. dengue virus [DENV],
West Nile virus [WNV], Japanese encephalitis virus [JEV]) and Reoviridae (e.g. reovirus)
(Reviewed in (Loo and Gale, 2011)).

Additional studies have suggested that the RLRs recognize infection by viruses
with DNA genomes as well. For example, Samanta and colleagues demonstrate RIG-I
signaling in response to small, untranslated dsRNAs produced by Epstein-Barr virus
(EBV; Herpesviridae; dsDNA genome) during latent infection, and these dsRNAs pull
down with RIG-I, indicating binding by RIG-I (Samanta et al.,, 2006). RIG-I was also
shown to play a key role in inducing IFN-B- and TNF-driven antiviral responses to
Myxoma virus (Poxviridae; dsRNA genome) (Wang et al., 2008). Similarly, MDA5 was
pulled down with dsRNA intermediates of vaccinia virus (Poxviridae; dsRNA genome)
and was required for antiviral responses to vaccinia virus and modified vaccinia virus

Ankara (Delaloye et al., 2009; Pichlmair et al., 2009). Other groups have suggested that,



instead of recognizing RNA replication intermediates of DNA viruses directly, RIG-I
recognizes 5’-triphosphorylated dsRNAs (5’-ppp dsRNA) produced by DNA-dependent
RNA polymerase Il (Pol-Ill) from the viral DNA genomes (Ablasser et al., 2009; Chiu et
al., 2009). Pol-lll produces 5-ppp dsRNAs from the extracellular DNA ligand poly(dA-
dT), as well as from herpes simplex virus 1 (HSV-1) and EBV. 5-ppp dsRNA acts as a
RIG-I agonist and results in RIG-I-mediated antiviral signaling (Ablasser et al., 2009;
Chiu et al., 2009).

Furthermore, this may hold true for the DNA genomes of intracellular bacteria as
RLRs have been implicated in initiating immune responses to Legionella pneumophila
and Listeria monocytogenes (Chiu et al.,, 2009; Pollpeter et al., 2011). Bone marrow-
derived macrophages (BMDMs) from MAVS” mice had strikingly reduced IFN-B
transcription during infection with L. pneumophila compared to wild type (WT) BMDMs,
suggesting that the RLRs are involved in the innate immune response to this bacterial
pathogen. Additionally, treatment of Raw264.7 macrophages with a Pol-lll inhibitor
reduced L. pneumophila-induced IFN-B transcript levels and led to increased bacterial
replication indicating that Pol-1ll is required for RLR-mediated control of L. pneumophila
infection (Chiu et al., 2009). Upon infection with L. monocytogenes, LGP2" mouse
embryonic fibroblasts (MEFs) induced significantly less IFN-B and CXCL10 compared to
WT MEFs. Transcript levels of IL-6 and CCL5 were also depressed in LGP2" MEFs at
later time points post-infection (Pollpeter et al., 2011). These findings suggest that here

too the RLRs play a role in the response to the DNA PAMPs of bacterial pathogens.

Function of LGP2
RLR signaling is tightly regulated to achieve an orchestrated response aimed at
maximizing antiviral immunity and minimizing immune- or nonimmune-mediated

collateral damage. To achieve an appropriately balanced response, downregulation of



antiviral signaling is equally important to its activation. LGP2, the third member of the
RLR family, is a known regulator of both RIG-I and MDAS5.

LGP2 was initially believed to negatively regulate RIG-1 and MDA5 (Rothenfusser
et al., 2005; Yoneyama et al., 2005). However, these studies were performed prior to the
discovery that RIG-1 and MDA5S recognize and respond to different viruses (reviewed in
(Loo and Gale, 2011)). The results from these initial studies showed that LGP2 can
inhibit SeV- and NDV-induced IFN-B promoter activity. Both SeV and NDV are now
known to be recognized preferentially by RIG-I; so while these early studies suggest that
LGP2 negatively regulates RIG-I-mediated signaling, the same may not be true for
MDAS5-dependent signaling. Indeed in a later study, Venkataraman and colleagues
describe disparate phenotypes during infection with different viruses (Venkataraman et
al., 2007). In MEFs infected with VSV, a RIG-I-targeted virus, type | IFN mRNA and
protein levels were elevated in LGP2" cells compared to WT controls, suggesting a
negative regulatory role for LGP2 during RIG-I signaling. Additionally, VSV-infected
LGP2" mice exhibited enhanced survival and lower viral titers in the brain compared to
WT mice. In contrast, macrophages and DCs infected with EMCV, an MDAS5-targeted
virus, showed reduced IFN-B production in the absence of LGP2. LGP2" mice infected
with EMCV exhibited reduced survival compared to WT controls, suggesting a positive
regulatory role for LGP2 during MDADS signaling (Venkataraman et al., 2007).

It was subsequent demonstrated that LGP2 potentiates MDA5 signaling by
binding MDA5-targeted RNA ligands. LGP2 ATP hydrolysis enhances the affinity of
LGP2 for dsRNA substrates and diversifies the range of dsRNA structures that LGP2
can recognize and bind (Bruns et al., 2013). This ATP hydrolysis activity of LGP2
increases the rate at which MDA5 binds RNA ligands (Bruns et al., 2014), and stabilizes
MDAS affinity for stimulatory RNA which subsequently enhances innate antiviral

signaling (Bruns et al., 2014; Bruns et al., 2013; Childs et al., 2013). However, the
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precise link between ATP hydrolysis-enhanced LGP2 RNA binding, and the following
LGP2-mediated upregulation of MDA5 RNA binding has yet to be elucidated. In this
context, the ability of LGP2 to modulate MDA5 function appears to depend on
intracellular expression levels - in human embryonic kidney 293T (HEK293T) cells
stimulated with either poly(l:C) or EMCV, low levels of LGP2 potentiate MDAS activation
whereas high levels of LGP2 inhibit MDAS activation (Bruns et al., 2014; Bruns et al.,
2013). However, these findings have only been demonstrated through ectopic
expression of LGP2 and have not been corroborated with endogenous LGP2 during
virus infection.

The role of LGP2 in regulating RIG-I-mediated signaling is less well understood,
and there are studies supporting both positive and negative regulatory functions. One
study found that, in the absence of LGP2, IFN-B production by bone marrow-derived
dendritic cells (BM-DCs) was diminished upon infection with MDA5-targeted viruses (i.e.
EMCV and Mengo virus), RIG-I-targeted viruses (i.e. SeV and VSV), and viruses
targeted by both MDA5 and RIG-I (i.e. JEV and reovirus), suggesting a positive
regulatory role for LGP2 in both MDA5 and RIG-I signaling (Satoh et al., 2010).
However, the RIG-I virus phenotype was not investigated further, and it should be noted
that the LGP2” mice generated for these studies incurred some seemingly genetics-
related health issues. In another study, Suthar and colleagues observed that upon
infection with pathogenic WNV, LGP2" MEFs, as well as DCs and macrophages, all
exhibited decreased IFN-B protein production compared to WT controls (Suthar et al.,
2012b). Complementarily, higher virus replication was seen in LGP2” DCs and
macrophages compared to WT cells. LGP2" mice exhibited increased mortality over WT
mice upon WNYV infection and higher viral loads were found in the brains of mice lacking
LGP2, similarly suggesting a positive regulatory role for LGP2. However, the authors

concede that the effects of LGP2 appear to be limited in this context as peripheral innate
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immune responses were comparable between LGP2" and WT mice. It should also be
noted that both RIG-I and MDAS5 are important for the antiviral response to WNV
(Fredericksen et al., 2008), which may confound conclusions from this study about the
role of LGP2 in regulating RIG-I-specific signaling.

Another study suggests that LGP2 is required for adequate responses to DNA
PAMPs (Pollpeter et al., 2011). LGP2" MEFs and BMDMs transfected with poly(dA-dT),
a dsDNA ligand, or infected with Listeria monocytogenes, an intracellular bacterial
pathogen, exhibited reduced IFN-B and pro-inflammatory cytokine transcription, and
decreased IFN-B protein secretion. In vivo, LGP2” mice (Venkataraman et al., 2007)
showed increased colonization of the liver and spleen by L. monocytogenes compared
to WT controls (Pollpeter et al., 2011). Antiviral responses to modified vaccinia virus
Ankara (MVA), a poxvirus with a dsDNA genome, were also suppressed in LGP2"
MEFs (Pollpeter et al., 2011). In this case, it should be noted that MVA has been shown
to be preferentially recognized by MDA5 (Delaloye et al.,, 2009) and as LGP2 is a
positive regulator of MDAS signaling activity it is not surprising that antiviral responses
would be depressed in the absence of LGP2. As the non-coding RNAs generated by
Pol-11l are generally between 100-1500 nucleotides in length (Lesniewska and Boguta,
2017; Qlivas et al., 1997), placing them within the size range preferentially recognized by
RIG-I (<2kb), this may support the direct recognition of longer RNA replication
intermediates by MDAS5, which would make LGP2 a necessary part of the innate immune
response to dsDNA-containing pathogens.

In other cases, LGP2 appeared to have little to no effect on the innate response
to virus infection. While Suthar and colleagues demonstrated that WNV infection of
LGP2" MEFs, DCs and macrophages resulted in a slight decrease of IFN-B production
compared to WT cells, there was no difference in downstream ISG induction (Suthar et

al.,, 2012b). Satoh and colleagues also showed a negligible difference in IFN-B
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production by Lgp2” BM-DCs following influenza virus (PR8 ANS1) infection (Satoh et
al., 2010), another RIG-I-targeted virus. However, another group observed that infection
of Lgp2” MEFs with a human seasonal H3N2 influenza virus resulted in enhanced IFN-B
transcription compared to WT MEFs (Malur et al., 2012), suggesting negative regulation
by LGP2. Complementary to this finding, Si-Tahar and colleagues demonstrated a
decrease in type | IFN and pro-inflammatory mediators during infection with H3N2 in
mice overexpressing human LGP2 (Si-Tahar et al., 2014). Additionally, infection with
seasonal H1N1 viruses that activate IRF3, but not those that avoid activation of IRF3,
also resulted in increased IFN-8 transcription (Malur et al., 2012). HLN1 viruses that do
not activate IRF3 showed no difference in induction of IFN-8 mRNA in WT and Lgp2”
MEFs.

Several other studies support LGP2 as a negative regulator of RIG-I signaling.
Three distinct mechanisms have been proposed for how LGP2 inhibits RIG-I signaling:
(i) LGP2 binds to and sequesters RIG-I ligands. In this model, LGP2 would compete for
RIG-I stimulatory RNAs, leading to reduced RIG-I activation (Rothenfusser et al., 2005;
Yoneyama et al., 2005). While plausible, recent evidence suggests that LGP2 inhibits
RIG-I signaling independently of its ability to bind RNA, as mutations within LGP2 that
ablate RNA binding and ATP hydrolysis were shown to have no effect on its capacity to
inhibit RIG-I in human 2fTGH cells infected with SeV (Bamming and Horvath, 2009). (ii)
The CTD of LGP2 blocks RIG-I activation. In this model, it is believed that the CTD of
LGP2 interacts with the helicase domain of RIG-I to inhibit downstream signaling (Saito
et al., 2007). This hypothesis is based on amino acid sequence homology between the
LGP2 and RIG-I CTDs, as the CTD of RIG-I has an auto-regulatory function through its
interaction with the N-terminal CARDs. In support of this idea, the LGP2 CTD associates
with RIG-I in Huh7 cells (human hepatocyte-derived cellular carcinoma line).

Nonetheless, other studies have shown that the helicase domain of LGP2 also may be
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necessary for its full regulatory activity (Pippig et al., 2009), and that LGP2 may not even
interact directly with RIG-I (Rothenfusser et al., 2005). (ii) LGP2 binds to an activation
region within MAVS. Komuro and colleagues found that, in HEK293T cells, LGP2
competes for binding to MAVS with IKKg, a key kinase for activating NF-kB (Komuro and
Horvath, 2006). However, subsequent studies have questioned this model as IKKe may
not directly bind MAVS, but rather associate indirectly through NEMO or TANK (Guo and
Cheng, 2007; Zhao et al., 2007). Furthermore, LGP2 is now known to differentially
regulate RIG-I and MDA5 (Venkataraman et al., 2007), and inhibiting signaling at the
level of MAVS might be expected to have a similar effect on both RIG-I- and MDA5-
mediated signaling. Thus, despite significant effort from multiple groups, the molecular
mechanism underlying the negative regulation of RIG-I by LGP2 remains uncertain.

The variable phenotypes surrounding LGP2 function may be complicated by the
fact that LGP2 has been implicated in several non-canonical pathways, including CD8" T
cell fitness, cancer cell survival, and regulation of RNA interference (RNAIi) (Komuro et
al., 2016; Suthar et al., 2012b; van der Veen et al., 2018; Widau et al., 2014). Suthar and
colleagues found that LGP2 was required for CD8" T cell survival and fitness during
WNYV infection of mice (Suthar et al., 2012b). Antigen-specific CD8" T cells from LGP2"
mice infected with either WNV or lymphocytic choriomeningitis virus (LCMV)-Armstrong
showed a decrease in numbers due to elevated frequency of apoptosis compared to
cells from WT controls. LGP2" CD8" T cells from the spleens of infected mice also
exhibited reduced secretion of IFN-y and TNF-a. It was determined that LGP2 increases
antigen-specific CD8+ T cell sensitivity to the CD95-mediated apoptosis pathway (Suthar
et al., 2012b).

LGP2 has also been implicated in the survival of several cancer cell lines,
including colorectal adenocarcinoma (WiDr cell line), head and neck squamous cell

carcinoma (Scc61 cell line), and glioblastoma (D54 cell line) (Widau et al., 2014). siRNA
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depletion of LGP2 in these cells reduced survival upon treatment with ionizing radiation
(IR), whereas over-expression of LGP2 increased cancer cell survival of IR. IR treatment
induces IFN-B gene expression and IFN-$ protein was found to be cytotoxic to cancer
cells. Mechanistically, LGP2 appears to negatively regulate IR-induced IFN-8 production,
thus increasing cell survival (Widau et al., 2014).

Recently, a role for LGP2 was discovered in the inhibition of the RNAI response
within mammalian cells (Komuro et al.,, 2016; van der Veen et al., 2018). LGP2 was
found to interact with several components of the RNAi machinery, including the TAR-
RNA binding protein (TRBP) (Komuro et al., 2016) and the endoribonuclease Dicer (van
der Veen et al.,, 2018). During virus infection, Dicer is responsible for cleaving viral
dsRNA into small interfering RNAs (siRNAs). These siRNAs become part of the RNA-
induced silencing complex (RISC) and target RISC cleavage activity to their
complementary viral RNAs. However, in the presence of LGP2, Dicer activity was
inhibited both in vitro and within MEF cells and production of siRNA was reduced (van

der Veen et al., 2018).

Introduction to Zika virus

Zika virus (ZIKV) is a member of the Flaviviridae family, flavivirus genus, along with
WNV, DENV, JEV, and yellow fever virus (YFV), among others. The viral genome is
positive-sense, single-stranded RNA (ssRNA; 11kb) that, upon infection, is translated
into a single polyprotein. The polyprotein is cleaved by both virus- and host-derived
proteases into three structural proteins — capsid (C), membrane (M), and envelope (E) —
which comprise the outer structure of the virus particle, and seven non-structural (NS)
proteins — NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 — which function in viral
replication, assembly and antagonism of host immune responses. ZIKV is most

commonly spread by the bite of infected mosquitoes, with Aedes spp. considered to be
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the primary vectors (Haddow et al., 1964; Marchette et al., 1969; Weaver et al., 2016).
ZIKV is thought to circulate in a sylvatic cycle between mosquitoes and non-human
primates, but can also circulate in an urban cycle between mosquitoes and humans.
Unlike other flaviviruses, there have also been reported instances of ZIKV sexual
transmission and vertical transmission from mother to child in utero (Besnard et al.,
2014; Brasil et al.,, 2016a; Foy et al., 2011; McCarthy, 2016; Musso et al.,, 2015b;
Noronha et al, 2016). In adults, the majority of ZIKV infections (~80%) are
asymptomatic. In symptomatic cases, illness is normally mild and is characterized by
fever, headache, joint and muscle pain, conjunctivitis, and rash, which normally resolve
within seven days (Lazear and Diamond, 2016). However, in some cases, ZIKV can
result in more severe neurological sequelae (Brasil et al., 2016c). ZIKV has also been
implicated as a causative agent of infant microcephaly and may be responsible for
neurodevelopmental issues in children who were infected in utero (Delaney et al., 2018;
Rasmussen et al., 2016; van der Linden et al., 2016).

ZIKV was originally isolated from a rhesus macaque in the Ziika forest of Uganda
in 1947 (Dick et al., 1952). The first confirmed human case of ZIKV was described in
1954 in Nigeria (Macnamara, 1954), but human outbreaks of ZIKV were relatively small
and infrequent until 2007. In the spring of 2007 a large outbreak occurred in the
Federated States of Micronesia on the island of Yap (Duffy et al., 2009). Then in 2013,
another large outbreak occurred in French Polynesia, which correlated with an increase
in cases of Guillain-Barre syndrome (Cao-Lormeau et al., 2016; Oehler et al., 2014), an
autoimmune disorder wherein the immune system damages peripheral nerves, resulting
in widespread muscle weakness. ZIKV emerged in Brazil in 2015 (Campos et al., 2015;
Zanluca et al., 2015) and rapidly spread to multiple other countries in South and Central
America and the Caribbean (Musso and Gubler, 2016). It was during this epidemic that

the association between ZIKV and microcephaly in newborns was described and
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confirmed. ZIKV RNA was detected in the amniotic fluid of three women whose fetuses
developed microcephaly (Calvet et al.,, 2016; Sarno et al., 2016). Brain tissue from
fetuses and newborns with microcephaly born to mothers who reported ZIKV infection
during pregnancy were also positive for ZIKV RNA (Driggers et al., 2016; Martines et al.,
2016; Mlakar et al., 2016; Noronha et al., 2016; Sarno et al., 2016). In one case, viral
particles were detected and infectious virus was isolated from fetal brain tissue (Driggers
et al., 2016). Studies examining cohorts of pregnant women during this outbreak
observed that a significantly higher number of ZIKV-infected mothers delivered infants
with microcephaly or other brain abnormalities compared to non-ZIKV-infected mothers,
indicating trans-placental transmission of ZIKV from mother to fetus (Brasil et al., 2016a;
Hoen et al., 2018; Honein et al., 2017; Noronha et al., 2016).

Excluding the observed eccentricities of ZIKV sexual and vertical transmission,
much about the virus infection cycle within the host has been presumed based on what
is known about the tropism and virus-host interactions of other, related flaviviruses.
However, considering ZIKV has already displayed several apparently unique
characteristics, it is important to evaluate ZIKV-specific cellular targets of infection, host
immune responses, and mechanisms of antiviral antagonism. It is also important to
define the mechanisms of ZIKV trans-placental transmission, as ZIKV infection of the

developing fetus is responsible for the most concerning outcomes of ZIKV infection.

Flavivirus innate immunology

Flaviviruses are known to initially target tissue-resident DCs and macrophages, such as
Langerhans cells and dermal DCs within the skin (Suthar et al., 2013b). DCs and
macrophages are essential innate immune cells that orchestrate the primary innate
immune response, and prime the secondary adaptive immune response (T and B cells).

These cells traffic to the draining lymph nodes, allowing the virus to infect more DCs,
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and from there travel to the spleen. Flaviviruses typically proliferate to high levels in
splenocytes, resulting in viremia. Once the virus has entered the blood stream it can
travel to and infect additional tissues, depending on the cell/tissue tropism of the virus.
Several flaviviruses, such as WNV and JEV are neurotropic, and can infect the cells
comprising the central nervous system (CNS).

It seems likely that ZIKV also targets DCs and macrophages for initial infection
upon transmission to a human host. Hamel and colleagues demonstrated infection of
primary human immature DCs with a low-passage ZIKV strain from French Polynesia
(PF-25013-18), and another group demonstrated ZIKV (PRVABC59) infection of human
monocyte-derived macrophages (Hamel et al., 2015; Van der Hoek et al., 2017).
Additionally, both African (MR766) and Asian (PRVABC59) lineage viruses productively
infected the THP-1 monocytic cell line (Hou et al., 2017). However, overall there is a
dearth of data regarding the infection of innate immune cells, such as DCs and
macrophages, and the cellular subtypes that are permissive to ZIKV.

Similar to other flaviviruses, ZIKV replication was detected in lymph nodes and
spleens of rhesus macaques infected with ZIKV GZ01/2016 strain, and in spleens of owl
monkeys infected with ZIKV Mex_1_44 strain (Li et al., 2016b; Vanchiere et al., 2018).
ZIKV RNA has also been detected in the spleens of mice lacking the IFN-a/B receptor
(Dowall et al., 2016; Lazear et al.,, 2016; Rossi et al., 2016). ZIKV is also able to
productively infect in vitro-differentiated human neural progenitor cells (hNPCs), though
further differentiated immature neurons were less susceptible to infection (Garcez et al.,
2016; Tang et al., 2016). Three-dimensional neurospheres, representing the early
stages of neurogenesis, and brain organoids, representing the environment of first-
trimester fetal brain development, differentiated from NPCs were also infected by ZIKV
(MR766) (Garcez et al., 2016). Additionally, in three cases of pregnant women with ZIKV

infection, glial cells in brain tissues from three newborns who died shortly after birth were
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positive for ZIKV E protein by immunohistochemistry (IHC) staining and ZIKV RNA by
RT-PCR (Noronha et al., 2016). ZIKV may also infect cells within the placenta. ZIKV
RNA and viral protein were detected in placental tissues from infected mothers,
specifically within placental macrophages (Martines et al., 2016; Noronha et al., 2016).
Additionally, human trophoblast-derived cell lines have been shown to be susceptible to
ZIKV (MR766 and FSS13025 strains) infection (Bayer et al., 2016). Several other
studies have demonstrated ZIKV infection of other tissues as well, including the eyes,
vagina and testes (reviewed in (Miner and Diamond, 2017)).

Several studies suggest that viral entry is mediated by AXL, DC-SIGN, or Tyro3.
Expressing these surface proteins on non-permissive HEK293T cells allowed ZIKV
infection (Hamel et al., 2015; Liu et al., 2016). Conversely, in A549 cells and human
umbilical vein endothelial cells (HUVECS), knockdown of endogenous AXL or blocking
the receptor with an anti-AXL antibody inhibited ZIKV infection of these cells. It was also
observed that levels of AXL expression on the surface of several endothelial cell lines
positively correlated with levels of ZIKV infection (Liu et al., 2016). However, genetic
ablation of AXL in neural progenitor cells (NPCs) had no effect on levels of ZIKV
infection or cell viability (Wells et al., 2016). Similarly, AXL" cerebral organoids
experienced similar levels of growth restriction upon ZIKV infection as WT organoids,
indicating that AXL is not an important viral entry factor on these cells. The authors
instead suggest a role for Tyro3, as this receptor is also highly expressed on NPCs,
though DC-SIGN and TIM-1 are not. These discrepancies highlight the importance of
defining the cellular tropism of ZIKV, as the shared and unique characteristics of
different cells types will help define the mechanisms of ZIKV infection. There is a need
for additional studies to evaluate the ZIKV infection of innate immune cells, particularly

DC and macrophage subtypes, as these are likely key targets of ZIKV infection. The
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cellular receptors that aid ZIKV binding and entry of DCs and macrophages are also still
unknown, but their discovery may help clarify the host cell markers utilized by ZIKV.

Once inside a cell, flaviviruses replicate within the cytosol where the viral RNA is
recognized by cytosolic PRRs such as the RLRs. As described in detail above, RLR
signaling results in the production of type | IFN. Secreted type | IFN can bind the IFN-a/
receptor 1 (IFNAR1) on the surface of adjacent cells and initiate downstream signaling
though the JAK/STAT pathway. Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2)
associate with the intracellular domain of IFNARL. Upon binding of IFN-a/B, JAK1 and
TYK2 are phosphorylated, and in turn phosphorylate signal transducer and activator of
transcription 1 and 2 (STAT1 and STAT2), which form a heterodimer and interact with
interferon regulatory factor 9 (IRF9). The transcription complex translocates to the
nucleus and induces expression of hundreds of ISGs and other antiviral effector genes,
which help control infection and prevent viral spread (Suthar et al., 2013b).

Few studies have explored the innate immune responses to ZIKV in detail. In
humans it appears that ZIKV infection can induce a pro-inflammatory response
characterized by elevated protein levels of multiple cytokines and chemokines, including
IL-6, IL-1B, IP-10 (CXCL10), RANTES (CCL5), MIP-1a, MIP-1B, and IFN-y (Tappe et al.,
2016). However, this is a limited analysis of six patients and the cell populations
responsible for these responses are still poorly defined. In vitro studies using human
primary cells and transformed cell lines have determined that ZIKV infection results in
increased transcription of type I, I, and Il IFN and other antiviral effector genes in a cell
type-specific manner. Some cells exhibit potent innate immune responses to ZIKV while
others generate only poor antiviral responses. Hamel and colleagues described the
induction of mMRNA expression for PRRs (TIr3, Ifihl [MDAS5], Ddx58 [RIG-I]), transcription
factors (Irf7), type | IFNs (Ifna, IfnfB), pro-inflammatory cytokines (I16, Cxcl10, Ccl5), and

ISGs (Isgl5, Oas2, Mx1) in ZIKV-infected primary human skin fibroblasts (Hamel et al.,
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2015), but protein production/secretion was not quantified. TLR3, MDA5, and RIG-I were
shown to be important for limiting viral infection by siRNA knockdown in human foreskin
fibroblast (HFF1) cells, and pre-treatment of primary skin fibroblasts with type | (IFN-q,
IFN-B) or type Il (IFN-y) IFN reduced ZIKV replication in a dose-dependent manner. In
contrast, subsequent work in JEG-3 cells (human trophoblast choriocarcinoma cell line)
found that IFN-y treatment enhanced ZIKV (PRVABC59) replication (Chaudhary et al.,
2017). Infection of A549 cells (human lung carcinoma epithelial cell line) with ZIKV (PF-
25013-18) resulted in elevated /fng transcripts, as well as transcription factors (Irf3, 1rf7),
pro-inflammatory cytokines (116, //138, Mcpl), and I1SGs (Ifitl, Ifit2) (Frumence et al.,
2016). IFN-B and IL-6 secretion into the supernatant was also higher in ZIKV-infected
cells. Additionally, pre-treatment of A549 cells with IFN-B reduced levels of ZIKV
infection. Another study observed that Huh7 (human liver epithelial cell line),
HTR8/SVNeo (extravillious trophoblast cell line), and JEG-3 cells have attenuated IFN-3
and ISG (Isg15, Oasl, Mx1, Ifitm1) mRNA expression upon infection with ZIKV (MR766)
(Van der Hoek et al., 2017). Monocyte-derived macrophages had moderate increases in
IFN-B and ISG transcription.

In neuronal and placental cells, antiviral responses again vary based on cell type.
Several studies describe delayed or attenuated signaling activation in neuronal cells. For
example, mouse neural progenitor cells (NNPCs) exhibited delayed transcription of /fn,
Ifitl, MxA, and viperin during infection with ZIKV MR766 or PRVABC59 (Van der Hoek et
al., 2017). Another group failed to detect a cytokine response in human fetal neural
progenitor cells (hNPCs) at either the mRNA or protein level upon infection with ZIKV
PRVABC59 (Hanners et al., 2016). Notably, one study observed ZIKV infection of in
vitro-derived cranial neural crest cells (CNCCs) which, while producing an
underwhelming IFN response (low IFN-a, B, y), elicited secretion of several pro-

inflammatory cytokines that had detrimental effects on the morphology and survival of
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NPCs (Bayless et al.,, 2016). Bayer and colleagues found that primary human
trophoblast (PHT) cells, which form the outer layers of the placenta, constitutively
secrete IFN-A1 and that the supernatant can protect human brain microvascular
endothelial cells (HBMECs) from infection with both African (MR766) and Asian
(FSS13025) lineage ZIKYV strains (Bayer et al., 2016). PHT supernatants can also induce
ISG production in other cell types, including 2fTGH (human fibrosarcoma cell line) and
THP-1 cells. PHTs naturally differentiate into fused syncytiotrophoblasts, and this
differentiation and fusion was found to be necessary for the production of IFN-A1. It is
thought that the constitutive secretion of IFN-A1 is one of the primary reasons
syncytiotrophoblasts are highly resistant to infection by ZIKV and other viruses (Bayer et
al., 2016; Delorme-Axford et al., 2013).

Savidis and colleagues found a specific role for interferon-inducible
transmembrane protein 1 and 3 (IFITM1 and IFITM3) in restricting ZIKV replication
(Savidis et al., 2016). IFITM3 or IFITM1 overexpression in HelLa cells (human cervical
carcinoma cell line) decreased ZIKV (MR766) infection, whereas shRNA knockdown of
IFITM3 increased ZIKV infection. Mechanistically, IFITM3 appears to block ZIKV entry
into HeLa cells. Viperin (RSAD2) has also been implicated in the inhibition of ZIKV
replication. Huh7 cells overexpressing viperin were able to prevent replication of ZIKV
MR766, as cells positive for both viperin expression and ZIKV antigen did not co-localize
by immunofluorescence microscopy assay (IFA) (Van der Hoek et al., 2017).
Additionally, viperin” MEFs exhibited higher levels of infection and a significant increase
in ZIKV NS4b protein expression. A later study found that viperin interacts with the ZIKV
NS3 protein in HEK293T cells when NS3 is exogenously expressed (Panayiotou et al.,
2018). Mechanistically, viperin reduces the stability of NS3 by mediating its degradation

by the proteasome.
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Additional support for the importance of IFN signaling in controlling ZIKV infection
comes from models in which IFN signaling is genetically ablated. Indeed,
immunocompetent mice exhibit no symptoms of disease (Dowall et al., 2016; Lazear et
al., 2016; Rossi et al., 2016). Only those deficient in IFN signaling, such as IFNAR™ or
IRF3” IRF5" IRF7” triple knockout (TKO) mice (Lazear et al., 2016), or A129 mice
which lack type | IFN receptors (Dowall et al., 2016; Rossi et al., 2016), develop disease
symptoms and enhanced mortality. AG129 mice, which lack receptors for both type | and
type Il IFN, were also highly susceptible to ZIKV (Dakar-41519 or H/PF/2013) infection
and exhibited high mortality (Aliota et al., 2016; Lazear et al., 2016). Treatment of WT
mice with an IFNAR1 blocking antibody prior to ZIKV (H/PF/2013) infection resulted in
higher viral loads in the serum, but no weight loss or mortality (Lazear et al., 2016).
Notably, mice lacking only a single antiviral signaling component (e.g. MAVS™”, IRF3™",
IFITM3™) were phenotypically the same as WT mice upon infection with ZIKV Dakar
strains (41519, 41667, 41671), with no morbidity or mortality.

Naturally, flaviviruses have developed a multitude of mechanisms for evading
and antagonizing the innate immune response (Miorin et al., 2017). ZIKV also appears
to have multiple mechanisms for inhibiting both IFN production and downstream IFN
signaling. ZIKV (PLCal strain) infection of A549 cells led to inhibition of poly(l:C)-
stimulated IFN- promoter activity and /fnB gene expression (Kumar et al., 2016). This
inhibition was attributed to ZIKV NS1, NS4a and NS5. IFIT1 promoter activity and Ifitl
gene expression were also inhibited by ZIKV infection. ZIKV reduced induction of Ifitl
transcription by type | (IFN-a) and type Il (IFN-A) IFNs, but was unable to inhibit
induction by type Il IFN (IFN-y). It was discovered that overexpressed ZIKV NS5
interacts with the host STAT2 protein and mediates STAT2 degradation by the
proteasome (Grant et al., 2016; Kumar et al., 2016). STAT2 protein expression was

similarly reduced upon infection of Vero cells with ZIKV. No interaction was detected
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between ZIKV NS5 and STATL1 in these studies and STAT1 protein levels were
unaffected. Notably, ZIKV NS5 also failed to interact with murine STAT2, and STAT2
protein expression was unaffected in ZIKV-infected MEFs. Wu and colleagues described
roles for ZIKV NS1, NS4b, and NS2b3 as well (Wu et al., 2017). Overexpression of NS1
or NS4b alone in HEK293T cells inhibited IFN-B promoter activity induced by poly(l:C) or
SeV infection, and /fnB gene expression was reduced. NS1 and NS4b were found to
interact with TBK1 and prevent TBK1 phosphorylation and oligomerization. However,
infection with intact ZIKV was not used to confirm these observations. It was also shown
that ZIKV infection of A549 cells resulted in reduced phosphorylation of JAK1 and
STAT1, and that overall protein levels of JAK1 were reduced, though there was no effect
on STATL1 protein. This was attributed to ZIKV NS2B3 which binds to JAK1 when
overexpressed in HEK293T cells and promotes JAK1 proteasomal degradation.

Much has been learned about ZIKV virology, pathogenesis and immunology
since 2015. However, there are still many gaps in our knowledge. More studies are
needed to determine the range of cell types and tissues susceptible to ZIKV infection
and to evaluate innate immune responses within these cells. Ideally, the focus should be
on those tissues that are known to harbor virus during a natural infection. There is also a
need to further define the host restriction factors responsible for directly controlling ZIKV
infection and replication within the cell, and the viral factors that oppose these host
defenses. Studies performed in primary cells or in vivo in animal models will be
particularly valuable and protein overexpression studies should be validated by virus

infection where possible.

Potential impact of cross-reactive flavivirus antibodies
Another important facet of flavivirus immunity is the humoral response. Most flavivirus

infections induce potent antibody responses that provide long lasting immunity to
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subsequent infection with the same virus. One notable exception is DENV. DENV exists
in nature as four distinct serotypes (DENV1, 2, 3, and 4), which display different viral
antigens. Thus, infection with one serotype does not necessarily confer complete
humoral immunity to infection with a second serotype (Katzelnick et al., 2017;
Sangkawibha et al., 1984). In fact, it has been hypothesized that pre-existing immunity to
one DENV serotype may actually increase the risk of developing dengue shock
syndrome (DSS) or dengue hemorrhagic fever (DHF) (Katzelnick et al., 2017; Kliks et
al., 1989; Sangkawibha et al., 1984). In this scenario, the secondary DENV infection is
similar enough to the initial DENV infection that it induces a memory response, resulting
in a skewed production of antibodies specific to the initial virus. While these antibodies
can recognize and bind the second DENV serotype, they are either non-neutralizing or
the neutralizing antibodies are not present at concentrations needed to potently
neutralize the second DENV serotype (Katzelnick et al., 2017). When DENYV is bound by
these cross-reactive, non-/sub-neutralizing antibodies, these immune complexes can be
taken up, through a process termed opsonization, by Fc receptor (FCR)-expressing cells,
which are typically found on antigen presenting cells such as DCs and macrophages.
This allows the virus to gain entry to the cells and initiate replication (Culshaw et al.,
2017). This phenomenon is known as antibody-dependent enhancement of infection
(ADE) and is thought to occur through two non-exclusive, broadly defined mechanisms.
The first, extrinsic ADE, is an antibody-mediated increase in the number of virus
particles that bind and/or enter the cell, enhancing infection on a per cell basis as well as
increasing the overall number of infected cells. The second, intrinsic ADE, is a
suppression of antiviral signaling facilitated by the antibody binding to the FcRs and
inducing signaling pathways that temper antiviral responses within the cell (Flipse et al.,

2016; Taylor et al., 2015).
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While ADE has been studied in the context the four distinct DENV serotypes, the
impact of pre-existing flavivirus immunity on the susceptibility, disease severity and
tissue tropism of infection with a subsequent, different flavivirus has not been widely
explored. Unlike DENV, the ZIKV strains all appear to belong to a single serotype (Dowd
et al., 2016). Serum or plasma from eight confirmed ZIKV-infected patients was able to
neutralize both African (MR766) and Asian (H/PF/2013 and Paraiba/2015) strains of
ZIKV to similar levels. Similarly, serum from IRF3" mice infected with either ZIKV
MR766 or ZIKV H/PF/2013 was able to equivalently neutralize reporter virus particles
(RVPs) of both MR766 and H/PF/2013. These observations indicate that humoral
responses to ZIKV are broadly neutralizing against subsequent ZIKV infections.
However, the geographical overlap (Bhatt et al., 2013) and the close phylogenetic
similarity between DENV and ZIKV (Lanciotti et al., 2008; Musso and Gubler, 2016) has
raised the question of cross-reactive antibodies and whether these would be protective
or harmful. Indeed, the E proteins of these viruses, generally considered to contain the
immunodominant epitopes for many flaviviruses (Beltramello et al., 2010; Deng et al.,
2011; Oliphant et al., 2005; Sultana et al., 2009; Xu et al., 2012), share just over 50%
homology (Sirohi et al., 2016). Yet very few studies have evaluated the potential for
DENV antibodies that may cross-react with ZIKV and the impact this may have on ZIKV
infection.

Dowd and colleagues describe a limited study using reporter virus particles
(RVPs) that incorporate the structural proteins from DENV (DENV2 16681) and WNV
(NY99) (Dowd et al., 2016). ZIKV immune serum from two human patients was able to
neutralize both DENV and WNV RVPs, though less efficiently than ZIKV (H/PF/2013)
RVPs. It should also be noted that the ZIKV immune sera were able to more efficiently
neutralize DENV RVPs compared to WNV RVPs. This suggests the presence of cross-

reactive antibodies that can recognize both ZIKV and DENV structural proteins. Another
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group demonstrated that a mouse monoclonal antibody (2A10G6), previously shown to
bind and neutralize DENV1-4, WNV, and YFV, binds the ZIKV E protein with high affinity
and neutralizes ZIKV (SZ01 strain) (Dai et al., 2016). This antibody was also able to
completely protect A129 mice from fatal ZIKV infection. Similarly, two human monoclonal
antibodies (EDE1 C8 and EDE1 C10), previously shown to cross-neutralize DENV1-4,
were capable of neutralizing ZIKV H/PF/2013 and PRVABCS59 strains in U937 cells
(Swanstrom et al., 2016). The EDE1 C10 was further found to protect AG129 mice
during ZIKV (H/PF/2013) infection. When convalescent-phase DENV-immune sera were
tested for ZIKV neutralization, only three out of 17 samples were able to do so. Notably,
one of the other monoclonal antibodies tested (EDE2 B7) was able to bind ZIKV
H/PF/2013, but not neutralize the virus. However, it was not evaluated whether this
antibody or the non-neutralizing sera could conversely enhance ZIKV infection.

In addition to DENV, it may be worthwhile to evaluate the potential effects of
cross-reactive antibodies from other flaviviruses such as YFV and WNV, which are also
closely related to ZIKV. The ZIKV virion surface has been shown to be similar to that of
WNV (Mukhopadhyay et al., 2003), which could generate cross-reactive antibodies that
recognize structural epitopes. Non-neutralizing, cross-reactive antibodies may be of
particular importance in the context of infection during pregnancy. One of the many roles
of the placenta is the transfer of IgG antibodies from the mother to the developing fetus
to provide transient, passive immunity. This transfer is mediated by neonatal FcR

(FcRn)-expressing cells at the maternal-fetal interface (Simister and Story, 1997).

Biology of the placenta
The placenta is responsible for efficient gas, nutrient, and waste exchange during
pregnancy. It also acts as the sole physical and immunological barrier between the

maternal blood supply and the fetal compartment. During the first seven days of
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pregnancy, a layer of syncytiotrophoblast cells (STBs) forms around the embryo,
creating a protective shield that interfaces with the intervillous space. The intervillous
space contains a clear fluid for the first few weeks, and contains maternal blood for the
duration of preghancy. The fetal-derived trophoblast progenitor cells that generate the
first layer of STBs subsequently form structures called chorionic villi. These consist of a
single outer layer of terminally differentiated, fused STBs, and several inner layers of
proliferative cytotrophoblasts (CTBs) which help replenish the STB layer. STBs are
known to be extremely resistant to infection (Delorme-Axford et al., 2013). Surrounded
by the trophoblast layers is the villous stroma, which contains fibroblasts, vascular
endothelial cells surrounding the fetal capillaries, and resident macrophages (Hofbauer
cells, HCs). There are two types of chorionic villi — floating and anchoring. Floating villi
protrude into the intervillous space and are continuously bathed in maternal blood,
exposing them to any pathogens that may be present in the maternal circulation.
Anchoring villi are formed by CTBs known as extravillous trophoblasts that invade the
maternal decidua (maternal-derived placental tissue) and anchor the fetal-derived villi to
the uterine wall, putting them in contact with maternal immune cells (reviewed in (Arora
et al.,, 2017; Coyne and Lazear, 2016)). As the fetal-derived cells are semi-allogeneic,
the placenta is kept in an immune tolerant state so that the maternal immune system
does not attack the developing fetus. This is thought to be achieved by the strict
regulation of cytokine and chemokine expression by maternal and fetal cells, which limits
both inflammatory responses and maternal lymphocyte access to the placenta (Arora et
al., 2017).

While the placenta is largely successful in protecting the developing fetus from
infection, some pathogens have found a way to circumvent this barrier, resulting in
vertical transmission from mother to fetus. These are known as the TORCH pathogens

(Toxoplasma gondii, other [e.g. Listeria monocytogenes, varicella zoster virus, HIV],
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rubella virus, cytomegalovirus, and herpes simplex virus) and are known to cause
congenital abnormalities and disease (reviewed in (Coyne and Lazear, 2016)). There are
several possible mechanisms by which pathogens could cross the placenta and gain
access to the fetal compartment: 1) Ascending infection from the vagina, wherein
pathogens infect the epithelial cells of the vagina and spread from cell to cell into the
uterus and placental tissues; 2) Physical or immune-mediated damage to the chorionic
villi resulting in disruption of the STB layer and exposure of more permissive cells; 3)
Infection of maternal endothelial cells within the decidua and subsequent cell to cell
spread to the invading fetal extravillous trophoblasts; 4) Infection of maternal immune
cells that are then trafficked across the placenta; and 5) Passive transfer across the villi
by a transcellular process such as antibody-mediated transcytosis (Coyne and Lazear,
2016).

Some studies have attempted to model ZIKV vertical transmission in mice. One
found ZIKV RNA in the placentas of 5/9 mice infected with ZIKV SZ01 (Wu et al., 2016).
However, these mice were infected by the intraperitoneal route, which does not
recapitulate the normal route of infection for ZIKV. Miner and colleagues demonstrated
ZIKV (H/PF/2013) infection of placenta and fetuses in IFNAR™ mice and WT mice
treated with an anti-IFNAR blocking antibody prior to infection (Miner et al., 2016). ZIKV
RNA and virions were detected in both maternal and fetal placental tissues, specifically
CTBs, suggesting trans-placental transmission. Additionally, both maternal and fetal
placental tissues showed signs of damage — apoptotic trophoblasts and reduced
microvasculature. However, it should be noted that WT mice exhibited little to no
infection of the placenta or fetuses. Yockey and colleagues performed intravaginal
infections of ZIKV (FSS13025) and found ZIKV RNA in placentas and fetuses of IRF3™
IRF7" double knockout (DKO) mice and IFNAR™ mice (Yockey et al., 2016). Again

however, no virus was detected in the placentas or fetuses of WT mice, though virus
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replication was observed in the vaginal tract. The architecture of the mouse placenta is
also quite different from that of the human placenta. Mouse placenta are labyrinthine, to
accommodate multiple fetuses at once, and have two layers of STBs and another layer
of CTBs that all contact the maternal blood. This, combined with the necessity for the
absence of type | IFN signaling, suggests that mice may not be the most reliable model
for examining trans-placental transmission of ZIKV.

Maternal IgG antibodies are regularly passed through the placenta during the
second and third trimesters to provide passive immunity to the developing fetus. This
process of transcytosis is mediated by neonatal Fc receptors (FCRn) on the surface of
STBs. Antibodies are bound by the FcRn and enter STBs through endocytosis. They are
then released into the villous stroma where they interact with HCs and are likely
transported to the fetal capillaries (Simister and Story, 1997; Simister et al., 1996a). As
alluded to above, this natural biological process is of particular interest as a potential
mechanism of ZIKV vertical transmission. Zika virus has shown the hallmarks of a
TORCH pathogen, successfully crossing the placental barrier to infect the developing
fetus and causing microcephaly, other fetal developmental defects and even fetal
demise (Brasil et al., 2016a; Sarno et al., 2016; Ventura et al., 2016). The recent ZIKV
epidemics that have been associated with unusually high occurrence of microcephaly
overlap geographically with DENV endemic regions (Bhatt et al., 2013). The high degree
of similarity between DENV and ZIKV (~60% amino acid identity) increases the
likelihood of cross-reactive antibodies (Sirohi et al., 2016; Ye et al., 2016). Thus, DENV
antibodies may bind ZIKV and be transcytosed across the placenta, where ZIKV could

then enter the fetal circulation and infect fetal tissues, including neuroprogenitor cells.
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RLRs and ZIKV infection

While the RLRs are known to initiate innate immune responses to many flaviviruses (Loo
and Gale, 2011), their specific role during ZIKV infection is still obscure. However,
considering the efficient attenuation of type | IFN signaling by ZIKV (Grant et al., 2016;
Kumar et al., 2016), it seems likely that an IFN-independent antiviral response,
potentially mediated by RLR signaling, would be crucial to controlling infection. As such,
the regulation of this pathway would be equally important to prevent adverse immune-
mediated sequelae. The work presented here provides insight into the molecular
mechanisms of RLR signaling regulation, antiviral responses to ZIKV infection, and ZIKV
cellular tropism. Specifically, we demonstrate a novel mechanism of LGP2 negative
regulation, wherein LGP2 inhibits early RIG-I activation by preventing K63-ubiquitination
of the RIG-I N-terminal CARDs through an interaction with the E3 ligase TRIM25. We
also evaluate the susceptibility and immune responses to ZIKV infection within human
primary monocyte-derived dendritic cells (moDCs), placental macrophages (HCs), and
cytotrophoblasts. DCs and HCs, and to a lesser extent CTBs, were found to support
productive ZIKV infection. ZIKV induced antiviral gene expression in these cells, but this
did not always correspond to increased protein production, particularly in the case of
type | IFNs. Indeed, ZIKV was found to potently inhibit type | IFN signaling by inhibiting
activation of the transcription factors STAT1/2. In addition, the presence of pre-existing,
cross-reactive flavivirus antibodies may further impact the immune responses and
tropism of ZIKV. DENV-induced monoclonal antibodies cross-reacted with ZIKV and
resulted in attenuated antiviral responses in HCs and enhanced infection of HCs and
human placental explant tissues, suggesting a mechanism for the vertical transmission

of ZIKV.
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Introduction

Pattern recognition receptor (PRR) signaling is essential for regulating immune
responses to virus infection. The RIG-I-like receptors (RLRs) are a family of cytosolic
RNA helicases that, upon recognition of pathogen associated molecular patterns
(PAMPs) such as non-self RNAs, trigger a robust antiviral defense response
characterized by the production of type | IFN, pro-inflammatory cytokines, and
expression of hundreds of antiviral effector genes. The RLRs are comprised of three
structurally related proteins: LGP2, RIG-I and MDAS. All three RLRs contain a DExD/H
box helicase domain with ATP hydrolysis and RNA binding activities (Bamming and
Horvath, 2009; Bruns et al.,, 2013) and a C-terminal domain (CTD) that aids in RNA
substrate recognition and prevents signaling activation (Cui et al.,, 2008; Saito et al.,
2007; Takahasi et al., 2009). RIG-I and MDAS5 bind distinct RNA ligands, allowing for
recognition of different viruses (Loo and Gale, 2011). Upon binding RNA, RIG-I and
MDAS5 undergo several post-translational modifications to reach an activated state,
including de-phosphorylation by PP1 (Wies et al., 2013), and K63-ubiquitination by
TRIM25 in the case of RIG-I (Gack et al., 2007). Once activated, RIG-I and MDA5
translocate to mitochondrial membranes where they interact with mitochondrial antiviral
signaling (MAVS), the central RLR signaling adaptor protein, via two N-terminal caspase
activation and recruitment domains (CARDS) to initiate downstream signaling.

LGP2 lacks N-terminal CARDs, which are important for mediating signaling
activation, but has been identified as both a positive and a negative regulator of RIG-I
signaling during virus infection (Rothenfusser et al.,, 2005; Satoh et al., 2010;
Venkataraman et al., 2007). One study found that IFN-B and pro-inflammatory cytokine
protein levels were depressed in Dhx58" BM-DCs upon infection with a diverse panel of
viruses, and that this positive regulation is dependent on the ATP hydrolysis function of

LGP2 (Satoh et al.,, 2010). Others however, have demonstrated a negative regulatory



33

function of LGP2 in cells infected with HCV or SeV, or treated with poly(l:C) (Saito et al.,
2007; Venkataraman et al., 2007; Yoneyama et al., 2005). These conflicting results may
arise from the use of Dhx58" mice of mixed genetic background, as individual genetics
and passenger mutations found within mixed background mice impact immune
responses (Querec et al., 2009; Thio, 2008; Vanden Berghe et al., 2015), or the use of
non-specific agonists for RIG-I, which decrease the specificity of observed phenotypes.
Alternatively, these results could be indicative of a more complex set of roles for LGP2.

Indeed, functions for LGP2 have been described in several non-canonical cellular
processes. LGP2 was found to play a role in the inhibition of Dicer-mediated RNA
interference (RNAI), a process in which small interfering RNAs (siRNAs) bind and target
viral RNA for degradation. Dicer is an endoribonuclease known to generate siRNAs by
cleaving viral dsRNA. The CTD of LGP2 interacts with Dicer and prevents Dicer
cleavage of dsRNA (Komuro et al., 2016; van der Veen et al., 2018). Additionally, LGP2
has been found to promote CD8+ T cell survival and fitness during virus infection and
inhibit apoptosis of cancer cells subjected to ionizing radiation (Suthar et al., 2012b;
Widau et al., 2014).

Here, we examine the effects of LGP2 on RIG-I-specific signaling and myeloid
cell responses and reveal how LGP2 inhibits RIG-I signaling. We first probed RIG-I
signaling in WT and Dhx58" BM-DCs using a highly specific and well-characterized
RIG-I agonist derived from the 3’ untranslated region (UTR) of the HCV genome (PAMP
RNA) and compared transcriptional profiles at early times following RIG-I signaling
activation (Saito et al., 2008; Schnell et al., 2012). As early as one hour post-treatment,
Dhx58" BM-DCs displayed a marked increase in the kinetics and magnitude of type |
IFN genes as well as a broader antiviral response, characterized by genes encoding pro-
inflammatory cytokines, chemokines and ISGs. Using reporter-based assays, we found

that LGP2 inhibited RIG-I-mediated IFN-(B, interferon regulatory factor 3 (IRF-3) and
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nuclear factor-kB (NF-kB) promoter activities, indicating that LGP2 functions upstream of
the RLR adaptor protein MAVS. Further, we found that the RNA binding and ATP
hydrolysis functions of LGP2 as well as the CTD fragment of LGP2 were dispensable for
negatively regulating RIG-I signaling. Full-length LGP2 potently inhibited constitutively
active RIG-I, suggesting that LGP2 functions at a point between RIG-I and MAVS on the
signaling pathway. Using mass spectrometry, we discovered that LGP2 interacted with
TRIM25, an E3 ubiquitin ligase that post-translationally modifies RIG-I into a signaling
‘active’ form by K63-ubiquitinating the RIG-I CARDs, and this interaction was confirmed
at the endogenous level. Finally, we found that LGP2 inhibits TRIM25-mediated K63-
ubiquitination of full-length and constitutively active RIG-I. These results demonstrate
that LGP2 negatively regulates RIG-I activation by blocking RIG-I ubiquitination and this
is critical for dampening RIG-I signaling and antiviral gene expression.

The RLR signaling pathway is essential for promoting antiviral immune
responses during virus infection. As such, it is crucial to understand how the RLR
pathway is regulated to successfully combat infection, yet prevent cytokine-mediated
tissue damage (Clyde et al., 2006; Oldstone and Rosen, 2014; Sun et al., 2012).
Understanding the role of LGP2 in attenuating RIG-I signaling will strengthen the

platform for studying viral interactions with this pathway.

Methods

Cells. HEK293 cells were maintained in 1x Dulbecco’s Modification of Eagle’s Medium
(DMEM; Corning Cellgro) containing 10% FBS, 25mM HEPES Buffer (Corning Celigro),
2mM L-glutamine (Corning Cellgro), 1mM sodium pyruvate (Corning Cellgro), 1x Non-
essential Amino Acids (Corning Cellgro), and 1x antibiotics (penicillin, streptomycin,
amphotericin B; Corning Cellgro). DCs were derived from C57BL6J WT and Dhx58™"

mouse bone marrow cells cultured in 1x RPMI (Corning Cellgro) containing 10% FBS,
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2mM L-glutamine, 1mM sodium pyruvate, 1x Non-essential Amino Acids, 1x antibiotics,
and 20ng/ml GM-CSF cytokine. Media was changed on days 3 and 6 and cells were

harvested on day 8 post-bone marrow extraction.

Plasmids. Plasmids used in these experiments include Flag-RIG-1 (pEF-Bos), HA-RIG-
(pEF-Tak), Flag-N-RIG (pEF-Bos), Flag-LGP2 (p3xFLAG-CMV10), Flag-LGP2 MI-MVI
(pP3XFLAG-CMV10), Flag-LGP2 1-546, 1-350, 1-176 (p3XxFLAG-CMV10), Flag-LGP2 1-
159, 1-121, 122-678, 160-678, 177-678, CTD (547-678) (p3xFLAG-CMV10), Myc-LGP2,
HA-TRIM25 (pCAGGS), HA-ubiquitin (Ub; pRK5), HA-K63-Ub (pRK5), HA-K48-Ub
(pPRK5), pl125-luc, pRL-CMV, pEF-Bos empty vector, pEF-Tak empty vector. LGP2
deletion mutants were generated from the p3xFLAG-CMV10 construct containing full-
length WT LGP2. WT LGP2 construct was amplified via PCR with primers specific to the
region of interest. Vector and PCR fragments were digested and gel purified. Desired
fragments were extracted from gel via the 5 Prime Agarose GelExtract Mini Kit and PCR

fragments ligated into linearized p3xFLAG-CMV10 vector.

Reagents and Antibodies. Mirus TransIT-293, Mirus TransIT-mRNA, MG132 (Fisher),
DMSO (Fisher), N-ethylmaleimide (Sigma), Dual-Luciferase Reporter Assay System
(Promega), SuperSignal West Femto Maximum Sensitivity Substrate (ThermoScientific),
Anti-FLAG M2 Magnetic Beads (Sigma), Dynabeads Protein G magnetic beads (Novex),
Mouse Cytokine Magnetic 20-Plex Panel (Invitrogen), ProcartaPlex Mouse IFN
alpha/IFN beta Panel (Affymetrix eBioscience), Ms anti-Flag 1:1000 (Sigma), Rb anti-
GAPDH 1:2500 (Cell Signaling), Rb anti-RIG-I 1:1000 (Gale Lab), Rb anti-LGP2 1:100
(IBL), Rb anti-MDAS5 1:1000 (IBL), Ms anti-TRIM25 1:2000 (BD Bioscience), Rb anti-HA
Tag 1:1000 (Cell Signaling), Rb anti-Myc 1:5000 (Novus), Ms anti-B-actin 1:1000 (Cell

Signaling).
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RNA-Seq Analysis. WT and Dhx58" DCs were CD11c+-purified using EasySep Mouse
CD11c Positive Selection Kit Il (Stemcell) per the manufacturer’s protocol, and
transfected with 20ng PAMP RNA, or left untreated. Cells were plated in triplicate for
each condition/time point. PAMP RNA-treated cells and time-matched mock-treated cells
were collected at 1, 3, and 6h post-agonist transfection in Buffer RLT (QIAGEN). Total
RNA was isolated (QIAGEN RNeasy Plus Mini Kit) according to the manufacturer’s
protocol. RNA quality was assessed using an Agilent 2000 Bioanalyzer capillary
electrophoresis and all RNA integrity (RIN) scores were greater than 8. mRNA
sequencing libraries were prepared, and the quality of the libraries was verified using
DNA-1000 Kits (Agilent Bioanalyzer) and quantified using the Qubit 2.0 Fluorometer
(LifeTechnologies). Libraries were clustered and sequenced on an lllumina HiSeq 2500
System (100bp single end reads). Sequencing reads were mapped to the mouse
reference genome mm10. Reads were normalized and differential expression analysis
performed using DESeq2 (Love et al., 2014). The raw data of all RNA sequencing will be
deposited into the Gene Expression Omnibus (GEO) repository and the accession

number will be available following acceptance of this manuscript.

Cytokine secretion. Cell supernatants from WT and Dhx58" DCs used in RNA-Seq
were analyzed for cytokines using multiplex bead assays - Mouse Cytokine Magnetic 20-
Plex Panel (Invitrogen) and ProcartaPlex Mouse IFN alpha/IFN beta Panel (Affymetrix

eBioscience) - according to the manufacturers’ protocols.

Flow cytometry. WT and Dhx58" DCs were transfected with 20ng PAMP RNA or left
untreated. Cells were plated in quadruplicate for each condition/time point. PAMP RNA-

treated cells and time-matched mock-treated cells were collected at 24h post-agonist
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transfection. Cells were blocked with Anti-mouse CD16/CD32 Fc block (TONBO
Biosciences) and stained for surface markers CD11c-PE/Cy7 (TONBO Biosciences),
CD80-FITC (TONBO Biosciences), CD86-PE (TONBO Biosciences), MHC |-Alexa647
(TONBO Biosciences). Viability was determined by staining with Ghost Dye 780

(TONBO Biosciences). Cells were run on BD LSR II.

Generation of knockdown HEK293 cells. HEK293T cells were transfected with LGP2-
or RIG-I-targeting shRNAs, along with the lentiviral packaging plasmids pMG2 and
pSPAX. 48h post-transfection cell supernatant was harvested for lentivirus containing
LGP2 or RIG-I shRNA. Polybrene (8ug/ml) and cell supernatant containing lentivirus was
added to HEK293 cells. Cells were transduced by centrifugation at 800 RPM for 30 min

at RT. Transduction was confirmed by expression of GFP fluorescence in HEK293 cells.

Signaling Assays. RIG-I-dependent signaling was determined via luciferase assay,
using reagents from Promega’s Dual-Luciferase Reporter Assay System. 1x105 HEK293
cells were transfected with 50ng pl25-luc containing the luciferase gene under the
control of the IFN-B promoter region, 20ng pRL-CMV containing the renilla gene under
the control of the CMV promoter, and 100ng other indicated plasmid DNA, using 1x Opti-
MEM reduced serum media (LifeTechnologies) and Mirus TransIT-293 transfection
reagent, for 24 hours. Cells were subsequently transfected with 100ng/ul PAMP RNA for
six hours using 1x Opti-MEM and Mirus TransIT-mRNA transfection reagent. Lysates
were collected in 1x Passive Lysis Buffer and results were read on a SynergyH1 Hybrid
Reader (BioTek). Luciferase measurements were normalized to Renilla expression,
which serves as a transfection control. Firefly luciferase values were divided by Renilla
values to produce a normalized value (relative luciferase units; RLU). Technical

triplicates were tested for each sample under each condition.
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Immunoprecipitation and Immunoblotting. 1-1.5x106 HEK293 cells were transfected
with 500ng indicated plasmid DNA using 1x Opti-MEM reduced serum media
(LifeTechnologies) and Mirus TransIT-293 transfection reagent. 24h post-transfection,
cells were transfected with 100ng/ul PAMP RNA using 1x Opti-MEM and Mirus TransIT-
MRNA transfection reagent. Lysates were collected in modified RIPA buffer (10mM Tris,
150mM NaCl, 1% NA-deoxycholate, 1% Triton X-100) containing protease and
phosphatase inhibitors, and deubiquitinase inhibitor, N-Ethylmaleimide (Sigma), for
ubiquitination assays. In co-expression assays, IP was performed with either anti-Flag
(Sigma) or anti-HA (Pierce) magnetic beads. In endogenous assays, IP was performed
with magnetic Protein G Dynabeads (LifeTechnologies) conjugated to the appropriate
antibody. Proteins were eluted in 2x loading buffer (0.25M Tris, 40% glycerol, 20% [3-
ME, 9.2% SDS, 0.04% Bromophenol Blue). IP supernatants and whole cell lysate
controls were run on polyacrylamide gel via SDS-PAGE and transferred to nitrocellulose
membrane for immunoblotting. Blocking was performed in 5% milk in 0.1% PBST.
Primary antibodies were prepared in 0.1% PBST containing 10% FBS. Secondary
antibodies were prepared in 0.1% PBST containing 1% FBS. Blots were developed
using ThermoScientific SuperSignal West Femto Maximum Sensitivity Substrate and a

BioRad ChemiDocXRS+.

RNA Immunoprecipitation. HEK293 cells were transfected with lug/ul unlabeled or
biotin-labeled PAMP RNA using 1x Opti-MEM and Mirus TransIT-mRNA transfection
reagent. Lysates were collected three hours later in RIPA buffer containing RNase,
protease, and phosphatase inhibitors (Cell Signaling). IP was performed with

streptavidin-conjugated magnetic beads (Pierce). Proteins were eluted in 2x loading



39

buffer. IP supernatants and whole cell lysate controls were run on polyacrylamide gel via

SDS-PAGE and transferred to nitrocellulose membrane for immunoblotting.

Statistical analysis. mMRNA-sequencing samples were submitted in triplicate for each
condition tested, with triplicate time-matched, mock-treated controls. Differentially
expressed genes were identified through DESeg2 analysis and thresholds were set at
fold change >2 and p<0.01. Supernatants used for protein secretion analysis were
collected from the same cells used for mRNA-seq. Samples were run in biological
triplicates and analyzed by 2-way ANOVA followed by Sidak’s test for multiple
comparisons, p<0.05. Flow cytometry samples were run in biological quadruplicates and
analyzed by 2-way ANOVA followed by Sidak’s test for multiple comparisons, p<0.05.
Flow cytometry data is representative of at least three separate experiments. Luciferase
assays were run in biological triplicates for each condition tested. Relative luciferase
units (RLU) were calculated by normalizing luciferase expression readings to Renilla
transfection control expression within the same sample. Data was analyzed by 1-way
ANOVA followed by either Tukey’s or Dunnett’s test for multiple comparisons, p<0.05. All
luciferase assay and immunoblot data is representative of at least three separate
experiments. Statistical analysis was performed using GraphPad Prism, version 6

software.

Results

LGP2 negative regulates RIG-I-mediated innate immune responses in BM-DCs

The mechanism underlying LGP2-mediated regulation of RIG-I signaling is not well
defined. To understand the impact of LGP2 on RIG-I antiviral signaling, we probed RIG-I
signaling using a previously characterized RIG-I agonist (Saito et al., 2008), derived from

the 3° UTR of HCV (PAMP RNA) and performed transcriptomic analysis. Specifically, we
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transfected WT and Dhx58” CD11c+ BM-DCs with PAMP RNA and harvested mock and
treated cells at 1, 3 and 6 hours post-treatment followed by mRNA sequencing (Figure
1A). We compared gene expression changes between treated and time-matched mock
controls and determined differential gene expression by 2-fold change and p<0.01.
Through this analysis, we observed that the genetic ablation of LGP2 led to enhanced
and broader transcriptional responses following PAMP RNA treatment. We found that at
one hour post-treatment Dhx58" cells exhibited 44 differentially expressed genes
(DEGs; WT=0, Shared=30), at three hours post-treatment Dhx58" cells exhibited 1374
DEGs (WT=102, Shared=950), and at six hours post-treatment Dhx58" cells exhibited
2763 DEGs (WT=136, Shared=2024; Figure 1B). Furthermore, many of the shared
genes at 1, 3, and 6 hours post-treatment were induced to a greater extent in Dhx58™
cells compared to WT cells (Figure 1C, orange circles).

We next focused on the transcriptional differences at one hour post-treatment
(Figure 1D). Using hierarchical clustering, we defined four gene clusters that were
differentially enhanced in WT and Dhx58" BM-DCs: 1) Genes only expressed in Dhx58™"
cells (purple), which include antiviral effectors (Gbp5), chemokines (Ccl2, Ccl3, Cxcll),
and a transcription factor (Jun); 2) Genes expressed to similar levels in both WT and
Dhx58™ cells (grey), which include antiviral effectors (Mx2, Oasl1), a cytokine (Tnfsf15),
a transcription factor (Fos, otherwise known as AP-1), and a cell cycle-related gene
(Ccno); 3) Shared genes induced to a higher level in Dhx58™ cells (blue), which include
type | IFNs (Ifnal, Ifna2, Ifna5), antiviral effectors (Isgl5, [fit2, Rsas2) and pro-
inflammatory cytokines/chemokines (Tnf, Cxcl2); and 4) Shared genes highly expressed
in WT cells but exceeded in Dhx58" cells (pink), which include type | IFNs (Ifnb1, Ifna4),
antiviral effectors (Ifitl, Ifit3) and pro-inflammatory cytokines/chemokines (116, Cxcl10,
Ccl4). A select set of genes known to promote an antiviral state, including type | IFNs

(Ifnbl, Ifna2, Ifnad), pro-inflammatory cytokines (116) and ISGs (Ifitl, Ifit2, Ifit3, Isg15),
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were significantly increased in Dhx58" BM-DCs compared to WT cells at the one hour
time point (Figure 1E).

We next evaluated whether the differences in gene induction at one hour post-
treatment were attributable to differences in basal expression of RIG-I. We found that
Ddx58 (RIG-I) transcripts were expressed at similar levels in WT and Dhx58" BM-DCs,
confirming previous findings at the protein level in these cells by our group (22). While
other antiviral effector genes were robustly elevated above mock at one hour post-
treatment (Figure 1E), RIG-I transcripts were not significantly induced in WT or Dhx58"
cells (Figure 1F). We also evaluated the kinetics of Dhx58 (LGP2) expression in WT
BM-DCs and found that LGP2 mRNA was present under mock conditions (normalized
read counts=103.6) and that LGP2 expression was induced between 1 and 3 hours
post-treatment (Figure 1G). Combined, these findings indicate that LGP2 is important
for negatively regulating early events within the RIG-I signaling cascade.

Next, we evaluated the impact of LGP2 on cytokine production and costimulatory
molecule expression following RIG-I signaling activation. We performed multiplex bead
assays to determine the secretion of type | IFN and pro-inflammatory cytokines by WT
and Dhx58" BM-DCs in matching samples used in the mRNA-sequencing analysis.
Protein secretion of IFN-B, IFN-a (Figure 2A) and pro-inflammatory cytokines, including
IL-6, TNF-a and IP-10 (Figure 2B), was elevated in Dhx58" BM-DCs compared to WT
cells. Additionally, we observed that protein expression of the costimulatory markers
CD86 and CD80 was higher on the surface of Dhx58" BM-DCs compared to WT cells
(Figure 2C), suggesting more pronounced activation of BM-DCs in the absence of
LGP2. Taken together, these results illustrate that LGP2 functions as a negative

regulator in the early stages of RIG-I-mediated antiviral immune signaling in BM-DCs.

LGP2 is a negative regulator of RIG-I signaling in human cells
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To dissect the mechanism by which LGP2 negatively regulates RIG-I signaling, we
performed reporter-based assays in cultured human cells (HEK293 cells). To ensure
LGP2 functions in a similar manner in this model, we assessed IFN-B promoter-driven
luciferase production with increasing amounts of over-expressed LGP2. We found that
PAMP RNA-induced IFN-B promoter activity was inhibited in a dose-dependent manner
by LGP2 (Figure 3A), with inhibition observed with as little as 800pg of over-expressed
LGP2 plasmid and maximum inhibitory effect with 100ng of LGP2 plasmid. Additionally,
we observed that IFN-B promoter activity was significantly increased in LGP2 shRNA
knockdown cells as compared to scrambled control shRNA cells (Figure 3B).
Combined, these results confirm our findings in BM-DCs and demonstrate that LGP2 is
a negative regulator of RIG-I signaling following PAMP RNA treatment.

Following activation, RIG-I interacts with the central adaptor protein MAVS which
leads to the activation of latent transcription factors, namely IRF-3 and NF-kB. The
minimal IFN-B promoter contains binding sites for both IRF-3 (PRD | and PRD III) and
NF-kB (PRD Il) (Lenardo et al., 1989; Schafer et al., 1998; Visvanathan and Goodbourn,
1989). Thus, we evaluated the specific activities of these promoter sites to determine
whether LGP2 attenuates RIG-I signaling downstream of MAVS by inhibiting activation
of IRF-3 or NF-kB transcription factors. To this end, we utilized luciferase constructs
driven by either IRF-3 or NF-kB alone. We observed a dose-dependent inhibition of both
IRF-3- and NF-kB-specific promoter activities with increasing amounts of over-expressed
LGP2 (Figure 4A and 4B). These findings strongly suggest that LGP2 inhibits RIG-I

signaling upstream of IRF-3 and NF-kB activation.

The CTD of LGP2 is dispensable for inhibition of RIG-I signaling
We next attempted to define the motifs within LGP2 that are responsible for inhibiting

RIG-I signaling. To this end, we generated a panel of LGP2 deletion mutants (Figure
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3C). The helicase domain of LGP2 contains six defined motifs responsible for RNA
binding and ATP hydrolysis (Bamming and Horvath, 2009; Bruns et al., 2013) (Figure
3C (I-VI) and 5A). Additionally, previous studies have implicated the CTD of LGP2 as a
regulatory domain that inhibits RIG-I through interaction with the RIG-I helicase domain
(Saito et al., 2007). When transfected into HEK293 cells, LGP2 1-121 and the LGP2
CTD (amino acids 547-678) failed to inhibit IFN-B promoter activity, whereas LGP2 1-
159, 1-176, 1-546, 122-678, 160-678 and 177-678 reduced IFN-B promoter activity
compared to empty vector control (LGP2 -, PAMP RNA +; Figure 3D). These results
indicate that the first 121 amino acids within the N-terminus and the CTD of LGP2 are
not sufficient for the negative regulation of RIG-I. However, it appears that multiple

regions within the helicase domain are involved in the inhibition of RIG-I signhaling.

RNA binding and ATP hydrolysis are dispensable for negative regulation

Previous studies have proposed that LGP2 binds and sequesters RNA ligands to
prevent RIG-I activation (Rothenfusser et al., 2005; Yoneyama et al., 2005). Additionally,
LGP2 hydrolyzes ATP to increase its affinity for particular RNA substrates, allowing it to
enhance MDADS signaling (Bruns et al., 2013). To determine whether these functions
play a role in the negative regulation of RIG-I, we evaluated a panel of six LGP2
constructs, each with mutations within one of the motif domains that result in the loss of
motif function (MI-MVI, Figure 5A) (Bamming and Horvath, 2009). We found that all six
mutants retained the ability to inhibit IFN-B promoter activity when introduced into
HEK?293 cells (Figure 5B). In particular, the MIll mutant, which lacks both RNA binding
and ATP hydrolysis activities (Bamming and Horvath, 2009; Bruns et al., 2013) was able
to inhibit IFN-B promoter activity almost as effectively as WT LGP2, indicating that
neither RNA binding nor ATP hydrolysis is required for inhibition of RIG-I signaling. To

further confirm our findings, we immunoprecipitated (IP) biotin-labeled PAMP RNA from
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transfected cells and found that RIG-I, but not LGP2, recognized and bound the PAMP
RNA (Figure 5C), indicating that LGP2 is not negatively regulating RIG-I signaling by
sequestering the PAMP RNA ligand. We next evaluated the effects of LGP2 on a
constitutively active RIG-I mutant (N-RIG), which consists of only the two N-terminal
CARDs and lacks the RNA binding helicase domain. We found that full-length LGP2 (FL)
and LGP2 lacking the CTD (aa 1-546), but not the CTD fragment (aa 547-678), were
able to attenuate N-RIG-induced IFN-B promoter activity (Figure 5D), indicating that
RIG-I binding to RNA is also dispensable for LGP2 inhibition of RIG-I activity. Combined,
these findings indicate that LGP2 negatively regulates RIG-I signaling independent of
the ability of LGP2 to bind or sequester RIG-I ligands but is instead influencing the N-

terminal signaling domains.

LGP2 associates with TRIM25

Our data strongly suggest that LGP2 functions after RIG-I binds RNA but before MAVS
activation of downstream transcription factors. To more precisely determine the step
within the RIG-I signaling pathway that LGP2 is inhibiting, we performed mass
spectrometry analysis on immunoprecipitated Flag-LGP2. Through this analysis, we
identified tripartite motif-containing protein 25 (TRIM25), an E3 ubiquitin ligase
responsible for the K63-ubiquitination of the RIG-I N-terminus (Gack et al., 2007). We
confirmed this interaction by over-expressing LGP2 in HEK293 cells and found that
LGP2 associates with endogenous TRIM25 (Figure 6A). Treatment with PAMP RNA did
not appear to influence the interaction between TRIM25 and LGP2, intimating that LGP2
and TRIM25 interact at homeostasis. Furthermore, we immunoprecipitated endogenous
TRIM25 and confirmed an association with endogenous LGP2 in cells either untreated
or treated with PAMP RNA (Figure 6B). We also observed that the helicase domain of

LGP2 (aa 1-546) associated with TRIM25, but that the CTD of LGP2, which did not
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inhibit RIG-I signaling, did not interact (Figure 6C). Lastly, we found that LGP2 efficiently
inhibits TRIM25-enhanced N-RIG-mediated IFN- promoter activity in a dose-dependent
manner (Figure 6D).

Previous studies have established that following RIG-I binding to non-self RNA,
TRIM25 interacts with RIG-I (Gack et al., 2007). Given that LGP2 also interacts with
TRIM25, we next investigated whether LGP2 interacts with RIG-I. Previous studies have
demonstrated that LGP2 and RIG-I associate when both proteins are ectopically
expressed (Komuro and Horvath, 2006; Saito et al., 2007), a finding which we were able
to independently confirm (Figure 7A). We also found that over-expressed LGP2
interacted with endogenous RIG-I, in the presence or absence of stimulatory PAMP RNA
(Figure 7B). However, we were unable to demonstrate an interaction between
endogenous LGP2 and endogenous RIG-I, in contrast to our finding with endogenous
LGP2 and TRIM25 (Figure 7C and Figure 6B). This may indicate that LGP2 interacts
with RIG-I under conditions when both proteins are expressed at high levels, such as
late times during signaling activation, or that the interaction between LGP2 and RIG-I is
an artifact of over-expression. Nonetheless, our findings demonstrate that full-length
LGP2 associates with TRIM25 and that the CTD of LGP2 is dispensable for mediating

this interaction.

LGP2 suppresses K63-ubiquitination of RIG-I

The observed association of LGP2 and TRIM25, led us to evaluate the effects of LGP2
on RIG-I ubiquitination. Upon binding non-self RNA, RIG-I undergoes K63-ubiquitination
on its N-terminus to reach a fully active state (Gack et al., 2007). To determine the
impact of LGP2 on the ubiquitination state of RIG-I, we co-expressed RIG-I, LGP2, and
ubiquitin within HEK293 cells. We observed decreased total ubiquitination of RIG-I in

these cells compared to cells transfected with RIG-I and a vector control (Figure 8A). To
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determine whether this decrease was due to increased degradation of RIG-I, we
performed this experiment in the presence of MG132, a proteasomal inhibitor. We found
that co-expression of LGP2 with RIG-I resulted in a noticeable reduction of ubiquitinated
RIG-I even in cells treated with MG132 (Figure 8A). Lastly, we observed that RIG-I
ubiquitination was increased in LGP2 shRNA knockdown cells compared to control
shRNA-expressing cells (Figure 8B). Combined, these findings strongly suggest that
LGP2 is negatively regulating the activation of RIG-I rather than destabilizing RIG-I
protein expression in HEK293 cells.

While RIG-I is initially K63-ubiquitinated during its activation, it is subsequently
marked for proteasomal degradation by RNF125-mediated K48-ubiquitination (Arimoto
et al., 2007). To determine the specific ubiquitination step being affected by LGP2, we
utilized ubiquitin mutants which either specifically form K63-linked chains or K48-linked
chains on proteins. We observed diminished K63-specific and K48-specific ubiquitination
of RIG-I in the presence of LGP2 (Figure 8C and 8D). This suggests that LGP2 is likely
inhibiting K63-ubiquitination of RIG-I, as inhibition of RIG-I activation would result in less
RIG-I protein production and therefore a decreased need for subsequent K48-ubiquitin-
mediated degradation of RIG-I. Additionally, ubiquitination of N-RIG was reduced in the
presence of LGP2 (Figure 8E), supporting a role for LGP2 in negatively regulating RIG-
I-specific signaling by preventing the K63-ubiquitinaiton of the RIG-1 N-terminal CARD
through an association with the E3 ubiquitin ligase TRIM25. Inhibiting this post-
translational modification prevents RIG-| activation and dampens subsequent innate

immune responses during virus infection (Figure 9).

Discussion
In this study, we have elucidated an as yet undescribed role for LGP2 in negatively

regulating RIG-I antiviral signaling and BM-DC activation. First, we used primary cells
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from WT and Dhx58" mice and compared the transcriptional responses following RIG-I
activation. We found that as early as one hour post-treatment, Dhx58" BM-DCs
displayed a more robust antiviral response than WT BM-DCs that was characterized by
enhanced expression of type | IFNs, pro-inflammatory cytokines and antiviral effector
genes. This was not due to differences in basal expression of RIG-I between WT and
Dhx58”" BM-DCs. Furthermore, LGP2 is basally expressed in WT BM-DCs and is
transcriptionally induced between 1-3 hours post-treatment, which is subsequent to the
induction of type | IFN gene expression (Figure 1E), indicating that LGP2 functions at
early times following RIG-I signaling activation rather than at later time points as
suggested by previous studies (Rothenfusser et al., 2005). We confirmed that increased
type | IFN mRNA expression corresponded to a greater amount of type | IFN protein
secretion and subsequently led to enhanced co-stimulatory molecule expression on cells
lacking LGP2. Second, we modeled LGP2 function in cultured human cells and
confirmed that LGP2 is a negative regulator of RIG-I signaling at a point between RIG-I
and MAVS in the signaling cascade. Third, we performed structure function studies and
found that the LGP2 CTD was insufficient and dispensable for inhibiting RIG-I signaling.
Furthermore, we determined that the RNA binding and ATP hydrolysis functions of the
LGP2 helicase domain were similarly dispensable for reducing RIG-| activity. Finally, we
discovered that LGP2 interacted with the E3 ligase TRIM25 and that LGP2 inhibited
TRIM25-mediated K63-ubiquitination of RIG-I. These findings reveal that LGP2 functions
at early times to inhibit RIG-I signaling and elucidate the mechanistic underpinnings for
how LGP2 negatively impacts RIG-I activation.

Previous studies suggest that LGP2 may compete for and sequester RIG-I
ligands to inhibit RIG-I signaling (Rothenfusser et al., 2005; Yoneyama et al., 2005).
However, our in vitro studies demonstrated that neither LGP2 binding to RNA nor RIG-I

binding to RNA was required for LGP2 inhibition of RIG-I signaling. Furthermore, other
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studies propose that the CTD of LGP2 (aa 476-678) directly binds RIG-I and inhibits
signaling activation (Saito et al., 2007). It has been shown that the CTD of RIG-I
performs an auto-regulatory role, and that the CTD of LGP2 shares homology with the
RIG-I CTD (Saito et al., 2007). However, in our studies, we found that the LGP2 CTD
(aa 547-678) was insufficient and dispensable for inhibiting RIG-I. It should be noted that
our LGP2 CTD deletion mutant is 71 amino acids shorter than the CTD fragment used in
previous studies (Saito et al., 2007). These additional amino acids include a portion of
motif VI within the LGP2 helicase domain (Cui et al., 2008; Li et al., 2009b; Pippig et al.,
2009; Takahasi et al., 2009). Thus, it is still plausible that the previously described
version of the LGP2 CTD may interact with TRIM25 and inhibit RIG-I ubiquitination.

Our LGP2 deletion mutants containing parts of the helicase domain, with the
exception of LGP2 1-121, retained the ability to attenuate RIG-I signaling. However, it is
worth noting that no single deletion mutant was as effective as full-length LGP2. This
likely indicates the importance of a complete, intact tertiary structure and requires further
investigation. One report has evaluated the structure of LGP2 in the context of RNA
binding (Murali et al., 2008), but little is known about how this structure influences
protein-protein interactions or regulation of RIG-I ubiquitination. It is plausible that the
LGP2 helicase domain forms long-distance interactions within LGP2 and that this allows
for more efficient binding to TRIM25 and inhibition of RIG-I signaling activation. It is also
plausible that LGP2 requires post-translational modifications to interact with TRIM25.
Given that post-translational modifications are responsible for both induction and
repression of RIG-I and MDA5 activity, it would be informative to determine whether
there are similar post-translational modifications, including phosphorylation,
ubiquitination or sumoylation, that regulate the activity of LGP2.

Indeed, post-translational modifications to LGP2 could be a contributing factor to

its inhibitory mechanism if LGP2 is itself a target of TRIM25-mediated ubiquitination. It is
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possible that LGP2 competes with RIG-I for binding and/or ubiquitination by TRIM25.
However, considering that the TRIM25 binding site on RIG-I is located within the CARDs
(Gack et al., 2007), it seems unlikely that LGP2, which lacks CARDs, would be bound by
the same region of TRIM25. Alternatively, if LGP2 is binding to a different region of
TRIM25, it may be directly disrupting the E3 ligase function of TRIM25. For instance, if
LGP2 binds the N-terminal RING domain of TRIM25, which is responsible for binding E2
ubiquitin-conjugating enzymes (Napolitano et al., 2011), it could prevent this necessary
step for TRIM25-mediated ubiquitination of target proteins. MAVS is another
ubiquitination target of TRIM25. In this case, TRIM25 K48-ubiquitinates the MAVS
CARD, targeting it for proteasomal degradation, which is reported to potentiate IRF-3
signaling (Castanier et al., 2012). Disruption of MAVS ubiquitination was shown to hinder
IRF-3, but not NF-kB signaling. In our studies, we observe inhibition of both IRF-3- and
NF-kB-specific signaling in the presence of LGP2, however, the effect on IRF-3 signaling
is more dramatic. Thus, it seems plausible that LGP2 is also affecting other substrates of

TRIM25-mediated ubiquitination, including MAVS.
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Figure 2-1: LGP2 negatively regulates RIG-I-mediated antiviral transcriptional
responses in BM-DCs.

(A) WT and Dhx58" BM-DCs were treated with PAMP RNA and collected in triplicate
with time-matched, mock-treated cells and submitted for mRNA-sequencing. Transcripts

with a fold change >2, p<0.01 were identified for further analysis. (B) Heat map of genes
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differentially regulated in WT and Dhx58" (KO) BM-CDs post-treatment. Venn diagrams
illustrate numbers of differentially expressed and shared genes. (C) Differentially
expressed and shared genes in WT and Dhx58" BM-DCs plotted to illustrate ratio of
expression (Dhx58"/WT). Genes expressed in both WT and Dhx58" cells (orange);
genes expressed only in Dhx58" cells (red); genes expressed only in WT cells (green).
(D) Heat map of genes induced in WT and Dhx58" (KO) BM-CDs at 1 hour post-
treatment, with gene clusters indicated by vertical colored bars. Purple, genes induced
only in Dhx58" BM-DCs; grey, shared genes expressed at similar levels in WT and
Dhx58" cells; blue, shared genes with higher induction in Dhx58" cells; pink, shared
genes highly expressed in WT BM-DCs but even more highly expressed in Dhx58"
cells. (E) Individual analysis of select of transcripts at 1 hour post-treatment with PAMP
RNA or mock-treated (M). Data shown are average normalized transcript counts of
biological triplicates +SD of WT (blue) and Dhx58" (red) analyzed by Sidak’s test,
p<0.01. (F) Ddx58 (RIG-I) transcripts at 1 hour post-treatment with PAMP RNA or mock-
treated (M). Data shown are average normalized transcript counts of biological triplicates
+SD of WT (blue) and Dhx58" (red) analyzed by Sidak’s test, p<0.01. (G) Analysis of
Dhx58 (LGP2) gene expression in WT BM-DCs treated with PAMP RNA (black), or
mock-treated (white). Data shown are average normalized transcript counts of biological

triplicates £SD analyzed by Tukey’s test, p<0.01.
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Figure 2-2: LGP2 negatively regulates downstream antiviral immune responses.

Protein secretion (pg/ml) of (A) type | IFNs and (B) pro-inflammatory
cytokines/chemokines in the supernatant of PAMP RNA-treated WT (black) and Dhx58™
(white) BM-DCs. Data shown are biological triplicates +SD analyzed by Sidak’s test,
p<0.05. (C) Surface expression of co-stimulatory markers CD86 and CD80 in PAMP
RNA-treated WT (black) and Dhx58" (white) BM-DCs. Data is shown as average AMFI
(mean fluorescence intensity) of biological quadruplicates +SD. Data were analyzed by

Sidak’s test, p<0.05. Representative histograms are shown below.
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Figure 2-3: LGP2 is a negative regulator of RIG-I signaling in human cells and the
CTD is not required for this function.

(A) HEK293 cells were transfected with LGP2 plasmid at increasing doses (1.28pg,
6.4pg, 32pg, 160pg, 800pg, 4ng, 20ng and 100ng) and treated with 100ng/ul PAMP
RNA. Data shown are average relative luciferase units (RLU) of biological triplicates £SD
analyzed by Dunnett’s test with comparisons made to PAMP RNA-treated vector control
(LGP2 -), p<0.05. Immunoblotting (IB) performed with remaining lysate shown below to
illustrate LGP2 expression. (B) LGP2 shRNA knockdown and scrambled control shRNA
HEK293 cells were transfected with 100ng/ul PAMP RNA. Data shown are average
relative luciferase units (RLU) of biological triplicates +SD analyzed by Tukey’s test,
p<0.05. IB performed with remaining lysate shown below to illustrate LGP2 knockdown.
(C) Flag-tagged LGP2 deletion mutants with lengths indicated by number of amino

acids. Defined motifs of the DEXD/H box helicase domain are labeled I-VI. FL, full length.
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CTD, C-terminal domain. IB illustrates deletion mutant expression in HEK293 cells. (D)
HEK?293 cells were transfected with full-length LGP2 (FL) or LGP2 deletion mutants and
treated with 100ng/ul PAMP RNA. Data shown are average relative luciferase units
(RLU) of biological triplicates +SD analyzed by Dunnett’s test with comparisons made to

PAMP RNA-treated vector control (LGP2 -), p<0.05.
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Figure 2-4: LGP2 negatively regulates both IRF-3 and NF-kB promoter activities.

HEK293 cells were transfected with 50ng either IRF-3 promoter luciferase (A) or NF-kB
promoter luciferase (B), 20ng CMV promoter Renilla, and increasing doses of LGP2
plasmid (10, 50, 100 and 200ng) and treated with 100ng/ul PAMP RNA. Data shown are
average relative luciferase units (RLU) of biological triplicates +SD analyzed by
Dunnett’s test with comparisons made to PAMP RNA-treated vector control (LGP2 -),

p<0.05.
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Figure 2-5: RNA binding and ATP hydrolysis are dispensable for negative
regulation.

(A) LGP2 helicase domain motifs, their associated functions, and the mutations made to
generate functionally deficient motifs. (B) HEK293 cells were transfected with LGP2
motif mutants (MI-MVI) and treated with 100ng/ul PAMP RNA. Data shown are average
relative luciferase units (RLU) of biological triplicates +SD analyzed by Dunnett’s test
with comparisons made to PAMP RNA-treated vector control (LGP2 -), p<0.05. IB
performed with remaining lysate shown below to illustrate LGP2 motif mutant expression
(V, empty vector plasmid control; (-), mock treated; (+), PAMP RNA-treated). (C)
HEK293 cells were transfected with 1ug/ul either unlabeled, or biotin-labeled PAMP
RNA. Immunoprecipitation (IP) was performed with streptavidin beads that bind the
biotin-labeled RNA. IB was performed for indicated proteins. WCL, whole cell lysate
(input control). (D) HEK293 cells were transfected with N-RIG (10ng), and either full-

length LGP2 (FL), LGP2 1-546 or LGP2 CTD for 24h. Data shown are average relative



56

luciferase units (RLU) of biological triplicates +SD analyzed by Dunnett's test with

comparisons made to N-RIG + vector control (LGP2 -), p<0.05.
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Figure 2-6: LGP2 associates with TRIM25.

(A) HEK293 cells were transfected with Flag-LGP2 or empty vector control (-) and
treated with 100ng/ul PAMP RNA. IP was performed for Flag-LGP2. IB was performed
for indicated proteins. WCL, whole cell lysate (input control). (B) HEK293 cells were
transfected with 100ng/ul PAMP RNA. IP was performed for endogenous TRIM25 using
Protein G beads conjugated to anti-TRIM25 antibody or a mouse IgG isotype control
antibody. IB was performed for indicated proteins. (C) HEK293 cells were transfected
with HA-TRIM25, and either full-length Flag-LGP2 (FL), Flag-LGP2 1-546 or Flag-LGP2

CTD fragment and treated with 100ng/ul PAMP RNA. IP was performed for HA-TRIM25.
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IB was performed for indicated proteins. Non-contiguous panels are from the same blot.
(D) HEK293 cells were transfected with N-RIG (10ng), TRIM25 and increasing doses of
LGP2 (10, 50, 100 and 200ng) for 24h. Data shown are average relative luciferase units
(RLU) of biological triplicates +SD analyzed by Dunnett’s test with comparisons made to

N-RIG+TRIM25+vector control (LGP2 -), p<0.05.
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Figure 2-7: LGP2 interacts with RIG-l when co-expressed, but not at the
endogenous level.

(A) HEK293 cells were transfected with HA-RIG-I and Flag-LGP2 and treated with
100ng/ul PAMP RNA. IP was performed for Flag-LGP2. IB was performed for indicated
proteins. Non-contiguous panels are from the same blot. WCL, whole cell lysate (input
control). (B) HEK293 cells were transfected with Flag-LGP2 and treated with 100ng/ul
PAMP RNA. IP was performed for Flag-LGP2. IB was performed for indicated proteins.
(C) HEK293 cells were transfected with 100ng/ul PAMP RNA. IP was performed for
endogenous RIG-I using Protein G beads conjugated to an anti-RIG-1 antibody or rabbit
IgG isotype control antibody. IB was performed for indicated proteins. Non-contiguous

panels are from the same blot.
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Figure 2-8: LGP2 inhibits K63-ubiquitination of RIG-I.

(A) HEK293 cells were transfected with Myc-LGP2, Flag-RIG-I and HA-ubiquitin (Ub-
WT). Cells were treated with MG132 or DMSO control and infected with SeV for 8h. IP
was performed for Flag-RIG-I. IB was performed for indicated proteins. Non-contiguous
panels are from the same blot. WCL, whole cell lysate (input control). (B) LGP2 shRNA
knockdown and scrambled control ShRNA HEK293 cells were transfected with Flag-RIG-
I and HA-ubiquitin (Ub-WT). Cells were transfected with 100ng/ul PAMP RNA. IB was
performed for indicated proteins. Non-contiguous panels are from the same blot. (C, D)
HEK293 cells were transfected with Myc-LGP2, Flag-RIG-1 and either HA-Ub-K63 (C) or

HA-Ub-K48 (D). Cells were infected with SeV for 8h. IB was performed for indicated
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proteins. Non-contiguous panels are from the same blot. (E) HEK293 cells were
transfected with Myc-LGP2, Flag-N-RIG and HA-ubiquitin (Ub-WT). Cells were then
treated with MG132 or DMSO control. IP was performed for Flag-N-RIG. IB was

performed for indicated proteins.
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Figure 2-9: Molecular mechanism of LGP2 negative regulation of RIG-I signaling.

Upon binding non-self RNA, RIG-1 undergoes conformational changes and post-
translational modifications to reach a signaling active state that can interact with MAVS
to initiate downstream antiviral signaling. LGP2 negatively regulates RIG-I signaling by

inhibiting the TRIM25-mediated K63-ubiquitination step of RIG-I activation.
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Introduction

ZIKV is an emerging mosquito-borne flavivirus that is causally linked to severe neonatal
birth defects upon congenital infection, including microcephaly and spontaneous
abortion (Brasil et al., 2016b; Cugola et al., 2016; Driggers et al., 2016; Miner et al.,
2016; Mlakar et al., 2016), and is associated with Guillain-Barre syndrome (Oehler et al.,
2014) and severe thrombocytopenia (Sharp et al., 2016) in adults. Phylogenetic analysis
has identified three ZIKV lineages, the East African, West African and Asian genotypes,
and suggests initial emergence from East Africa and subsequent spread to other regions
(Lanciotti et al., 2016). For decades, ZIKV remained in Africa and Asia where it sparked
local epidemics characterized by mild, self-limiting disease in humans. In recent years,
Asian lineage viruses have emerged as a global public health threat with widespread
epidemics in Micronesia (2007), the Pacific Islands (2013-2014), and the ongoing
outbreak in the Americas (2015-2016), where over 35 countries have reported local
transmission (Petersen et al., 2016b). In December of 2015, local transmission of ZIKV
was first confirmed in Puerto Rico, where an ongoing and widespread outbreak has
caused over 29,345 confirmed cases as of October 20", 2016 (Adams et al., 2016;
Lozier et al., 2016). Of most concern, local mosquito-borne transmission of ZIKV has
been reported in both Texas and Florida and has resulted in a sporadic, yet troubling
increase in the number of confirmed cases (Likos et al., 2016). Recent human cases and
studies in mice have highlighted the role of sexual transmission in spreading ZIKV
(D'Ortenzio et al., 2016; Davidson et al., 2016; Govero et al., 2016; Yockey et al., 2016),
and concerns of transmission through blood transfusions (Motta et al., 2016) has led to
the Federal Drug Administration to advise screening of all blood and blood products for
ZIKV. This growing public health crisis underpins the need to better understand viral
replication dynamics and the induction of protective immune responses during ZIKV

infection.
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Dendritic cells (DCs) are critical immune sentinel cells, bridging pathogen
detection to activation of innate and adaptive antiviral immunity. Recent studies have
found that multiple subsets of murine DCs in the skin and draining lymph nodes (Schmid
and Harris, 2014), as well as human Langerhans cells, dermal DCs, and moDCs are
important cells of DENV replication (Cerny et al., 2014). Furthermore, a selective loss of
type | IFN signaling in DCs ablates host restriction of WNV, resulting in lethality in a
murine infection model (Pinto et al., 2014). Moreover, tick-borne encephalitis virus
interferes with DC maturation through degradation of IRF-1 (Robertson et al., 2014),
while JEV impairs CD8 T cell immunity through depletion of cross-presenting CD8a+
DCs and impaired up-regulation of MHC class Il and the T cell co-stimulatory molecule
CD40 (Aleyas et al., 2010). Despite these studies with closely related flaviviruses, the
interplay between ZIKV and DCs remains poorly defined.

The RIG-I-like receptor (RLR) and type | IFN signaling axis is essential for
inducing an antiviral response during flavivirus infection (Suthar et al., 2013a). The
RLRs, which include RIG-I, MDA5, and LGP2, are a family of innate viral RNA sensors
that reside in the cytoplasm of nearly every cell of the host (Loo and Gale, 2011). RIG-I
and MDAS5, signaling through the central adaptor protein mitochondrial antiviral signaling
(MAVS), act in concert to restrict flavivirus replication by triggering the production of type
I IFN, antiviral effector genes, and pro-inflammatory cytokines (Errett et al., 2013; Lazear
et al., 2011; Pinto et al., 2014; Suthar et al., 2013a; Suthar et al., 2010). Recent work
has shown evolutionarily distinct ZIKV strains antagonize innate immunity by targeting
STAT?2 for degradation, an essential signal transducer downstream of the type | IFN
receptor (Grant et al., 2016). However, the contributions of the RLR signaling pathway to
restrict ZIKV replication remain unknown.

In this study, we demonstrate that human moDCs are permissive to productive

infection by a contemporary Puerto Rican ZIKV. We observed variation in virus
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replication between individuals, despite similar levels of viral binding to cells. Historic
ZIKV isolates from Africa and Asia also infected human DCs, wherein African lineage
viruses replicated more rapidly and reached a higher infection magnitude, while also
uniquely induced cell death. During infection with either contemporary or historic ZIKV
strains, we observed minimal up-regulation of DC activation markers and pro-
inflammatory cytokine secretion. ZIKV infection of human DCs led to significant induction
of IFNB1 at the transcript level, however, we observed impaired translation of type | IFN
proteins despite induced protein expression of the RLRs (RIG-I, MDA5, and LGP2),
STAT proteins (STAT1 and 2), and antiviral effectors (IFIT1, IFIT3, and viperin).
Treatment with a highly specific RIG-1 agonist, but not type | IFN, strongly restricted
ZIKV replication in human DCs. The impaired ability of type | IFN to block infection
reflected viral antagonism of type | IFN-mediated phosphorylation of STAT1 and STAT2.
Altogether, we show that human DCs have limited immunogenicity following ZIKV

infection, in part due to viral antagonism of type | IFN responses.

Methods
Ethics statement. Human peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors in accordance with the Emory University Institutional review board

according to IRB protocol IRB00045821.

Virus stocks. Zika virus strains PRVABC59 (PR-2015), P6-740 (P6-1966), MR-766
(MR-1947), and DakAr 41524 (Dak-1984) were obtained from the Centers for Disease
Control and Prevention. All strains were passaged once in Vero cells cultured in MEM
(Life Technologies Gibco) supplemented with 10% FBS (Optima, Atlanta Biologics) to

generate working viral stocks. WNV-TX was generated from a previously described
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infectious clone and passaged once in Vero cells (Suthar et al., 2012a). Viral stocks

were titrated by plaque assay on Vero cells and stored at -80°C in MEM with 20% FBS.

Viral stock sequencing and genome annotation. The following Zika virus isolates in
this study were subjected to whole genome sequencing using previously described
methods (Moser et al., 2016). Briefly, total viral RNA was subjected to next generation
sequencing library construction with random hexamer-based priming methods. Libraries
were sequenced on the lllumina MiSeq platform and genome assembly was performed
with CLC Bio (clc_ref_assemble_long v. 3.22.55705). Viral genome annotation was
performed with VIGOR (Wang et al., 2012). The Genbank accession numbers are:
KX601166.1 (Zika virus strain ZIKV/Aedes africanus/SEN/DakAr41524/1984);
KX601167.1 (Zika virus strain ZIKV/Aedes sp./MYS/P6-740/1966); KX601168.1 (Zika
virus strain ZIKV/Homo Sapiens/PRI/PRVABC59/2015); KX601169.1 (Zika virus strain

ZIKV/Macaca mulatta/UGA/MR-766/1947).

Cells. Vero and A549 cells were obtained from ATCC and maintained in complete
DMEM (DMEM medium [Corning] supplemented with 10% fetal bovine serum [Optima,
Atlanta Biologics], 2mM L-Glutamine [Corning], 1mM HEPES [Corning], 1mM sodium
pyruvate [Corning], 1x MEM Non-essential Amino Acids [Corning], and 1x
Antibiotics/Antimycotics [Corning]). moDCs, monocytes, mDCs and pDCs were
maintained in complete RPMI (RPMI 1640 medium [Corning] supplemented with 10%
fetal bovine serum [Optima, Atlanta Biologics], 2mM L-Glutamine [Corning], 1mM
Sodium Pyruvate [Corning], 1x MEM Non-essential Amino Acids [Corning], and 1x

Antibiotics/Antimycotics [Corning]).
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Primary cell isolation. PBMCs were isolated from freshly obtained healthy donor
peripheral blood using lymphocyte separation media (MP Biomedicals or StemCell
Technologies) per manufacturer’s instructions. CD14+ monocytes were magnetically
purified by positive selection using the EasySep Human CD14 Positive Selection Kit
(Stem Cell Technologies) per manufacturer’s instructions. CD14+ monocytes were re-
suspended in complete RPMI medium with 100ng/mL each of recombinant human IL-4
and GM-CSF (PeproTech) at a cell density of 2e6 cells/mL. Spent media and non-
adherent cells were removed 24 hours later and replaced with fresh media and
cytokines. Suspension cells were harvested 5-6 days later for use in experiments.
moDCs were consistently CD14-, CD11c+, HLA-DR+, DC-SIGN+, and CDla+ by flow
cytometry. To obtain mDCs and pDCs, monocytes were removed by positive selection
using CD14 microbeads (Miltenyi Biotech, Germany) and the CD14- fraction was
enriched for DCs using a human Pan-DC Enrichment Kit (Miltenyi Biotech, Germany).
Enriched cells were surface stained to identify mDCs and pDCs for FACS sorting. Within
the lineage-negative HLA-DR+ population, CD1c+ mDC1 and CD141+ mDC2 were
collected together as CD11c+ mDCs, and CD123+ cells were collected as pDCs. Purity
of microbead-sorted monocytes and FACS-sorted DC populations was >95%.
Monocytes, mDCs and pDCs were maintained in complete RPMI medium. mDCs were
cultured in the presence of human GM-CSF (2 ng/ml). pDCs were cultured in the

presence of human IL-3 (10ng/ml).

Cell culture infections. moDCs were harvested after 5-6 days of differentiation and re-
suspended in complete RPMI (without GM-CSF or IL-4) at 1e5 cells per well of a 96-well
v-bottom plate for infections. moDCs, monocytes, mDCs, and pDCs were infected with

the indicated ZIKV strain or WNV-TX at MOls of 1 or 10 (based on Vero cell titer) for 1hr
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at 37°C. After 1hr, virus inoculum was washed off and cells were re-suspended in 200uL

fresh media and incubated at 37°C for 3-72hr.

Viral binding assay. moDCs were infected with ZIKV at MOI of 1 for 1hr on ice and
washed 4x with cold PBS (Fig S1C). To remove bound virus, cells were then incubated
with trypsin for 60 minutes on ice and washed 4x with cold PBS. Bound virus was

guantitated by gRT-PCR for ZIKV RNA.

Agonist stimulation of moDCs. After 5-6 days of differentiation, moDCs were
harvested and plated at 1e5 cells per well of a 96-well v-bottom plate in complete RPMI
medium (without GM-CSF or IL-4) and stimulated with innate immune agonists. To
stimulate RIG-I signaling, 10ng of a highly specific RIG-1 agonist derived from the 3’-UTR
of hepatitis C virus (Saito et al., 2008) was transfected per 1e5 cells using an mRNA
transfection kit (Mirus). To stimulate type | IFN signaling, 1e5 cells were cultured in
200pL complete RPMI media in the presence of 100 IU/mL of human recombinant IFN-3
(PBL Assay Science). To inhibit endogenous type | IFN signaling, 1e5 cells were
cultured in 200pL complete RPMI media in the presence of 1.25pg/mL anti-human
Interferon-a/ Receptor Chain 2 (clone MMHAR-2, EMD Millipore) blocking monoclonal

antibody.

Focus forming assay. Supernatants collected from moDCs were diluted in DMEM
supplemented with 1% FBS and used to infect Vero cells for 1hr at 37°C. Cells and
inoculum were overlaid with methylcellulose (OptiMEM  [Corning], 1%
Antibiotic/Antimycotic [Corning], 2% FBS, and 2% methylcellulose [Sigma Aldrich]) and
incubated for 72hr at 37°C. Cells were washed with PBS to remove methylcellulose and

fixed with a 1:1 methanol:acetone mixture for 30min. Cells were blocked with 5% milk in
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PBS at RT for 20min. Cells were incubated with primary antibody (mouse 4G2
monoclonal antibody) at 1ug/mL in 5% milk in PBS for 2hr at RT. Cells were incubated
with secondary antibody (HRP-conjugated goat anti-mouse 1gG) diluted 1:3000 in 5%
milk in PBS for 1hr at RT. Foci were developed with TrueBlue Peroxidase Substrate

(KPL). Plates were read on a CTL-ImmunoSpot S6 Micro Analyzer.

Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was purified from 1e5
moDCs using the Quick-RNA MiniPrep kit (Zymo Research) per the manufacturer’s
instructions. Purified RNA was reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) using random hexamers. For
guantitation of viral RNA and host gene expression, qRT-PCR was performed as

described in Chapter 4 Methods.

Sequence Alignment. All pairwise alignments between ZIKV PR-2015, P6-1966, MR-
1947, and Dak-1984 were performed using MegAlign and the Jotun Hein method. For
calculations of nucleotide sequence similarity indices, the Martinez/Needleman-Wunsch
method was used, and the parameters included a minimum match of 9, gap penalty of

1.1, and gap length penalty of 0.33.

Flow cytometry and Imagestream analysis. The following mouse anti-human
antibodies were purchased from BioLegend or Becton Dickinson: CD11c (B-Ly6), HLA-
DR (G46-6), CD1a (HI149), CD209 (9E9A8), CD14 (M5E2), CD80 (2D10), CD86 (1T2.2),
and CD40 (5C3). Unconjugated monoclonal 4G2 antibody was kindly provided by Jens
Wrammert and conjugated to APC (Novus Lightning-Link). Following 10min of Fc
receptor blockade on ice (Human TruStain FcX, BioLegend), 1e5 cells were sequentially

stained for surface markers and viability (Ghost Dye Red 780, Tonbo Biosciences) for
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20min on ice. For intracellular staining of ZIKV E protein, cells were fixed and
permeabilized (Foxp3/Transcription Factor Staining Buffer Kit, Tonbo Biosciences),
blocked for 10 minutes (Human TruStain FcX and 10% normal mouse serum), and
stained with 4G2-APC for 20min at room temperature. Multi-color flow cytometry
acquisition was performed on a BD LSR |l data was analyzed using FlowJo version 10.
ImageStream data acquisition was performed on an ImageStream X Mark Il and data
was analyzed using Amnis IDEAS software. Monocytes, mDCs and pDCs were stained
for viability using Zombie Aqua Fixable Viability Kit in protein-free buffer. Cells for
surface staining were suspended in 10% FCS/PBS and incubated with antibodies for
20min at 4°C. Cells were washed, fixed with BD Fix buffer, and acquired on a BD LSR |l

with all analysis performed using FlowJo version 10.

Multiplex bead array. Cytokine analysis was performed on supernatants obtained from
1e5 moDCs following the indicated treatment conditions using a human magnetic 25-
plex panel (ThermoScientific) and a custom magnetic 3-plex panel with human IFN,
IFNa, and IFNA1 (eBioscience) per the manufacturer’s instructions, and read on a
Luminex 100 Analyzer (Luminex). For cytokine analysis within cell lysates, 1e5 moDCs
were collected in modified radioimmunoprecipitation assay buffer and diluted 1:10 prior
to Luminex analysis. Culture supernatants from monocytes, mDCs or pDCs were
analyzed for cytokine and chemokines using Cytokine Bead Array (CBA) kits (BD
Biosciences, San Diego, US) as per the manufacturer’s instructions. Cytokines analyzed
included: GM-CSF, TNF-q, IL-4, IL-6, MIP-1q, IL-8, IL-15, IL-2R, IP-10, MIP-18, Eotaxin,
RANTES, MIG, IL-1RA, IL-12 (p40/70) IL-13, IFN-y, MCP-1, IL-7, IL-17, IL-10, IL-5, IL-

2, IL-1B, IFNa, IFNB, and IFNA1.
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Western blot analysis. STAT1 and STAT2 signaling was studied in A549 cells as
previously described (Suthar et al., 2012a). Briefly, A549 cells were infected with the
indicated ZIKV strain at an MOI of 0.1 and 1 (based on Vero cell titration). At 48hpi, cells
were pulse treated with 1000 1U/mL of recombinant human IFNB (PBL Assay Science)
for 30 minutes and whole-cell Iysates were collected in  modified
radioimmunoprecipitation assay buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 1% sodium
deoxycholate, and 1% Triton X-100 supplemented with Halt Protease Inhibitor Cocktail
[ThermoFisher] and phosphatase inhibitor cocktail [l [Calbiochem]). Western blot
analysis was performed to detect STAT1 phosphotyrosine residue 701 (Cell Signaling),
total STAT1 (Cell Signaling), STAT2 phosphotyrosine residue 689 (Upstate, EMD
Millipore), total STAT2 (Cell Signaling), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Cell Signaling). Protein expression levels were quantified using Image Lab
software. For analysis of antiviral effector proteins within human moDCs, 4e5 cells were
used per condition and protein lysates were collected as described for A549 cells. The
following antibodies were obtained from Cell Signaling: RIG-I, MDA5, LGP2, STAT1,
STAT2, IFIT1, viperin, and GAPDH. The IFIT3 antibody was kindly provided by Dr. G.

Sen.

Results

Contemporary Puerto Rican ZIKV isolate productively infects human DCs

To understand viral replication in human DCs, we generated moDCs from healthy
donors and challenged with PRVABC59, a low passage and sequence-verified ZIKV
strain isolated in December of 2015 from the serum of a patient infected while traveling
in Puerto Rico (hereafter referred to as “PR-2015"). Genome sequencing and
phylogenetic analysis have revealed PR-2015 is closely related to clinical isolates

responsible for the 2015-2016 outbreak in Brazil (Faria et al., 2016; Lanciotti et al.,
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2016). To comprehensively profile PR-2015 replication kinetics in human moDCs, we
performed parallel analyses of viral RNA synthesis and release of infectious virus. Viral
replication began between 12 and 24 hours post infection (hpi), as evidenced by notable
increases in viral RNA synthesis that plateaued between 48 and 72hpi (Figure 1A). No
viral RNA was detected in mock-infected cells. The kinetics of viral RNA synthesis
corresponded to increased release of infectious virus between 12 and 24hpi with
continued log phase growth through 48hpi (Figure 1B). Together, our findings show that
human moDCs support productive ZIKV replication with a contemporary Puerto Rican

strain.

Cellular level analysis of Puerto Rican ZIKV replication in human DCs

We next determined how PR-2015 infection at the single cell level impacts viral growth
kinetics in the bulk cell population. Infected moDCs were labeled for expression of ZIKV
antigen using the pan-flavivirus 4G2 antibody, which recognizes an epitope in the
structural envelope protein (E), and percent infection was assessed by flow cytometry.
Infected cells were first detected in low numbers at 12hpi (Mock, 0.2 — 0.9%; PR-2015,
0.2 — 3.2%), and increased in percentage and staining intensity over the next 36 hours
(Figure 1C). When we infected moDCs with ultraviolet (UV)-inactivated virus, we
observed no E protein staining above uninfected cells, confirming detection of newly
synthesized viral protein (Figure 2A). To confirm antibody staining, we performed
ImageStream analysis of PR-2015-infected moDCs. ZIKV E protein was detected within
the cytoplasm and did not co-localize with the cell surface marker CD11c (Figure 1D).
This staining pattern is consistent with our recent observations of in placental
macrophages, where viral protein localized to perinuclear regions within the cytoplasm

(see Chapter 4), and with previously observed flavivirus ER-associated assembly sites
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(Welsch et al., 2009). As expected, increases in the percentage of infected cells

corresponded to the kinetics of viral RNA synthesis and infectious virus release.

Variability in Puerto Rican ZIKV infection occurs after viral binding

Notably, moDCs generated from four of the nine donors used in this analysis released
lower amounts of infectious virus, and in some cases, synthesized lower amounts of viral
RNA (Figure 1A and 1B). When we directly compared infectious virus release and viral
E protein staining, the same 4 donors with the lowest infectious virus release at 48 and
72hpi (“low infection”) also had lower percentages of E protein positive cells at 48hpi (0.4
— 3.1%) as compared to the other 5 “high infection” donors (9.8 — 18.9%) (Figure 2B).
One explanation for variability in viral replication may be differences in viral binding to
host receptors on moDCs generated from different donors. To test this, we developed a
gRT-PCR-based viral binding assay (Figure 2C) (Liu et al., 2016; Nybakken et al.,
2005). To verify we were measuring bound virus, we compared viral RNA levels with and
without washing, as well as after trypsin treatment, which will likely cleave cellular
receptors and remove bound virus from the cell surface. Washing cells significantly
reduced the amount of virus detected and trypsin treatment further diminished viral RNA
levels, confirming our ability to measure cell-bound virus (Figure 1E). In contrast to the
differences observed in viral RNA synthesis, viral E protein staining, and infectious virus
release, there was minimal difference in the amount of bound virus between different
donors. This suggests that the variability in ZIKV infection between donors occurs after

viral binding.

Differential infection of human DCs by evolutionarily distinct ZIKV strains
We next infected moDCs with sequence-verified ZIKV isolates spanning the evolution of

the virus since its discovery, including ancestral isolates from East Africa (MR-766, “MR-
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1947”), West Africa (DakAr 41524, “Dak-1984"), and Asia (P6-740, “P6-1966") (Haddow
et al., 2012; Lanciotti et al., 2016). The MR-1947 strain was isolated in 1947 from an
infected sentinel Rhesus macaque, monkey number 766, in the Ziika forest of Uganda.
The Dak-1984 strain was later isolated from an infected Aedes africanus mosquito in
Senegal in 1984. The P6-1966 strain was isolated in 1966 from an infected Aedes
aegypti mosquito in Malaysia, and represents the oldest known ancestor of the Asian
lineage since divergence from the African lineages. The laboratory passage history of
each viral isolate varies, including multiple passages in suckling mouse brains in the
case of MR-1947 and P6-1966, which must also be taken into consideration (Table 1).
We independently sequenced each of the four ZIKV strains and performed nucleotide
sequence alignments (see Table 1 for genome accessions), finding P6-1966 shares
95.5% of its coding region with PR-2015, while MR-1947 and Dak-1984 only share
88.6% with PR-2015 (Table 1). This corresponds to 1.1%, 3.2%, and 3.0% differences in
amino acids between PR-2015 and P6-1966, MR-1947, and Dak-194, respectively. Of
note, MR-1947 diverged from PR-2015 more notably in the structural (4.4%) than non-
structural proteins (2.9%).

Using the same moDCs generated from six of the previous donors (Figure 1), we
directly compared infection kinetics of the ancestral strains with that of PR-2015. The
infections were performed in parallel with PR-2015 to allow for direct cross-comparison
of viral growth between the different viral strains (Figure 4A). MR-1947 exhibited rapid
replication kinetics with increased infectious virus release and viral RNA synthesis
occurring between 12 and 24hpi (Figure 3A and 4B). The percentage of infected cells
peaked at 24hpi (Figure 3C). We next compared MR-1947 replication with Dak-1984,
which is closely related to MR-1947 but has undergone less laboratory passaging.
Despite reaching a similar infection magnitude, Dak-1984 exhibited slower growth

kinetics as compared to MR-1947, with percent infection and release of infectious virus
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peaking between 48 and 72hpi. The P6-1966 strain replicated with similar kinetics and
magnitude to PR-2015 through 48hpi, although we did observe subtle differences in
virus infection. In particular, P6-1966 replicated to modestly higher levels at 24hpi than
PR-2015. Despite this, P6-1966 replication plateaued more rapidly than PR-2015 and
failed to reach a comparable magnitude of infection. These subtle differences may
reflect genetic changes between ancestral Asian lineage strains and current circulating
strains (Table 1). Of note, P6-1966 was found to produce smaller viral plaques and foci
(Figure 4C) on Vero cells as compared to the other three strains. Given recent studies
linking ZIKV to cell death of neural progenitor cells, we evaluated cell viability during
ZIKV infection of human moDCs (Dang et al., 2016; Garcez et al., 2016; Li et al., 2016a).
While MR-1947 and Dak-1984 induced significant decreases in cell viability by 72hpi,
neither of the Asian lineage strains resulted in loss of viability as compared to time-
matched, uninfected cells (Figure 3E). Together, our data suggest that evolutionarily
distinct ZIKV strains exhibit varying replicative and cell death capacities during infection

of human moDCs.

Differential susceptibility of human DCs to ancestral and circulating ZIKV strains

Given our finding that moDCs generated from different donors have differential
susceptibilities to PR-2015 infection (Figure 1), we next compared replication between
the four ZIKV strains on a donor-by-donor basis. The MR-1947 strain replicated well
within all donors, showing the least amount of variation in viral replication (Figure 2B,
3B, and 3D). The Dak-1984 strain also replicated well in most donors, albeit to modestly
diminished peak levels in donors with lower PR-2015 replication. In contrast, P6-1966
replicated similarly to PR-2015 for any given donor, likely representing their shared

ancestry. Together, these data suggest both viral factors, as found between different
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strains, as well as non-viral factors, as found between different donors, influence ZIKV

replication in human DCs.

ZIKV infection minimally activates human DCs

A critical function of DCs is the programming of virus-specific T cell responses that are
required for clearance of virally infected cells. Engagement of virus-associated molecular
patterns increases the surface expression of co-stimulatory and MHC molecules on
activated DCs, potently enhancing their ability to prime virus-specific T cell responses
(Pulendran, 2015). To determine the ability of ZIKV infection to activate DCs, we
measured cell surface expression of co-stimulatory (CD80, CD86, and CD40) and MHC
class Il molecules at 48hpi with all four ZIKV strains. We labeled cells with 4G2 antibody
and divided infected samples based on viral E protein staining (E protein-, bystander
cells; E protein+, infected cells). Following infection with PR-2015, we observed
significant but modest activation in E protein+ cells only, while infection of moDCs with
P6-1966 or Dak-1984 induced minimal activation (Figure 5A). In comparison, MR-1947
induced modest activation, but primarily within the E protein- cell population. This is in
contrast to the strong activation induced by RIG-I agonist treatment of moDCs (Figure
6A). Next, we confirmed our findings in more physiologically relevant human antigen
presenting cell subsets. Similar to moDCs, ex vivo infection of primary monocytes,
myeloid DCs, and plasmacytoid DCs from the blood of healthy donors with PR-2015
failed to induce up-regulation of co-stimulatory or MHC molecules (Figure 6B-D).

We next asked whether the donor variability in viral replication with PR-2015
(Figure 1) corresponded to differences in DC activation during infection. We grouped
samples into “low” or “high” infection donors on the basis of viral E protein staining
(Figure 2B). We found no differences in the up-regulation of CD80 and CD86 when we

stratified by viral replication (Figure 5B). In contrast, both CD40 and MHC class I
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showed greater up-regulation during infection of moDCs from donors with higher viral
replication. This suggests that the induction of DC activation is influenced by the
magnitude of viral replication. Altogether, these data show that ZIKV induces minimal
DC activation and consequently, infected DCs may be compromised in their ability to

prime antiviral T cell responses.

ZIKV does not induce pro-inflammatory cytokine secretion by human DCs

In addition to providing T cell co-stimulation, DCs promote innate and adaptive immunity
through the secretion of pro-inflammatory mediators. We next assessed inflammatory
cytokine and chemokine release following PR-2015 infection of moDCs. Consistent with
minimal increases in surface expression of co-stimulatory molecules, ZIKV PR-2015
infection failed to induce the secretion of most pro-inflammatory cytokines assayed,
despite the ability of RIG-I agonist to induce their secretion (Figure 7A). The ancestral
strains also failed to induce substantial cytokine release during infection of human
moDCs. Of exception, P6-1966 induced significant IL-6 secretion, and along with MR-
1947 and Dak-1984, triggered modest yet significant IP-10 secretion. Finally, to confirm
these findings in more physiologically relevant myeloid cell subsets, we stimulated
primary monocytes (Figure 7B), myeloid DCs (Figure 7C), and plasmacytoid DCs
(Figure 7D) with PR-2015 to assess cytokine and chemokine secretion. Despite the
ability of LPS (monocytes and myeloid DCs) or R848 (plasmacytoid DCs) to induce
cytokine production, infection with ZIKV did not promote notable pro-inflammatory
cytokine secretion. Together, our data suggests that human antigen-presenting cells

exposed to ZIKV are compromised in their ability to promote inflammatory responses.

Human DCs infected with ZIKV secrete minimal type | and Il IFNs
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During viral infection, early innate immune signaling triggers the production of type | and
Il IFNs and antiviral effector molecules that block viral replication (Schoggins and Rice,
2011). In particular, RLR and type | IFN signaling are essential for host restriction of
flavivirus replication and ultimate control of infection (Olagnier et al., 2014; Pinto et al.,
2014; Suthar et al.,, 2013a). Specific to ZIKV, mice with intact type | IFN responses
support only limited and low level viral replication, while genetic ablation or antibody
blockade of type | IFN signaling shifts the balance towards sustained, high level ZIKV
replication and pathology, including neuroinvasive disease (Aliota et al., 2016; Lazear et
al., 2016; Rossi et al., 2016). Moreover, mice deficient in their ability to produce type |
IFN are similarly compromised in their ability to restrict viral replication (Lazear et al.,
2016; Yockey et al., 2016).

To determine the potential of human DCs to trigger antiviral IFN responses
during ZIKV infection, we measured the secretion of type | IFNs into the supernatant by
infected populations of moDCs at 48hpi. Surprisingly, all four ZIKV strains failed to
induce detectable IFNB secretion and induced only minimal secretion of IFNa (Figure
8A). Given this intriguing finding and the recently appreciated role of type Il IFNs in
antiviral immunity, we next measured the secretion of IFNA1 (Lazear et al.,, 2015a).
Similar to type | IFNs, ZIKV infection induced minimal secretion of type Il IFN protein
(Figure 8B). Notably, treatment of the same donor cells with RIG-I agonist induced
significant secretion of all three molecules, confirming these cells are capable of
producing type | and type Il IFNs. Similarly, pDCs produced low amounts of IFNa
following ZIKV infection (data not shown).

Next, as a complementary measurement of type | IFN secretion, we infected
moDCs with ZIKV in the presence of an anti-IFNAR2 blocking antibody. Blockade of type
I IFN signaling enhanced ZIKV infection modestly across all four ZIKV strains, resulting

in only a 2-3 fold increase in the percentage of virally infected cells (Figure 8C). Despite
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this increase in the percentage of infected cells, we observed minimal differences in the
release of infectious virus in the presence of anti-IFNAR2 blocking antibody. Combined,
these findings suggest that moDCs secrete protective type | IFN during ZIKV infection,

but at near undetectable levels.

ZIKV infection of human DCs induces type | IFN transcription, but not translation
Given that multiple pathogenic human viruses have evolved mechanisms to interfere
with type | IFN transcription (Anglero-Rodriguez et al., 2014; Horner et al., 2012;
Mibayashi et al., 2007; Prins et al.,, 2009), we next assessed the levels of IFNB1
transcripts in ZIKV-infected moDCs. Despite near undetectable protein secretion, all four
ZIKV strains induced notable IFNB1 gene transcription at 48hpi, with MR-1947 showing
the highest induction (Figure 8D). When we assessed IFNB1 gene induction over an
infection time-course, up-regulation of transcription occurred as early as 12hpi and
remained at or near peak levels through 72hpi (Figure 9A). We also observed induction
of IFNA transcription, but with delayed kinetics and magnitude as compared to IFNB1.
IFNA transcription was up-regulated at 24hpi during infection with MR-1947, and at
48hpi during infection with the other three strains. These findings are consistent with our
recent studies performed in placental macrophages, which showed minimal type | IFN
protein secretion, but strong induction at the transcript level (see Chapter 4).

Given that RIG-I agonist induced IFNB secretion, we directly compared IFNB1
transcript levels in matched moDCs treated with RIG-I agonist or infected with ZIKV PR-
2015. RIG-I agonist treatment induced modestly higher, but overall similar levels of
IFNB1 transcription as compared to ZIKV PR-2015 infection (Figure 8E). Next, to
determine if there was impairment in type | IFN protein translation or secretion, we
measured type | IFN protein in the supernatant and whole cell lysate from matched

samples following RIG-lI agonist treatment or infection with ZIKV PR-2015. We
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hypothesized that if ZIKV blocked protein secretion, but not translation, we would find an
accumulation of type | IFN protein in the whole cell lysate. However, we did not detect
IFNB or IFNa protein in either the supernatants or whole cell lysates above mock levels
at either low or high MOI infection with ZIKV (Figure 8F). In contrast, both IFNB and
IFNa were observed in the supernatants and whole cell lysates following RIG-I agonist
treatment. To determine if ZIKV could actively block type I IFN translation, we treated
ZIKV PR-2015-infected moDCs with RIG-I agonist at 48hpi and measured IFNB protein
production. ZIKV infection resulted in an average 2-fold decrease in the induction of
IFNB protein translation as compared to RIG-I agonist alone (Figure 8G). Altogether, our
data suggests that ZIKV antagonizes type | IFN translation during infection of human
DCs.

Of relevance to our findings, protein kinase R (PKR) is important for maintaining
MRNA stability of type | IFN transcripts during infection with certain RNA viruses (Schulz
et al., 2010). In these studies, EMCV infected cells were found to strongly induce Ifnbl
gene expression, but in the absence of PKR these transcripts lacked poly(A) tails,
leading to diminished transcript stability and minimal protein translation. To determine if
a similar phenomenon occurs during ZIKV infection of human DCs, we compared IFNB1
transcript levels after performing cDNA synthesis with random hexamers, which will
prime all RNA species, or Oligo(dT), which will only prime polyadenylated transcripts.
We found no differences in IFNB1 transcript levels between the two methods,
suggesting ZIKV does not influence IFNBL1 transcript stability as a mechanism to inhibit

protein translation (Figure 9B).

ZIKV infection induces an antiviral state within human DCs
Given the minimal secretion of type | and type Ill IFNs, we evaluated gene expression of

the RLRs and host antiviral effectors. We observed up-regulation of RIG-I (DDX58),
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MDA5 (IFIH1), and LGP2 (DHX58) in response to PR-2015 and P6-1966 at 24hpi,
consistent with increases in virus load (Figure 10A). RLR expression continued to
increase through 72hpi. While RLR expression was higher at 24hpi in moDCs infected
with P6-1966 as compared to PR-2015, expression peaked at similar levels at 48 and
72hpi, potentially reflecting the slightly enhanced replication kinetics of P6-1966. In
contrast to the Asian lineages, MR-1947 exhibited strong RLR up-regulation by 12hpi
with peak expression between 24 and 48hpi. Moreover, the magnitude of RLR
transcription during peak responses was notably higher for MR-1947 infection. The
kinetics of RLR expression during infection with Dak-1984 were more similar to the
Asian lineage strains than MR-1947, first increasing at 24hpi. Interestingly, despite
reaching a similar overall magnitude of infection as MR-1947, Dak-1984 induced lower
RLR transcription at all time-points.

We next evaluated expression of the IFIT gene family members, OAS1, and
viperin (RSAD2), antiviral effectors with known activity against flaviviruses (Schoggins et
al.,, 2011). In moDCs infected with PR-2015, we observed up-regulation of IFIT1, IFIT2
and IFIT3 beginning at 12hpi, with peak expression between 48 and 72hpi (Figure 10B).
P6-1966 infection resulted in slightly delayed IFIT gene induction as compared to PR-
2015. Despite this delay, P6-1966 induced stronger IFIT gene expression by 24hpi. We
observed similar findings with RSAD2 expression, with PR-1966 infection inducing lower
transcript levels at 12hpi, but increased responses at 24hpi as compared to PR-2015.
We found OAS1 transcripts were up-regulated at 24hpi by both PR-2015 and P6-1966,
although to higher levels during P6-1966 infection. MR-1947 infection exhibited
enhanced kinetics and magnitude of antiviral effector gene transcription, with IFIT family
members and RSAD2 being induced as early as 12hpi. While OAS1 was up-regulated

with similar kinetics to the Asian lineage strains, the magnitude was also notably higher



80

during MR-1947 infection. In general, Dak-1984 was transcriptionally most similar to the
Asian lineage viruses, despite higher levels of viral replication during Dak-1984 infection.

Given observed differences in PR-2015 replication between donors, we
compared gene expression between donors with “low” or “high” infection (Figure 1 and
2B). For all RNA samples, we labeled infected cells in parallel for viral E protein,
allowing us to stratify our RNA data by the percentage of viral E protein+ cells. Donors
with low infection had overall lower expression of RLR, type | IFN, and antiviral effector
genes as compared to donors with high infection (Figure 11). Furthermore, there were
no differences in the expression of any of the measured host genes at 3hpi between
“low” and “high” infection donors, a time that likely represents basal level expression.
Overall, these data show that ZIKV infection is capable of initiating antiviral responses in
moDCs, with expression of certain antiviral effector genes being induced rapidly after
infection, prior to log phase viral growth.

We next questioned whether the observed up-regulation of antiviral effector
genes led to corresponding increases at the protein level, in light of our findings with
type | IFN. As expected, overnight stimulation with RIG-I agonist induced up-regulation
of the RLRs (RIG-I, MDA5, and LGP2), STAT proteins (STAT1 and STAT2), and
multiple proteins directly involved in restriction of viral replication (IFIT1, IFIT3, and
viperin) (Figure 10C). Notably, we observed no induction of IFIT1, IFIT3, or viperin in
untreated cells. In contrast to impaired translation of type | IFN proteins, infection of
moDCs for 48hrs with ZIKV PR-2015 or MR-1947 strongly up-regulated production of
the RLRs, STAT proteins, and viral restriction factors to similar levels observed following
RIG-I agonist treatment. We observed MOI-dependent increases in many cases
(STAT1, IFIT1, IFIT3, viperin) following infection with PR-2015 at MOls of 1 and 10.
Similar to what was observed at the transcript level, MR-1947 induced higher levels of

antiviral proteins as compared to PR-2015 when comparing infections at MOI of 1. This
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is likely explained by the greater magnitude of infection seen with MR-1947. Together,
these findings suggest that ZIKV selectively inhibits in type | IFN protein translation,

while translation of other antiviral host proteins remains intact.

ZIKV replication is blocked by RIG-I, but not type | IFN signaling

Given our findings that ZIKV infection of moDCs induced an antiviral state, and the
importance of RLR and type | IFN signaling in restriction of flavivirus replication (Errett et
al.,, 2013; Pinto et al., 2014; Suthar et al.,, 2013a; Suthar et al., 2010), we next
determined the ability of innate immune signaling pathways to restrict ZIKV replication
within human DCs. At 1hpi, we treated infected moDCs with innate immune agonists and
assessed viral replication at 48hpi (Figure 12A). To trigger RLR signaling, moDCs were
transfected with a highly specific RIG-I agonist, derived from the 3° UTR of hepatitis C
virus (Saito et al., 2008; Schnell et al., 2012). To trigger type | IFN signaling, we treated
moDCs with 100 IU/mL of recombinant human IFNB. RIG-I agonist treatment potently
blocked ZIKV replication, significantly lowering infectious virus release to levels at or
near the assay limit of detection (Figure 12B). Notably, the levels of infectious virus
remaining after RIG-I agonist treatment were similar to levels found at 3 and 12hpi
(Figure 3A), prior to the log phase viral growth, and may represent residual input virus
rather than replicating virus. Importantly, RIG-I agonist treatment restricted replication of
all four ZIKV strains. In contrast, type | IFN treatment resulted in only modest, and non-
significant decreases in viral replication. Altogether, RLR signaling, but not type | IFN

signaling, potently blocks replication of four evolutionarily distinct ZIKV strains.

ZIKV antagonizes type | IFN signaling by targeting STAT1 and STAT2

phosphorylation
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Secreted type | IFN binds to the type | IFN receptor (IFNAR), a heterodimeric complex
found on the cell surface of almost all nucleated cells, triggering activation of the
receptor associated kinases JAK1 and TYK2 (Schoggins and Rice, 2011). JAK1 and
TYK2 phosphorylate and activate the latent transcription factors STAT1 and STAT2,
which translocate to the nucleus and associate with IRF-9 to trigger antiviral gene
transcription. Most flaviviruses known to infect humans have evolved mechanisms to
inhibit type | IFN responses through antagonism of JAK/STAT signaling (Best et al.,
2005; Keller et al., 2006; Laurent-Rolle et al., 2010; Laurent-Rolle et al., 2014). Given
our finding that type | IFN treatment was not effective at blocking ZIKV replication in
moDCs, we evaluated the ability of ZIKV to antagonize STAT1 and STAT2. For these
studies, we utilized human A549 cells, which have been previously shown to be
permissive to ZIKV infection (Frumence et al., 2016) and have been employed to study
antiviral innate immune signaling (Goulet et al., 2013; Keller et al., 2006; Suthar et al.,
2012a). We pulse treated uninfected or ZIKV-infected cells (48hpi, MOIs 0.1 and 1) for
30 minutes with IFNB (1000 1U/mL) and evaluated phosphorylation of STAT1 (Y701) and
STAT2 (Y689) by western blot. Cells infected with any of the four ZIKV strains did not
show enhanced STAT1 or STAT2 phosphorylation above untreated ZIKV-infected cells
(Figures 13A and 13B, top panels). Infection alone increased the total levels of STAT1
and STAT2 protein, although notably less so at an MOI of 1 as compared to MOI 0.1.
Given the different levels of total STAT proteins between conditions, we calculated the
ratio of phosphorylated:total protein to allow for a better comparison of the
phosphorylation status (Figures 13A and 13B, bottom panels). Indeed, even in
instances where ZIKV infection increased total STAT protein levels, the majority
remained in an unphosphorylated state. Interestingly, while ZIKV infection alone did
induce low levels of STAT1 and STAT2 phosphorylation, in most conditions, there was a

notable decrease in phosphorylation at MOls of 1 as compared to MOIs of 0.1, a finding
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most profound with the African lineage viruses. We next determined the percentage of
ZIKV infected cells at MOIs of 0.1 and 1 using flow cytometry. The percentage of
infected cells ranged from 32.7 — 74% at an MOI of 0.1 and increased to 60.1 — 87.8% at
an MOI of 1 across infection with the four strains (Figure 14). Of note, we observed
higher CPE and cell death at MOls of 1 as compared to MOI of 0.1 when preparing cells
for staining. Given the presence of uninfected cells, even at MOIls of 1, it remains
possible that the STAT1 and STAT2 phosphorylation observed during infection is likely
from uninfected cells. Nevertheless, this confirms that the majority of cells were ZIKV-
infected at the time of pulse treatment with IFNB and inhibition of type | IFN signaling can
be attributed to ZIKV infection.

We next determined whether ZIKV infection antagonizes type | IFN signaling
within human DCs. ZIKV PR-2015-infected moDCs (48hpi, MOI 10) were left untreated
or pulse treated with IFNB for 30 minutes and evaluated for STAT1 and STAT2
phosphorylation. Infection with ZIKV PR-2015 in the absence of IFNB treatment induced
minimal STAT1 phosphorylation and low levels of STAT2 phosphorylation, despite
notable up-regulation of STAT1 and STAT2 total proteins (Figure 13C, left panel).
Treatment of ZIKV-infected cells with IFN[3 increased phosphorylation of STAT2, and to
a lesser extent STATL, but to notably lower levels than treatment of uninfected cells
when compared to total STAT1 and STAT2 protein levels (Figure 13C, right panel).
Combined, this shows that similar to A549 cells, ZIKV antagonizes the phosphorylation

of STAT1 and STAT2.

Discussion
In our study, we show a contemporary Puerto Rican ZIKV strain, PR-2015, productively
infects human moDCs with notable donor variation in viral replication, despite no

differences in viral binding. Ancestral ZIKV strains of the African (MR-1947 and Dak-
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1984) and Asian (P6-1966) lineages also infected human moDCs. Each strain exhibited
unique viral growth curves, with cell death only observed during infection with African
lineage strains. We observed minimal up-regulation of co-stimulatory and MHC
molecules, inflammatory cytokine secretion, as well as antagonism of type | IFN
translation during ZIKV infection, despite notable transcriptional up-regulation of IFNB1.
Despite this, ZIKV infection induced an antiviral state as noted by strong up-regulation of
the RLRs (RIG-I, MDA5, and LGP2), STAT proteins (STAT1 and 2), and antiviral
effectors (IFIT1, IFIT3, and viperin). Finally, RIG-1 agonist treatment potently restricted
ZIKV replication, while type | IFN was significantly less effective due to ZIKV antagonism
of STAT1 and STATZ2 phosphorylation.

Despite their evolutionary distance (Lanciotti et al., 2016), minimal attention has
been given to studying infection differences between African and contemporary Asian
lineage strains. In general, MR-1947 and Dak-1984 replicated with more rapid kinetics
and to a higher magnitude than the Asian lineage viruses. The African lineage viruses
were also unique in their ability to induce cell death during infection, potentially attributed
to their replication characteristics. This raises the possibility that Asian lineage viruses
may have adapted to be less cytopathic in DCs, potentially resulting from, or contributing
to lower viral replication rates. Alternatively, this phenotype may be partly attributed to
the extensive passage history and cell culture adaption of MR-1947, a process known to
impact ZIKV and WNV glycosylation patterns (Chambers et al., 1998; Haddow et al.,
2012), in vitro replication of multiple RNA viruses (Chambers et al., 1998; Klimstra et al.,
1998), and in vivo pathogenesis of hepatitis C virus (Kaul et al., 2007). In support of this,
MR-1947, which has undergone a multitude of passages in suckling mouse brains
(Table 1), replicated with more rapid kinetics than Dak-1984, which has been minimally
passaged. Despite differences in kinetics, both viruses reach similar peak infection

magnitudes and induced cell death at 72hpi, suggesting cell culture adaption alone does
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not explain their unique features. Future studies comparing low passaged African and
Asian lineage viruses or infectious clone derived viruses (Shan et al., 2016) are needed
to further study differences between these viral genotypes.

While a previous study identified as high as 60% viral E protein-positive cells at
24hr following infection of human moDCs with a French Polynesian strain of ZIKV, we
did not observe infection rates this high in our study (Hamel et al., 2015). This may be
explained by differences in ZIKV strains, donor-to-donor variation, or technical
differences in virus stock propagation or cell infections. Furthermore, our study did not
rely solely on 4G2 staining, which cross-reacts with DENV and other flaviviruses, but
also included sequence-specific detection of ZIKV RNA to verify infection.

We observed striking variability in viral replication between moDCs generated
from different healthy donors. In fact, we found a subset of donors with moDCs that were
less susceptible to infection with PR-2015. Although differences in receptor expression
or affinity for viral proteins between donors could explain this variability, we found
minimal differences in the amount of virus bound to moDCs from different donors.
Instead, variability occurred after viral binding, with striking differences in the kinetics
and magnitude of viral RNA synthesis, viral E protein staining, and infectious virus
release between donors. One plausible explanation for infection differences is that
moDCs from less susceptible donors are capable of mounting more rapid and stronger
antiviral responses. However, induction of antiviral effector genes was found to be less
pronounced in donors with lower viral replication. Moreover, differences in ZIKV
replication did not correspond to differential DC activation or pro-inflammatory cytokine
release. Of note, susceptibility to PR-2015 replication corresponded to P6-1966, where
moDCs with lower PR-2015 infection rates also had lower P6-1966 replication. This
raises the possibility that moDCs from some donors are better at controlling ZIKV

infection. However, MR-1947 was found to replicate to high levels in moDCs from all
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donors, even those with low PR-2015 replication. Although this may be related to the
aforementioned cell culture adaptation of MR-1947, it is possible that differential host
adaption of Asian lineage strains during their evolution has resulted in differences in
infection rates. Altogether, complex host factors, such as genetics, metabolism, ER
stress, or redox state might explain differential susceptibility to ZIKV infection. Indeed,
the collaborative cross, a mouse model of genetic diversity, has recently revealed the
importance of host genetics in influencing susceptibility to WNV infection (Graham et al.,
2015). Similar donor variability in viral replication has also been observed during HIV
infection of human monocyte derived macrophages (Bol et al., 2009). Although some
donor variability in HIV infection was found to correspond with the presence of the CCR5
A32 mutation, most of the variability remained unexplained. Influenza A infection of
primary human bronchial epithelial cells has also been found to vary notably between
donors (Travanty et al., 2015). Interestingly, cells isolated from obese donors were more
susceptible to viral infection, highlighting how complex, non-genetic factors can also
influence susceptibility to viral infection at the cellular level. It is interesting to speculate
that differential susceptibility of DCs to ZIKV may correspond to pathogenesis during
human infection, where 80% of infected individuals are asymptomatic and those with
symptoms have differences in clinical presentations.

The minimal activation of DCs following exposure to ZIKV is similar to previous
findings with tick-borne encephalitis virus, where DC maturation is inhibited through IRF-
1 degradation (Robertson et al., 2014). Diminished up-regulation of MHC class Il and
CD40 molecules on splenic CD8a+ DCs was also observed following JEV infection in
mice (Aleyas et al., 2010). In contrast to our findings with ZIKV, infection of human
moDCs with the YFV vaccine strain, YF-17D, promotes DC maturation (Querec et al.,
2006). The ability of YF-17D to activate human DCs may be explained through the loss

of a viral antagonist during its attenuation process, or could represent a unique behavior
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of certain flaviviruses. Indeed, infection of human moDCs with a pathogenic DENV
serotype 2 strain also promotes the up-regulation of co-stimulatory and MHC molecules,
along with pro-inflammatory cytokine secretion (Libraty et al., 2001). Combined, this
work suggests members of Flaviviridae have evolved complementary, as well as unique
strategies of targeting DCs to subvert the pressures of host immunity.

While infection with all four ZIKV strains induced type | IFN mRNA transcription,
we detected minimal translation of type | or Il IFN proteins. This was in contrast to RIG-I
agonist treatment, which induced translation of both type | and Ill IFN proteins, despite
similar levels of IFNB1 transcription as observed during ZIKV infection. Indeed, ZIKV
infection diminished RIG-I agonist-induced type | IFN production, suggesting ZIKV
directly antagonizes type | IFN translation. We also observed a minor 2-3 fold
enhancement in viral infection when type | IFN signaling was inhibited by antibody-
mediated receptor blockade, further indicating type | IFN is secreted at only minimal
levels during ZIKV infection. Previous work with DENV observed secretion of IFNa
protein during infection of human moDCs, suggesting our findings may be unique to
ZIKV infection. Despite the antagonism of type | or lll IFN production, ZIKV infection up-
regulated the expression of the RLRs, STAT proteins, and multiple antiviral effector
proteins to similar levels observed following RIG-I agonist treatment. This suggests that
the block in type I IFN translation is selective, and that much of the antiviral response
induced during ZIKV infection of human DCs occurs independent of type | IFN signaling.
Indeed, in the context of WNV infection, multiple antiviral effector genes are induced
through an IFN independent, RLR signaling-dependent manner (Suthar et al., 2013a).

Recent work from multiple groups has analyzed ZIKV infection and immune
responses from human clinical samples and in a variety of human cell types. During the
acute phase of human ZIKV infection, multiple pro-inflammatory cytokines are increased

within the blood, although the cellular sources of these responses remain unknown
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(Tappe et al., 2016). Our findings suggest that infected DCs may not be an important
source of these pro-inflammatory cytokines. In contrast to our work with DCs, ZIKV
infection of A549 cells has been shown to induce IFNB secretion, further suggesting cells
other than DCs may be responsible for inducing inflammatory responses during ZIKV
infection (Frumence et al., 2016). Indeed, ex vivo infection of primary human skin
fibroblasts was found to induce transcriptional up-regulation of multiple pro-inflammatory
mediators, although protein secretion was not explored (Hamel et al., 2015). In regards
to congenital ZIKV infection, recent work has found both human fetal neural progenitor
cells and placental HCs are poorly immunogenic, similar to our findings with adult DCs
(see Chapter 4 and (Hanners et al., 2016)). In contrast, human embryonic cranial neural
crest cells secrete cytokines following ZIKV infection at levels that were found to be
harmful for neurodevelopment (Bayless et al., 2016). Together, different target cells of
ZIKV have varying capacities to induce pro-inflammatory cytokine responses and further
study is needed to determine the cell types responsible for initiating inflammatory
responses during human infection.

Recent work has revealed that the NS5 protein of both MR-1947 and PR-2015
promotes the degradation of human STAT2 protein during infection, allowing ZIKV to
evade type | IFN signaling downstream of type | IFN receptors (Grant et al., 2016). In
agreement with this work, we found that while RIG-I agonist treatment potently restricted
viral replication, type | IFN treatment was significantly less effective at blocking ZIKV
infection. Mechanistically, we found infection with both contemporary and ancestral
strains of ZIKV blocked phosphorylation of STAT1 and STAT2 downstream of type | IFN
signaling in both human DCs and A549 cells. In contrast to previous findings, we did not
observe significant STAT2 degradation in either human DCs or A549 cells (Grant et al.,
2016). In fact, in most cases, we observed up-regulation of STAT2 protein during ZIKV

infection. One possibility for this discrepancy may be differences in the cell types used
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between the studies. Grant et al performed studies in Vero and 293 cells, while we
conducted experiments in A549 cells and primary human DCs. We also used lower
MOls (0.1 and 1) for our A549 cell line infections than in their studies (MOI 5, 10, and
20) and did not perform viral protein overexpression studies. Although we did use an
MOI of 10 for some of our DC work, the magnitude of infection is significant lower than in
Vero or 293 cells and such differences in cell infectivity could also explain our differing
findings. Nevertheless, we find that ZIKV antagonizes the type | IFN signaling pathway
through blockade of STAT1 and STAT2 phosphorylation.

The ability of RIG-I agonist to efficiently block ZIKV replication is most likely
attributed to an IFN-independent induction of antiviral effector molecules (Olagnier et al.,
2014; Suthar et al., 2013a). Our observations that ZIKV infection induces an antiviral
state in moDCs, despite viral antagonism of type | IFN responses, further suggests IFN-
independent signaling pathways, such as RLR signaling through MAVS, are likely
important for restriction of ZIKV replication. The ability of RIG-I agonist to potently restrict
ZIKV replication across all four strains highlights the RLR signaling pathway as a
potential target for antiviral therapy. Of note, small molecule agonists of the RLR
pathway have gained recent attention as potential candidate vaccine adjuvants
(Beljanski et al., 2015; Kulkarni et al., 2014) and for use in broad-spectrum antiviral
therapy, including proof-of-principle studies showing potent activity against multiple
flaviviruses (Olagnier et al., 2014; Pattabhi et al., 2015).

In summary, our work shows that human DCs are productively infected by
currently circulating (PR-2015) and ancestral (P6-1966, MR-1947, and Dak-1984) strains
of ZIKV. Each ZIKV strain exhibited unique replication kinetics and downstream effects
on human DCs, including a unique ability of African lineage viruses to induce cell death.
There was notable donor variability in viral replication across the ZIKV strains,

highlighting the importance of both host and viral factors in influencing susceptibility
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during infection. We observed minimal DC activation or secretion of inflammatory
cytokines, as well as viral antagonism of type | IFN translation, despite strong induction
of IFNB1 at the RNA transcript level. Nevertheless, ZIKV-infected moDCs induced an
antiviral state as noted by strong up-regulation of multiple antiviral effectors. RIG-I
agonist treatment potently restricted ZIKV replication in human DCs, while type | IFN
treatment had minimal effects. Mechanistically, all strains of ZIKV antagonized type |
IFN-mediated phosphorylation of STAT1 and STAT2. Combined, our findings show that
ZIKV efficiently evades type | IFN responses, but RLR signaling remains functional and

may be a target for antiviral therapy in humans.
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Figure 3-1: Contemporary Puerto Rican ZIKV isolate productively infects human
DCs.

moDCs were infected with ZIKV PR-2015 at MOI of 1 and assessed for viral replication
at indicated hours post-infection. (A) Viral RNA was detected in cell lysates by gRT-PCR
for ZIKV E protein mRNA. Gene expression is shown as relative expression after
normalization to GAPDH levels in each respective sample (n=7 donors). (B) Viral titers in
supernatants of ZIKV-infected moDCs as determined by focus forming assay (n=8
donors). FFU, focus forming units. (C) Percent infected cells as assessed by ZIKV E
protein staining (4G2-APC antibody) and flow cytometry (n=9 donors). (D) ImageStream
analysis of ZIKV-infected moDCs labeled for viral E protein at 48hpi. Images of individual

cells highlighted in the flow plot are represented and ordered according to E protein
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staining intensity. (E) moDCs were infected with ZIKV PR-2015 at MOI of 1 for 1hr on
ice, washed extensively, and bound virus was quantitated by gRT-PCR for ZIKV RNA.
Gene expression is represented as relative expression after normalization to GAPDH

levels in each respective sample and shown as the mean +/- SD from 5 donors.
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Figure 3-2: ZIKV PR-2015 productively infects moDCs.
(A) moDCs were mock-infected, infected with ZIKV PR-2015, or UV-inactivated PR-2015

(“UV ZIKV”) at MOl of 1 and the percentage of infected cells assessed by ZIKV E protein
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staining. ZIKV PR-2015 was inactivated by exposure to ultraviolet (UV) light for 1hr. hpi,
hours post-infection. (B) Donors were stratified into “high” and “low” infection. (C)

Experimental outline for ZIKV binding assay.
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Figure 3-3: Differential infection of human DCs by evolutionarily distinct ZIKV
strains.
moDCs were infected with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI of 1 and

assessed for viral replication at the indicated hours post-infection. (A) Infectious virus
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release into the supernatant was determined by FFA. Shown as the mean +/- SEM from
6-9 donors. (B) Infectious virus release for 6 of the individual donors summarized in
panel A. (C) Percent infected cells assessed by ZIKV E protein staining and flow
cytometry. Shown as the mean +/- SEM from 6-9 donors. (D) Percent infected cells in 6
of the individual donors summarized in panel C. (E) Cell viability of infected moDCs
assessed by Ghost Red 780 (Tonbo) viability staining and flow cytometry. Shown as the
mean +/- SEM from 6-9 donors. Statistical significance (p< 0.05) was determined using a

two-way ANOVA with comparisons made to mock-infected cells. See also Table 1.
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Figure 3-4: ZIKV strains have different replication characteristics.

(A) Experimental outline used to obtain data in Figure 3. moDCs were generated from
healthy donors and infected with all four strains of ZIKV (n=6 donors). We performed
parallel analysis of viral RNA, infectious virus release, and viral E protein staining from
each of these samples. (B) Viral RNA was detected by gRT-PCR for ZIKV E protein
MRNA. Gene expression is shown as relative expression after normalization to GAPDH
levels in each respective sample (n=6 donors). (C) Representative FFA staining for the

different ZIKV stains. Serial dilutions are indicated across the top.
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Figure 3-5: ZIKV infection minimally activates human DCs.

(A) moDCs were left uninfected (“Mock”) or infected with PR-2015, P6-1966, MR-1947,
or Dak-1984 at MOI of 1 (n=6-8 donors). Cells were collected at 48hpi and labeled for
ZIKV E protein and indicated DC activation markers. Cells were categorized as being
viral E protein- or viral E protein+ and activation marker surface expression quantitated

by flow cytometry. Values are represented as median fluorescence intensity (MFI) for
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each individual donor with uninfected and ZIKV infected samples from the same donor
connected with a line. Statistical significance (p< 0.05) was determined using a
Friedman test with comparisons made to donor-paired, uninfected cells. (B) moDCs
infected with PR-2015 at MOI of 1 were stratified into “low” (n=3 donors) and “high” (n=5

donors) infection based on viral E protein staining. MFIs are shown as the mean +/- SD.
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Figure 3-6: ZIKV PR-2015 does not induce activation of DC subsets.
(A) moDCs were treated with RIG-I agonist (10ng/1e5 cells) and collected 6, 12, and
24hr later. Cells were labeled for indicated DC activation markers and surface

expression was quantitated by flow cytometry. Values are represented as the average
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median fluorescence intensity (MFI) of three technical replicates. Error bars represent
the SD. Statistical significance was determined as P<0.05 by a Mann Whitney U test. (B)
Monocytes, (C) myeloid DCs (mDCs) and (D) plasmacytoid DCs (pDCs) were left
untreated (“Mock”) or infected with PR-2015 at MOI of 1 (n=5 donors). Cells were
collected at 24hpi and labeled for indicated DC activation markers. Surface expression
was quantitated by flow cytometry. Values for each donor are represented as the median
fluorescence intensity (MFI), with mock and ZIKV infected samples from the same donor
connected with a line. Statistical significance was determined as p<0.05 using a

Wilcoxon signed-rank test (B-D). Of note, no values were statistically significant in

panels B-D.
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Figure 3-7: ZIKV infection induces minimal pro-inflammatory cytokine production

by DCs.
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(A) moDCs were left untreated (“Mock”), transfected with RIG-I agonist (10ng/1e5 cells),
or infected with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI of 1 (n=7 donors).
Supernatants were collected at 48hpi. (B, C) Monocytes (Mo) and myeloid DCs (mDCs)
were left untreated (“Mock”), treated with LPS (100 ng/ml), or infected with PR-2015 at
MOI of 1 (n=5 donors). Supernatants were collected at 24hpi. (D) Plasmacytoid DCs
(pDCs) were left untreated (“Mock”), treated with R848 (1 ug/ml), or infected with PR-
2015 at MOI of 1 (n=5 donors). Supernatants were collected at 24hpi. Cytokine
production was assessed using multiplex bead array. Values for each individual donor
are shown with the mean +/- SD. Statistical significance (p< 0.05) was determined using

a Kruskal-Wallis test with comparisons made to untreated (“Mock”) cells.
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Figure 3-8: ZIKV infection induces type | IFN transcription but inhibits translation.

moDCs were left untreated (“Mock”), treated with RIG-I agonist (10ng/1e5 cells), or

infected with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI of 1. Supernatants were

collected 24hrs (RIG-I agonist treatment) or 48hrs (ZIKV infection) later and IFN and

IFNa (A) or IFNA1 (B) production was assessed via multiplex bead array. Values for

each individual donor are shown with the mean +/- SD (n=7 donors). Statistical
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significance (p< 0.05) was determined using a Friedman test with comparisons made to
donor-paired mock-infected cells. A dashed line indicates the assay limit of detection.
(C) moDCs were infected with ZIKV at MOI of 1 in the presence of anti-IFNAR2 blocking
antibody. Cells were collected at 48hpi and labeled for ZIKV E protein, while release of
infectious virus into the supernatants was determined by FFA. Values for each individual
donor are shown with the mean +/- SD (n=4 donors). (D) RNA was harvested from cells
treated the same as for cytokine analysis and IFNB1 mRNA expression was determined
by gRT-PCR. Gene expression was normalized to GAPDH transcript levels in each
respective sample and represented as the fold increase above donor- and time-point
matched untreated cells. Values for each individual donor are shown with the mean
(n=6-8 donors). (E) moDCs were treated with RIG-I agonist (10ng/1e5 cells, 18hrs) or
infected with ZIKV PR-2015 (MOI 1 and 10, 48hrs) and analyzed for IFNB1 mRNA
expression. Values for each individual donor are shown with the mean (n=7 donors) (F)
IFNB and IFNa were measured in the supernatant (“Sup”) and whole cell lysate (“WCL")
of moDCs treated the same as in E. Values for each individual donor are shown with the
mean (n=7 donors). Statistical significance (p< 0.05) was determined using a Friedman
test with comparisons made to donor-paired mock-infected cells. (G) Uninfected or ZIKV
PR-2015-infected moDCs (MOI 10, 48hpi) were treated with RIG-I agonist (10ng/1e5
cells, 18hrs) and IFN3 and IFNa were measured as in F. The data is shown as the fold-
decrease from RIG-I agonist treatment alone with significance (P<0.05) determined

using a Mann Whitney Test (n= 4 donors). Error bars represent the mean +/- SD.
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Figure 3-9: ZIKV induces type | IFN gene transcription.

(A) moDCs were infected with ZIKV PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI
of 1 (n=6-8 donors). Cells were collected at indicated hours-post infection and antiviral
gene expression was determined by gRT-PCR. (B) moDCs were treated with RIG-I
agonist (10ng/1e5 cells) or virally infected with ZIKV PR-2015 at MOI of 1 (n=4 donors).
At 48hpi, RNA was isolated, reverse transcribed using either random hexamer or
Oligo(dT) primers, and IFNB1 expression was determined by gRT-PCR. All gene
expression was normalized to GAPDH transcript levels in each respective sample and
represented as the fold increase above donor and time-point matched uninfected cells.

Error bars represent the mean +/- SD.
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Figure 3-10: ZIKV infection induces an antiviral state within human DCs.

moDCs were infected with ZIKV PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI of 1
(n=6-8 donors). Cells were collected at indicated hour-post infection and antiviral gene
expression was determined by qRT-PCR. Gene expression was normalized to GAPDH
transcript levels in each respective sample and represented as the averaged log,
normalized fold increase above donor and time-point matched uninfected cells. The

averaged log;p, normalized levels of infectious virus (FFU/mL) at each time point is
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depicted beneath gene expression heat map. (A) RLR gene expression. (B) Antiviral
effector gene expression. (C) moDCs were left untreated (“Mock”), treated with RIG-I
agonist (10ng/1e5 cells), or infected with ZIKV PR-2015 (MOls of 1 and 10) or MR-1947
(MOI 1). After 18hrs of agonist treatment or at 48hpi with ZIKV, WCL were collected for
western blot analysis of host antiviral effector protein expression. Western blots are

shown for a single donor and are representative of data obtained from two donors.
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Figure 3-11: Antiviral effector gene expression corresponds with viral replication.
moDCs from eight donors infected with ZIKV PR-2015 were separated into “high
infection” (5 donors) and “low infection” (3 donors) on the basis of E protein staining as
assessed by flow cytometry (see Figure 1C). Antiviral gene expression was determined
by gRT-PCR. Gene expression was normalized to GAPDH transcript levels in each
respective sample and represented as the averaged log, normalized fold increase above

donor and time-point matched, mock-infected cells. Error bars represent mean +/- SD.
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Figure 3-12: Innate immune signaling restricts ZIKV replication within human DCs.
(A) moDCs were infected with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOI of 1
(n=4 donors). After viral attachment and entry at 1hpi, cells were treated with RIG-I
agonist (10ng/1e5 cells), treated with human IFN-B (100 IU/mL), or left untreated. (B)
Supernatants were collected at 48hpi and assessed for infectious virus release by FFA.
Values for each individual donor are shown with the mean +/- SD. Statistical significance
(p< 0.05) was determined using a Friedman test with comparisons made to donor-paired

untreated, ZIKV-infected cells. Assay limit of detection is indicated with a dashed line.
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Figure 3-13: ZIKV antagonizes type | IFN signaling.
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(A, B) A549 cells were infected with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOls

of 0.1 and 1. At 48hpi, cells were pulse treated with 1000 IU/mL of recombinant human

IFNB for 30 minutes and whole-cell lysates were collected for western blot analysis of

pSTAT1, pSTAT2, STAT1, STAT2, and GAPDH. Representative blots are shown from

one of two independent experiments. Quantitation is shown below the representative

blots. Intensity values were normalized to GAPDH levels on the same blot and then

represented as the ratio of pSTAT:total STAT protein. (C) moDCs were infected with PR-
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2015 (MOI 10) and STAT1 and STAT2 signaling was assessed as in A and B. Data is
representative of three donors from two independent experiments. Quantitation is shown
to the right of the representative blots. Intensity values are represented as the ratio of

pSTAT:total STAT protein.
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Figure 3-14: ZIKV infection of A549 cells.
Representative flow plots of A549 infected with ZIKV for 48hrs and labeled for viral E

protein. Data is representative of two independent experiments.



Zika virus strain information

PR-2015 P6-1966 MR-1947 Dak-1984
Strain PRVABC59 | P6-740 MR766 DakAr 41524
Accession | KX601168 | KX601167 KX601169 KX601166
Lineage Asian Asian East African West African
Country Puerto Rico | Malaysia Uganda Senegal
Date 2015 1966 1947 1984
Passages V(4) SM(6), V(3) | SM(149), V(3) | Ap61(1), C6(1), V(1)

Nucleotide similarity of the CDS between strains

PR-2015 | P6-1966 | MR-1947 | Dak-1984
PR-2015 | 100 95.5 88.6 886
P6-1966 95:5 100 89.9 899
MR-1947 88.6 899 100 93.4
Dak-1984 | 886 89.9 93.4 10u
Amino acid changes as compared to PR-2015
P6-1966 MR-1947 Dak-1984
Total # of % # of % # of %
Protein AAs changes changes | changes changes | changes changes
ancC 122 1 0.8% 6 4.9% 5 4.1%
preM 168 2 1.2% 10 6.0% 10 6.0%
E 504 6 1.2% 19 3.8% 11 2.2%
NS1 352 2 0.6% 9 2.6% 7 2.0%
NS2A 226 2 0.9% 9 4.0% 10 4.4%
NS2B 130 0 0.0% 2 1.5% 2 1.5%
NS3 617 3 0.5% 10 1.6% 13 2.1%
NS4A 127 0 0.0% 1 0.8% 2 1.6%
2K 23 0 0.0% 0 0.0% 0 0.0%
NS4B 251 7 2.8% 10 4.0% 9 36%
NS5 903 16 1.8% 35 3.9% 35 3.9%
Structural 794 9 1.1% 35 4.4% 26 3.3%
s 2629 30 1.1% 76 2.9% 78 3.0%
structural
Polyprotein 3423 39 1.1% 111 3.2% 104 3.0%

Table 3-1: ZIKV isolates used in this study.
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(A) Information about the ZIKV strains used throughout these studies. (B) Nucleotide
similarity between coding regions of ZIKV strain genomes. CDS, coding DNA sequence.
(C) Amino acid differences between viral proteins of ZIKV strains. V- Vero cell, SM-
suckling mouse brain, Ap61- Aedes pseudoscutellaris cell line, C6- Aedes albopictus

clone C6/36 cell line.
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Introduction
ZIKV is an emerging mosquito-borne flavivirus that has rapidly spread to over 30
countries in the Americas and causes illness with symptoms of fever, rash, joint pain and
conjunctivitis (Lazear and Diamond, 2016; Petersen et al., 2016b). ZIKV is transmitted
through several routes, including mosquito bites, sexual contact, and blood transfusion
(Lazear and Diamond, 2016). Most notably, ZIKV can be vertically transmitted from an
infected mother to the developing fetus in utero, resulting in adverse pregnancy
outcomes that include fetal brain abnormalities and microcephaly, a condition
characterized by a reduction in head circumference that is often associated with delayed
or arrested brain development (Rasmussen et al., 2016). The mechanism by which ZIKV
crosses the placenta to establish infection in the developing fetus is not well understood.
Recent studies have identified ZIKV RNA in amniotic fluid, and fetal and newborn brain
tissue (Calvet et al., 2016; Driggers et al., 2016; Martines et al., 2016) and ZIKV-specific
IgM antibodies have been detected in newborn cerebrospinal fluid (Cordeiro et al.,
2016). Additionally, ZIKV antigen was found in the chronic villi of a human placenta from
a mother who gave birth to an infant with microcephaly, and ZIKV RNA has been
isolated from placental tissue of mice infected with ZIKV (Jonathan J. Miner, 2016;
Martines et al., 2016). Finally, a recent study detected ZIKV antigen in placental tissue
from a mother diagnosed with ZIKV disease (Noronha et al., 2016). In particular, ZIKV
antigen was detected in placental macrophages and histiocytes in the intervillous space.
Vertical transmission of ZIKV from an infected mother to the developing fetus in
utero reflects tropism for placental cells. This organ is a target for a number of viruses by
direct and contiguous infection of the cell layers, virion passage through a breach, or by
cell-associated transport. Examples include rubella virus, cytomegalovirus, herpes
simplex viruses, HIV-1, hepatitis B and C virus, and parvovirus B19 (Koi et al., 2001).

The placenta is characterized by contact between the maternal blood and fetal chorionic
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villi. Each villus is lined by trophoblasts, which encase the fetal blood supply and
placental macrophages (HCs). Several studies have confirmed HCs are targets of viral
infection in vivo (Lewis et al., 1990) and in vitro (Johnson and Chakraborty, 2012). In
contrast, STBs (differentiated CTBs) have been shown to be resistant to infection by a
wide range of viruses (Delorme-Axford et al., 2013). A recent study showed that STBs
also appear to be resistant to infection by phylogenetically-related, historic ZIKV strains
at early times following infection (24 and 48hpi) (Bayer et al., 2016).

Here we demonstrate that primary human HCs, and to a lesser extent CTBs, are
permissive to productive infection by a contemporary strain of ZIKV, closely related to
the strains currently circulating in Brazil. Upon infection, HCs are modestly activated and
produce IFN-a and other pro-inflammatory cytokines. Analysis of antiviral gene
expression shows up-regulation of RLR transcription as well as downstream antiviral
effector genes, indicating that ZIKV induces an antiviral response in HCs and CTBs. Our
results suggest that ZIKV gains access to the fetal compartment by infecting and

proliferating in the cells of the placenta.

Methods

Ethics statement. Human Placenta: Term (>37 weeks gestation) placentae from HIV-1
seronegative and hepatitis B-uninfected women (>18 years of age) were obtained
immediately following elective caesarian section without labor from Grady Memorial and
Emory Midtown Hospitals in Atlanta, GA. Approval of the study was granted from the
Emory University Institutional Review Board (IRB 00021715) and the Grady Research
Oversight Committee. Written informed consent was obtained from donors before

collection, and samples were de-identified prior to handling by laboratory personnel.



112

Isolation of primary placental cells. To isolate HCs and CTBs, membrane-free villous
was dissected from the placenta, as previously described (Johnson and Chakraborty,
2012; Tang et al., 2011). The tissue was washed and mechanically dispersed in Hank’s
balanced salt solution (HBSS) to minimize peripheral blood contamination. For HC
isolation, minced tissue was re-suspended in complete medium containing 10%
Trypsin/EDTA (Sigma-Aldrich) for 1hr, followed by resuspension in media containing
1mg/ml collagenase A (Sigma-Aldrich), 10U/ml dispase (Worthington Biochemical
Corp.), and 0.2mg/ml of DNase | (Sigma-Aldrich) and incubated in a shaking water bath
at 37°C for 1hr. The digested tissue was washed with PBS and passed through gauze
and a 70um cell strainer (BD-Falcon Biosciences). The mononuclear cell population was
isolated by density gradient centrifugation on Histopaque-1077 (Sigma-Aldrich). CD14+
Magnetic Cell separation was performed using anti-CD14 magnetic beads (Miltenyi
Biotech) per the manufacturer’s instructions. The purity of the HC population was
assessed by CD14 staining and was on average greater than 97%. For CTB isolation,
minced tissue was subjected to three sequential enzymatic digestions in a solution
containing 0.25% trypsin

(Mediatech Inc.), 0.2% DNase | (Sigma-Aldrich), 25mM HEPES, 2mM CacCl2, and
0.8mM MgSO4 in HBSS at 37°C. Following each digestion, undigested tissue was
removed by passage through gauze and 100um cell strainer (BD) and washed with PBS.
Supernatants from the second and third digestions were collected and the resulting cell
pellets re-suspended in 1:1 DMEM/F12 supplemented with 10% FBS, 1mM L-glutamine,
and 1% pen/strep (Sigma-Aldrich). The CTBs were isolated on a discontinuous gradient
of Percoll (GE Healthcare) (50%/45%/35%/30%) by centrifugation. Cells migrating to the
35%/45% Percoll interface were recovered and immunopurified by negative selection
with simultaneous treatment with anti-CD9 (to exclude EnC, FB, platelets, smooth

muscle, extravillous trophoblast cells, B cells and monocytes) and anti-CD45RA (to
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exclude leucocytes) antibodies and magnetic beads (Miltenyi Biotech) (Manoussaka et
al., 2005). The purity of the CTB population was assessed by cytokeratin-7 staining and
was on average greater than 97% (Chiuppesi et al., 2015). HCs were maintained in
supplemented RPMI medium and CTBs were maintained in supplemented DMEM
medium as described below.

To minimize maternal blood and decidual cell contamination, membrane-free
villous tissue was macroscopically dissected from the fetal-facing surface of the
placenta. The tissue was washed thoroughly with HBSS until the supernatant ran clear.
Following the initial digest with trypsin, the remaining tissue is washed again thoroughly
with PBS to further ensure removal of maternal blood. Similar to Tang et. al., our method
of isolation (positive selection for CD14), ensures a pure population of placental
macrophages, with negligible contamination of fibroblast or trophoblast. The placental
macrophages isolated through this method express high levels of DC-SIGN and have a
distinct morphology (Johnson and Chakraborty, 2012; Johnson et al., 2015), unlike other

peripheral blood and tissue macrophages.

Cells. HCs were maintained in RPMI medium (Corning Cellgro) supplemented with 10%
FBS, 2mM L-Glutamine (Corning Cellgro), 1mM sodium pyruvate (Corning Cellgro), 1x
MEM Non-essential Amino Acids (Corning Cellgro), and 1x Antibiotics/Antimycotics
(Corning Cellgro). CTBs and Vero cells were maintained in DMEM medium (Corning
Cellgro) supplemented with 10% FBS, 2mM L-Glutamine (Corning Cellgro), 1mM
HEPES (Corning Cellgro), 1mM sodium pyruvate (Corning Cellgro), 1x MEM Non-
essential Amino Acids (Corning Cellgro), and 1x Antibiotics/Antimycotics (Corning

Celigro).
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Viruses and infections. Zika virus strain PRVABC59 (ZIKV [PR 2015]) was isolated in
2015 from the serum of a patient who traveled to Puerto Rico, and passaged three times
in Vero cells. PRVABC59 was obtained from the Centers for Disease Control and
Prevention in Fort Collins, CO and passaged twice in Vero cells cultured in MEM (Gibco)
supplemented with 10% FBS (Optima, Atlanta Biologics) to generate working viral
stocks. Viral stocks were titered by plague assay on Vero cells and stored in MEM with
20% FBS. Vero cells (ATCC) were maintained in complete DMEM medium
(Supplemental Experimental Procedures). HCs or CTBs were allowed to rest for ~24h
before infecting with ZIKV (PR 2015) at an MOI of 1 for 1hr at 37°C. Virus was washed
off, cells were re-suspended in fresh complete media and incubated at 37°C for 3-96hr.
MOI of 1 was based on results of plaque assays as well as a recent paper where DCs (a
similar cell type to macrophages) were infected with ZIKV at an MOI of 1 (Hamel et al.,

2015). All work with infectious ZIKV was performed in an approved BSL-3 facility.

Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was purified from
mock- or ZIKV-infected HCs or CTBs (2x10° cells per condition) using the ZR-96 Quick-
RNA Kit (Zymo Research) per the manufacturer’s instructions. Purified RNA was reverse
transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) using random hexamers. For quantitation of viral RNA and analysis of host
gene expression, gRT-PCR was performed using TagMan Gene Expression Master Mix
(Applied Biosystems) per the manufactures instructions. For quantitation of viral RNA,
each 12.5ul reaction contained 2.5pmol of TagMan probe directed against the amplified
ZIKV E gene region. Host gene expression was performed using SYBR green with

appropriate primer sets. All gRT-PCR results were normalized to GAPDH.
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Flow cytometry. The following mouse anti-human antibodies were purchased from
BioLegend or Becton Dickinson: CD14 (M5EZ2), CD80 (2D10), CD86 (IT2.2), and HLA-
DR (G46-6). Unconjugated 4G2 monoclonal antibody was kindly provided by Jens
Wrammert and subsequently conjugated with APC (Novus Lightning-Link). 2x10° HCs or
CTBs were used per condition. Cells were blocked for 10min on ice in 25ul FACS buffer
(PBS, 1mM EDTA, 0.5% BSA) with 0.25ul Human TruStain FcX (BioLegend) and then
stained with 25ul surface staining mix (1:200 dilution of each antibody in FACS buffer)
for 20min on ice. Cells were washed with PBS and re-suspended in 50ul PBS with 0.1l
Ghost Dye Red 780 viability dye (Tonbo Biosciences) and incubated on ice for 20min.
Cells were washed with PBS and re-suspended in 100ul 1x Foxp3/Transcription Factor
Fix/Perm buffer (Tonbo Biosciences) for 20min on ice. To perform intracellular staining
of ZIKV E protein, fixed cells were washed twice with 1x Flow Cytometry Perm Buffer
(Tonbo Biosciences) and re-suspended in 25ul intracellular Fc block (25ul Perm Buffer,
0.25ul Human TruStain FcX, 10% normal mouse serum) for 10min at RT. 25ul E protein
staining mixture (25ul Perm Buffer, 0.25ug APC-conjugated 4G2 antibody) was added to
cells for 20min at RT. Cells were washed twice in Perm Buffer and re-suspended in PBS

prior to acquisition on a BD LSR Il. All analysis was performed using FlowJo version 10.

Focus forming assay. Supernatants collected from mock- and ZIKV-infected HCs and
CTBs (2x105 cells per condition) were diluted in DMEM supplemented with 1% FBS and
used to infect Vero cells for 1hr at 37°C. Cells and inoculum were overlaid with
methylcellulose (OptiMEM [Corning Cellgro], 1% Antibiotic/Antimycotic [Corning Cellgra],
2% FBS, 2% methylcellulose [Sigma Aldrich]) and incubated for 72hr at 37°C. Cells were
washed with PBS and fixed with a 1:1 methanol/acetone mixture for 30min. Cells were
blocked with 5% milk/PBS at RT for 20min and incubated with primary antibody (mouse

4G2 (Hamel et al., 2015)) at 1ug/ml in 5% milk for 2hr at RT. Cells were incubated with
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secondary antibody (HRP-conjugated goat anti-mouse IgG) diluted 1:3000 in 5% milk for
lhr at RT. Foci were developed with TrueBlue Peroxidase Substrate (KPL). Plates were

read on a CTL-ImmunoSpot S6 Micro Analyzer.

Multiplex bead array. Cytokine analysis was performed on supernatants from mock- or
ZIKV-infected HCs or CTBs (2x10° cells per condition) using a human cytokine 25-plex
panel (ThermoScientific), and a custom 2-plex panel with human IFNB and [FNA1

(eBioscience) per the manufacturer’s instructions, and read on a Luminex 100 Analyzer.

Immunofluorescence and confocal microscopy. HCs and CTBs were grown on glass
chamber slides (ThermoFisher Scientific) and infected with ZIKV (PR 2015) at an MOI of
1. At 72hpi, cells were fixed with 3.7% paraformaldehyde/PBS for 1hr, and
permeabilized in 0.3% Triton X-100 for 30min at RT. Cells were blocked in 10% fetal
bovine serum/PBS, and stained with primary (mouse 4G2 mAb) and secondary (donkey
anti-mouse Alexa-488, ThermoFisher) antibodies in blocking buffer for 1hr, respectively.
Cells were washed with PBS, stained with F-actin probe (BODIPY® 558/568 phalloidin,
ThermoFisher) for 20min, and mounted with ProLong®Gold with DAPI (ThermoFisher).
Fluorescence microscopy was performed with a Zeiss LSM 510 META confocal
microscope at the Integrated Cellular Imaging Core of Emory University. Images were
processed with ZEN imaging software (Zeiss). 3D images were acquired with Leica SP8
confocal microscopy at 100x magnification. Images were processed with ZEN (Zeiss)

and Imaris version 8.1.2 (Bitplane) software for 3D reconstruction.

Statistical analysis. Sample size was dependent on the number of donors. HCs were
isolated from 5 donors and CTBs were isolated from 3 of these donors. Experiments with

HCs were repeated twice (3 donors in the first experiment, 2 donors in the second).
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Experiments with CTBs were repeated once (3 donors in 1 experiment). All statistical
analysis was performed in GraphPad Prism 6, with significance assessed by Mann
Whitney U test with p<0.05. Infectivity as assessed by 4G2 staining utilized a 1-tailed

test. Cell activation as assessed by surface staining utilized a 2-tailed test.

Results

Hofbauer cells and cytotrophoblasts are permissive to productive ZIKV infection
To determine whether human placental cells are permissive to ZIKV infection, we
isolated primary HCs and CTBs from villous tissue of full-term placentae and infected
with ZIKV (multiplicity of infection [MOI] 1). In this study, we used a low cell culture-
passaged and sequence-verified ZIKV strain, PRVABC59 (PR 2015), isolated from the
sera of an infected patient in Puerto Rico in December 2015. This strain is closely
related to the epidemic strains circulating in the Americas that have been linked to in
utero ZIKV infection (Faria et al., 2016). Through multiple virologic assays, we
demonstrate that HCs, and to a lesser extent CTBs, are permissive to productive ZIKV
infection (Figure 1). Following infection of HCs, we performed a focus forming assay
(FFA) on Vero cells and observed a steady decline in viral titers from 3hpi through 24hpi
that was immediately followed by log phase virus growth through 72hpi (Figure 1A).
Notably, we observed donor-to-donor variation in viral kinetics and magnitude amongst
HCs isolated from five donors. For donor 2, we detected an approximate 35-fold
increase in virus in the supernatant between 3 - 48hpi. In contrast, donor 5 showed
about a 2.5-fold increase in virus in the supernatant between 48 - 96hpi. We confirmed
infection of HCs with viral qRT-PCR (Figure 1B) and immunofluorescence microscopy
(Figure 1C-E). In HCs, viral RNA substantially increased in all donors between 48 -
72hpi, reflecting an increase in virus release into the supernatant (Figure 1A).

Furthermore, we detected viral envelope (E) protein within infected HCs which localized
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to distinct, perinuclear regions within the cell (Figure 1C and D). This pattern may be
indicative of viral localization to the endoplasmic reticulum (ER), or ER-associated
vesicles, a staining pattern consistent with virus assembly (Welsch et al., 2009). Finally,
we observed between 4.9 - 7.2% infected cells by immunofluorescence staining using a
pan-flavivirus antibody (Figure 1E).

In contrast, we observed minimal viral replication in CTBs at early times post-
infection (3-72hpi; Figure 2A). Of note, we found evidence of productive infection at
96hpi with all three donors exhibiting approximately 5-fold increase in viral load between
72 - 96hpi, suggesting that CTBs may support productive virus infection, albeit at lower
levels compared to HCs. We observed concurrent increases in viral RNA in all three
donors between 72 - 96hpi as well (Figure 2B). Most notably, we detected persistent
viral RNA in CTBs at all time points through 72hpi, further suggesting ZIKV infects and
replicates in CTBs with delayed kinetics. Collectively, these findings demonstrate that
HCs are permissive to ZIKV infection and represent a key target cell of ZIKV infection
within the placenta.

To assess ZIKV replication in HCs at the single cell level, flow cytometry was
utilized to detect intracellular expression of viral E protein. Consistent with peak
production of viral RNA and infectious virus (Figure 1), we detected between 0.8 - 6.8%
and 0.4 - 3.0% infected HCs at 48 and 72hpi, respectively (Figure 3A). Minimal
background staining was observed in donor- and time-matched uninfected cells and in
ZIKV-infected cells stained with an 1gG isotype control (Figure 4B). Consistent with our
FFA findings, HCs isolated from donor 2 were the most permissive to infection, with an
average of 5.6% and 2.3% infected cells at 48 and 72hpi, respectively. This is consistent
with infected cell counts observed by immunofluorescence microscopy (Figure 1E). In
contrast to recent studies with neuronal progenitor cells (Garcez et al., 2016; Tang et al.,

2016), we did not observe a significant loss of viability during ZIKV infection through
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96hpi (Figure 4C), suggesting that these cells may be more resistant to virus-induced
cell death or that ZIKV (PR 2015) is a less cytopathic virus in HCs.

Of note, percent infectivity and infectious virus production did not necessarily
correspond to viral RNA levels (Figure 1 and 3A). Specifically, while donors 1 and 2 had
a 6-fold difference in cellular infectivity at 48hpi and a consistent 1-log fold difference in
infectious virus release between 24-96hpi, both had similar viral RNA levels present at
48 and 72hpi. Differences in infection between donor 1 and 2 may be explained by an
enhanced rate of genome replication within HCs from donor 2, noted by an early
increase in viral RNA at 24hpi in donor 2, but not donor 1 (Figure 1). Overall, we
observed variable levels of viral RNA at 24 and 48hpi, despite similar levels of viral RNA
at early (3hpi) and late (48 and 72hpi) time points, further supporting differential rates of
genome replication between donors. Indeed, while donors 1, 3, and 4 had similar
production of infectious virus at all time points assessed, notable differences in viral RNA
levels were observed at 48hpi between these donors (Figure 1). Furthermore, while
donor 5 showed minimal production of infectious virus, we observed comparable RNA
levels to the more permissive donors, further highlighting discordance between genome
replication and release of infectious virus. Together, these results suggest that different
donors may have the capacity to differentially regulate ZIKV replication and may be

restricting replication at different stages of the viral life cycle.

ZIKV infection induces modest activation of HCs

Next, to determine if ZIKV-infected HCs are poised to interact with T cells, we measured
cell surface expression of the co-stimulatory molecules CD80, CD86, and MHC II. In
ZIKV-infected HCs from all three donors, we observed minimal up-regulation of both
CD80 and CD86 as compared to time-matched mock-infected cells between 48 - 72hpi

(Figure 3B-C). Consistent with enhanced virus replication, ZIKV infection of HCs from
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donor 2 led to up-regulation of both CD80 and CD86 by 72hpi. Additionally, significant
up-regulation of MHC Il was only observed with donor 2 between 48 - 72hpi (Figure 3D).
Overall, there appears to be donor-to-donor variability in terms of up-regulation of co-
stimulatory molecules, however, enhanced virus replication led to greater activation of
HCs. These data suggest that ZIKV infection has the potential to program HCs for

antigen presentation and T cell priming.

Type | IFN and pro-inflammatory cytokines are produced in response to ZIKV
infection

When cells are infected with virus, pattern recognition receptors (PRRs) within the cell
recognize the viral genetic material and trigger a potent innate immune response to
control viral replication and spread. Upon binding viral RNA, PRRs initiate signaling
cascades that result in the production of type | IFNs, pro-inflammatory cytokines and
expression of antiviral effector genes that serve to limit virus replication. In order to
further assess the immunostimulatory potential of HCs, we measured pro-inflammatory
cytokines and chemokines in supernatants from infected cells by multiplex bead array.
Following ZIKV infection, we observed increased IFNa secretion, but not IFNB or IFNA1
(IL-29; Figure 5 and data not shown). We also found increased secretion of the pro-
inflammatory cytokine IL-6 and chemokines MCP-1, involved in monocyte infiltration,
and IP-10, involved in recruitment of activated effector T cells. Though these cytokines
were induced in all five donors, there were individual differences in the magnitude of
production. Donor 2, which had the highest viral load at 48 and 72hpi (Figure 1A),
tended to exhibit the highest overall levels of IFN-a, IL-6, MCP-1 and IP-10, however,
donor 2 was not consistently the lead producer of cytokines over mock-infected controls.
Of note, donor 5, which had the lowest viral load at 48 and 72hpi, did not consistently

show the lowest levels of cytokines, but did exhibit reduced induction over mock-infected
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controls at 72hpi. No discernable patterns could be confidently drawn with CXCL-8, MIP-
1a, MIP-1B or IL-1RA. In contrast to HCs, we observed limited induction of type | IFN, IL-
6 and IP-10, and no detectable type Ill IFN in CTBs at the time points assessed (Figure
6A and data not shown). Donor 1, while slightly less permissive to viral infection and
replication (Figure 2), did not have correspondingly lower levels of cytokine production
compared to donors 2 and 3. We did observe however that donor 1 tended to have
reduced production of cytokines over mock-infected control cells at 72hpi. These
findings demonstrate that HCs are capable of initiating an inflammatory response to

ZIKV infection.

ZIKV infection provokes an antiviral immune response in HCs and CTBs

To evaluate the antiviral potential of HCs and CTBs, we examined the expression of
several antiviral effector genes. We observed increased expression of IFNA transcripts
as early as 24hpi in HCs (Figure 7A), concordant with increased IFNa secretion (Figure
5). While we did not observe IFNB secretion, we detected an increase in IFNB1
transcripts over time-matched mock cells as early as 24hpi (Figure 7A), suggesting
possible discordance between transcript levels and translation/secretion of IFNB (Schulz
et al., 2010). In contrast, both IFNA and IFNB1 were induced at low levels in CTBs
(Figure 6B). We next measured expression of the RLRs, a family of PRRs known to
recognize flavivirus RNA and induce production of Type | IFNs and pro-inflammatory
cytokines (Daffis et al., 2009; Loo et al., 2008; Suthar et al., 2013b; Suthar et al., 2010).
Expression of DDX58 (RIG-I), IFIH1 (MDA5) and DHX58 (LGP2) transcripts are induced
above time-matched mock-infected HCs across all donors by 72hpi and remain highly
expressed through 96hpi (Figure 7B). RLR expression corresponds to kinetics of virus
replication, suggesting that RLRs are induced in response to ZIKV infection of HCs. In

CTBs, RLR transcription is modestly induced and both IFIH1 and DHX58 return to near
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basal levels by 96hpi, though DDX58 expression remains slightly elevated through 96hpi
(Figure 6B). We also evaluated expression of several antiviral genes produced
downstream of the RLR and type | IFN signaling axes and found that RSAD2, IFIT1,
IFIT2, IFIT3 and OAS1 were all induced by 72hpi in HCs and remained elevated through
96hpi (Figure 7C). In CTBs, these genes were modestly induced through 72hpi (Figure
6B), likely corresponding to the low level of viral replication during this time period
(Figure 1). By 96hpi, a time point at which we observed productive virus replication,
these cells also initiate an antiviral immune response. Importantly, we observed low
levels of IFNA and ISG expression in mock-infected HCs and CTBs, likely induced by
the cell isolation procedure, which may limit the percent of infected cells we see in our in
vitro system. Taken together, these results show that both HCs and CTBs respond to
ZIKV infection through initiation of antiviral signaling pathways.

The kinetics of the antiviral response are complex and variable and we observed
donor-to-donor variation in induction of antiviral gene expression. Of note, HCs from
donor 2, which exhibited the highest viral loads, and donor 5, which exhibited the lowest
viral loads, induced similar levels of antiviral effector genes by 96hpi, although genes in
donor 2 were induced at a faster rate (Figure 7). This may reflect the higher rate of
replication and viral output by HCs from this donor (Figure 1). There is likely a
multifactorial rationale for why viral load does not correlate with antiviral gene expression
that likely encompasses differences in individual genetics and the antagonistic

capabilities of the virus.

Discussion
The present data demonstrate that primary HCs and CTBs isolated from full-term
placentae are permissive to productive ZIKV infection by a contemporary strain currently

circulating in the Americas. We also found that HCs respond to infection by triggering
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antiviral defense programs in the absence of overt cell death. In this limited study of five
donors, we observed individual variability in kinetics and magnitude of virus replication,
inflammation and antiviral gene expression, likely reflecting differences in individual
genetics (Querec et al., 2009; Thio, 2008). Though unlikely given the low number of cell
passages PR 2015 has undergone, it is possible that minor cell culture adaptations or
guasi species may also be playing a role in donor-to-donor variability. These
observations suggest that donors may have the capacity to restrict ZIKV at different
stages of the viral replication cycle. This may also relate to observed differences in
intrauterine transmission efficiency, where more susceptible HCs from a pregnant
mother may support higher levels of virus replication and subsequent spread to the
developing fetal nervous system. Additionally, it will be important in future studies to
characterize when HCs and CTBs are most susceptible to ZIKV infection (i.e. first,
second or third trimester). Recent projections from the CDC based on data from Brazil
indicate that virus infection during the first trimester or early in the second trimester of
pregnancy is temporally associated with the observed increase in infants born with
microcephaly (Reefhuis et al., 2016).

A recent study reported that primary STBs isolated from full-term placentae are
resistant to ZIKV infection through a potential mechanism involving type Il IFN-mediated
antiviral immunity (Bayer et al., 2016). Similarly, in CTBs we observed a lack of
productive virus replication through 48hpi, however, we did observe persistent viral RNA
through 72hpi. By 96hpi, we observed low level virus replication as well as induction of
antiviral effector genes, suggesting that ZIKV infects and persists in CTBs but is
efficiently controlled at early times post-infection. Additionally, while Bayer et al. was
able to identify IFN-A (Type Il IFN) in the supernatant of uninfected STBs, we did not
detect the presence of IFN-A in the supernatants of ZIKV-infected HCs or CTBs. The

discordance between these two studies may be attributed to differences in time points
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assessed and viral isolates used in each study (FSS13025 and MR766 as compared to
PR 2015).

What are the possible mechanisms by which ZIKV crosses the placental barrier
and infects HCs? One explanation is that ZIKV may initially infect trophoblasts and
productively replicate and disseminate locally within the placenta to involve HCs, which
then support more efficient ZIKV replication than CTBs. An alternative hypothesis is that
non-neutralizing, cross-reactive antibodies bind ZIKV and traffic across the placenta,
through a neonatal Fc-receptor-mediated mechanism, to infect placental macrophages.
ZIKV crossing the placenta and replication in/release from HCs likely results in viral
dissemination through the cord blood with subsequent infection of neural progenitor
cells. At this time, it is uncertain whether maternal macrophages are infected or play a
role in allowing ZIKV to cross the placental barrier. However, a recent report has directly
identified the presence of viral antigen through immunohistochemistry in the placenta
from a mother with an infant who developed ZIKV-related fetal anomalies (Martines et
al., 2016). Of note, ZIKV viral antigen was detected within the chorionic villi and not in
the maternal decidua. Based on these findings, it does not appear that decidual
macrophages are key players in ZIKV transmission at the placenta.

HCs are likely programmed to limit inflammation following virus infection, a
mechanism that is consistent with the immune tolerant environment of the placenta and
which would support higher infection of HCs compared to maternal macrophages. An
alternative hypothesis is that the relative paucity of effector cells in the placenta that
would otherwise readily kill infected macrophages (e.g. CD8+ T cells), contributes to a
permissive environment for ZIKV infection and replication in HCs. Altogether, our data
support the notion that HCs represent a key target cell within the placenta. These
findings stress the importance of developing antiviral therapies directed against ZIKV

replication within placental cells as a means to reduce vertical transmission in the



125

mother-infant dyad and the incidence of adverse pregnancy outcomes and fetal

abnormalities.
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Figure 4-1: Hofbauer cells are permissive to ZIKV infection.

(A) HCs from five donors were infected with ZIKV (PR 2015) at an MOI of 1 and viral
titers in supernatants determined by FFA. Viral inoculum for all donors was 1x10%ffu/ml.
Data are represented as the mean of four technical replicates +/- SD (top).
Representative FFA staining (bottom). ffu, focus forming units. (B) Viral RNA detected
by gRT-PCR in HCs infected with ZIKV (PR 2015). Data are relative to GAPDH control
and mock-infected cells (AACy). (C, D, E) Confocal microscopy of mock- and ZIKV (PR
2015)-infected HCs at 72hpi. (D) 3D reconstruction. (E) Percent infected cells

determined from 5 fields of view. Data are represented as mean +/- SD.
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Figure 4-2: Cytotrophoblasts are permissive to ZIKV infection.

(A) CTBs from three donors were infected with ZIKV (PR 2015) at an MOI of 1 and viral
titers in supernatants determined by FFA. Data are represented as the mean of four
technical replicates +/- SD (top). Representative FFA staining (bottom). ffu, focus
forming units. (B) Viral RNA detected by qRT-PCR in CTBs infected with ZIKV (PR
2015). Data are relative to GAPDH control and mock infected cells (AAC+). (C) Confocal

microscopy of mock- and ZIKV (PR 2015)-infected CTBs at 72hpi.
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Figure 4-3: ZIKV infection induces activation of HCs.

(A) HCs from three donors were infected with ZIKV (PR 2015) at an MOI of 1 or mock-
infected. Percentages of infected cells at 48 and 72hpi were determined by intracellular
viral E protein staining and flow cytometry (left panels). Horizontal bars indicate the
mean of four technical replicates. (B, C, D) Surface expression of CD80, CD86, and
MHC 1l was determined by flow cytometry. Data are represented as median
fluorescence intensity (MFI). Horizontal bars indicate the mean of four technical
replicates. Representative histograms are provided (right panels). hpi, hours post-

infection.
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Figure 4-4: Controls for HC flow cytometry analysis.

(A) HCs used in these experiments were on average >95% pure by CD14 staining.
Horizontal bars indicate the mean. For Ohpi, n=3; for 48 and 72hpi, n=4. (B) No ZIKV E
protein was detected by mouse 4G2 antibody in mock-infected cells, or by mouse IgG2A
isotype control in ZIKV-infected cells. (C) Both mock- and ZIKV-infected HCs retained
~90% or better viability over the time course as determined by Ghost Dye Red 780

staining. Data are represented as the mean +/- SD.
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Figure 4-5: ZIKV infection of HCs induces type | IFN and inflammatory cytokines.

HCs from five donors were infected with ZIKV (PR 2015) at an MOI of 1 or mock-
infected. Cytokine levels in the supernatants were determined by multiplex bead array.
All values are represented in “pg/ml” and shown with a connecting line between ZIKV-

infected samples (48 and 72hpi) and their respective donor- and time-matched mock-

infected samples.
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Figure 4-6: ZIKV infection of CTBs induces limited type | IFN and pro-inflammatory
cytokine response.

(A) CTBs isolated from three donors were infected with ZIKV (PR 2015) at an MOI of 1
or mock-infected. Cytokine levels in the supernatants were determined by multiplex bead
array. All values are represented in “pg/ml” and shown with a connecting line between

ZIKV-infected samples (48 and 72hpi) and their respective donor- and time-matched
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mock-infected samples. (B) Antiviral gene expression determined by qRT-PCR in CTBs
(three donors) infected with ZIKV (PR 2015). Gene expression data are represented as
fold change relative to time-matched mock-infected controls (gene expression

normalized to GAPDH - AAC; method).
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Figure 4-7: ZIKV infection induces an antiviral response in HCs.
HCs from five donors were infected with ZIKV (PR 2015) at an MOI of 1 and antiviral

gene expression determined by qRT-PCR. Gene expression data are represented as
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fold change relative to time-matched mock-infected controls (gene expression
normalized to GAPDH - AACt method). Individual donors are depicted as separate bars,
organized from donor 1 to donor 5, within each time point block. Viral titers determined in
Figure 1 are represented as a separate heat map below each group of genes. (A) Type |

IFNs. (B) RLRs. (C) Antiviral effector genes. hpi, hours post-infection.
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Introduction

ZIKV is a mosquito-borne virus belonging to the Flaviviridae family of single-stranded,
positive-sense RNA viruses. Until its appearance in French Polynesia in 2013 and more
recently in Brazil in 2015, ZIKV infection was primarily associated with mild self-limiting
illness, with symptoms resembling and often milder than DENV or Chikungunya virus
(CHIKV) infections (Duffy et al., 2009; loos et al., 2014; Musso and Gubler, 2016).
However, the more recent outbreaks have caused severe neurological complications
including Guillain-Barré Syndrome in adults as well as congenital microcephaly and
other adverse birth outcomes in Brazil (Cao-Lormeau et al., 2016; Mlakar et al., 2016;
Rasmussen et al., 2016). The Pan American Health Organization reported that as of
May 2016, local transmission of ZIKV had spread to over 38 countries or territories in the
Americas. In addition, a recent World Health Organization (WHO) report states that 44
new countries are experiencing their first ZIKV outbreak since 2015. Despite improving
surveillance of the virus, accurate diagnosis has been challenging given the similarities
in the clinical presentation of ZIKV to other arboviral infections endemic in these regions,
among other factors.

During the viremic period, ZIKV can be detected in patient blood, saliva, urine
and other bodily fluids early after symptom onset (Fonseca et al., 2014; Lanciotti et al.,
2008; Musso et al.,, 2015a). During the Yap Islands epidemic in 2007, anti-ZIKV IgM
ELISAs and ZIKV plaque reduction neutralization tests (PRNT) were performed to
confirm infection in RT-PCR negative cases (Duffy et al., 2009; Lanciotti et al., 2008).
However, as these studies showed, the cross-reactivity between ZIKV and other
flaviviruses makes confirmation of infection difficult, especially when patients may have
had flavivirus exposures prior to their suspected ZIKV infection (Duffy et al., 2009;

Lanciotti et al., 2008). Given the overlapping presence of DENV and other flaviviruses in
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a majority of ZIKV epidemic regions (Bhatt et al., 2013), there are great challenges for
serology-based testing of flavivirus immune patients (Dasgupta et al., 2016).

The DENV envelope (E) protein, considered a major imunodominant target for
antibody responses in dengue patients (Beltramello et al., 2010; Priyamvada et al.,
2016; Xu et al., 2012), bears greater than 50% homology to ZIKV E protein (Sirohi et al.,
2016). In addition to complicating the serology-based diagnosis of ZIKV infection, this
raises an intriguing question about the biological implications of this observed cross-
reactivity on protection, virulence, and immunopathology during ZIKV infections. At
present, the effect of pre-existing immunity to DENV or other flaviviruses on immune
responses induced by ZIKV is unknown. To this end, we were interested in determining
the degree to which dengue-induced antibodies cross-react with ZIKV in terms of
binding, virus neutralization and antibody dependent enhancement (ADE) of ZIKV
infection, both at the serum and single cell level.

In this study, we provide an analysis of the cross-reactivity of acute and
convalescent dengue immune sera against ZIKV. The sera were collected from nine
patients admitted to Siriraj Hospital in Bangkok, Thailand with confirmed DENV infection.
Both acute and convalescent sera showed high binding titers to ZIKV lysate, and could
also neutralize ZIKV in vitro. To understand the origin and characteristics of these cross-
reactive serum responses we also analyzed a panel of plasmablast-derived DENV-
reactive monoclonal antibodies (mAbs). Of the 47 mADs tested nearly half (22/47) bound
to ZIKV lysate, and an additional four to whole virus. Seven of these mAbs also
neutralized ZIKV in vitro. Five sera and a subset of the mAbs were also tested for ADE
activity using the FcyR-bearing monocytic U937 cell line. All sera and ZIKV-reactive
mADbs tested enhanced infection in vitro, while two DENV-specific but ZIKV non-reactive
mADbs did not. The data presented here have important implications for clinical diagnosis

given that the current ZIKV outbreak in the Americas and the Caribbean is largely
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ongoing in dengue endemic areas. Equally important, these findings set the stage for
more in-depth studies that explore how pre-existing flavivirus immunity may shape

immune responses to ZIKV infection.

Methods

Patient samples. The dengue serum samples in this study were collected at Siriraj
Hospital in Bangkok, Thailand. All patients were diagnosed with DENV infection by
serotype-specific RT-PCR (17) and serum samples were collected during acute infection
and/or convalescence. From four of these patients, a panel of mAbs was derived from
single cell sorted plasmablasts (13). Two flavivirus-naive sera were also included as
controls. These studies were pre-approved by the Faculty of Medicine at Siriraj Hospital

and the Emory institutional review board (IRB) #IRB00015730.

Viruses and viral antigens. ZIKV PRVABC59 (KU501215.1) was passaged by infecting
Vero cells (ATCC; CRL-1586) at an MOI of 0.1 in serum-free MEM (Life Technologies
Gibco). After a 1 h infection at 37°C, MEM supplemented with 10% FBS and 1%
antibiotic/antimycotic (Corning) was added to the cells and virus inoculum. Upon
observation of severe CPE, supernatants were collected and spun down at 2000 rpm for
10 min at 4°C. Supernatant containing virus was supplemented with an additional 10%
FBS before freezing at -80°C. The titer of the passaged virus was determined by plaque
assay. To prepare ZIKV lysate, the remaining adherent cells and cell pellet from the
virus-containing supernatant were washed twice with PBS and then re-suspended in
RIPA Buffer (10mM Tris, 150mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, pH
7.4) supplemented with protease inhibitor (ThermoFisher Scientific; 87785) and
phosphatase inhibitor (Biovision; K275-1). Mock lysate was prepared in a similar fashion

with uninfected cells. Bradford assay was performed to quantitate total protein yield.
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DENV2 Tonga/74 (AY744147.1) was gifted by Dr. Stephen S. Whitehead:
NIH/NIAID, Bethesda, MD. DENV?2 viral stocks were made by infecting Vero cells at an
MOI of 0.01 in Opti-Pro SF media (Invitrogen; 12309019). Virus-containing supernatant
was collected at day 5 post infection after appearance of CPE and frozen after addition
of 10% SPG stabilizer as previously described (18). Viral stocks were titrated by FFA

prior to use.

Preparation of 4G2 antibody. A hybridoma expressing a pan-flavivirus mouse
monoclonal (D1-4G2-4-15; ATCC HB-112) was grown in RPMI supplemented with 2%
FBS, antibiotics and L-glutamine until terminal density. Clarified supernatant was filtered
through a 0.2 um filter, purified over a protein G column according to manufacturer

recommendations, and stored in PBS with sodium azide.

Sequence and structure alignment. To visualize structural similarity between the
DENV and ZIKV E proteins, their structures (19, 20) (PDB accession codes 3J27 and
5IRE, respectively) were aligned and secondary structure assigned in Chimera (21).
Chimera is developed by the Resource for Biocomputing, Visualization, and Informatics
at the University of California, San Francisco. Structural figures were made using the
PyMOL Molecular Graphics System, Version 1.7 (Schrédinger, LLC). Sequences were
aligned using Geneious (Biomatters, Ltd.) using GenBank accession numbers
AY744147.1 and KU501215.1 for DENV and ZIKV E proteins, respectively. Envelope
domains (ED) I-1ll (22), the hinge (23), fusion loop (24), and transmembrane helices (25)
were designated as previously described. For the fusion loop alignment, GenBank
accession numbers used were EF623988.1 (JEV), M12294.2 (West Nile), KF769016.1

(Asibi), JX949181.1 (17D).
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Western blot. ZIKV and mock lysate samples (20 ug per lane) were prepared with (3-
ME-containing loading buffer and boiled for 15 min at 95°C. Lysates were run by SDS-
PAGE on a 10% polyacrylamide gel and transferred to nitrocellulose membrane. Blots
were blocked for 30 min in 5% milk in PBS with 0.1% Tween and probed for ZIKV E
protein using the mouse anti-flavivirus 4G2 primary antibody for 30 min. Blots were
washed and incubated with HRP-conjugated goat anti-mouse secondary antibody
(Southern Biotech; 1030-05) for 10 min. Blots were developed using SuperSignaling
West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific; 34096) on a Bio-

Rad Molecular Imager ChemiDoc XRS+.

ELISA. For lysate ELISA, NUNC Maxisorp plates (eBioscience; 44-2404) were coated
overnight at 4°C with ZIKV or mock lysates diluted in PBS. Plates were washed with
PBS containing 0.05% Tween (PBS-T) and blocked with PBS with 10% FBS and 0.05%
Tween (PBS-T-FBS) for 1.5 h. Subsequently, mAbs or serum was serially diluted in
PBS-T-FBS and added to the plates for 1 h. A peroxidase-conjugated anti-human 1gG
antibody (Jackson ImmunoResearch; 109-036-098) was added for 1.5 h before
developing the plates using an o-phenylenediamine substrate (Sigma; P8787).

For virus capture ELISA, plates were coated overnight at 4°C with 4G2 at a
concentration of 0.25 pg/well. After blocking with PBS-T-FBS for 1.5 h, ZIKV was added
for 1 h. Plates were washed with PBS-T, and serially diluted mAbs or serum was added.
The addition of the secondary antibody and developing steps were performed as
described above. For all ELISA experiments, the serum dilution factor or mAb
concentration was plotted versus their respective OD values at 490 nm. The endpoint
titer/ minimum effective concentration was determined as the concentration required for

three times the background signal of flavivirus-naive serum/ irrelevant mAb.
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Viral neutralization assay. The neutralization potential of mAbs and serum samples
was determined by a focus reduction neutralization test (FRNT) as previously described
(13) with select modifications. Serially diluted mAbs or heat inactivated sera were
incubated with a previously titrated amount of virus (60-100 focus forming units) of ZIKV
or DENV2 for 1 h at 37°C. Vero cell monolayers in 96 well plates were subsequently
infected with the mixture for 1 h at 37°C. An overlay containing 2% methylcellulose
(Sigma; M0512-2506) was added to the cells. After incubating 3 days at 37°C, the cells
were washed, and fixed with a 1:1 mixture of acetone and methanol. Foci were stained
using 4G2 for 2 h followed by HRP-linked anti-mouse 1gG (Cell Signaling; 7076S) for 1h
and were developed using TrueBlue Peroxidase substrate (KPL; 50-78-02). Foci were
imaged using a CTL-Immunospot S6 Micro Analyzer. FRNT50 was determined as the

concentration or dilution factor of sample required for 50% neutralization of virus.

Antibody dependent enhancement assay. Serially diluted sera or mAbs were
incubated with 104 ffu ZIKV for 1 h at 37°C. The virus and serum/mAb mixture was then
added to a 96 well plate containing 2x104 U937 cells (ATCC; CRL-1593.2) per well in
RPMI containing 10% FBS, antibiotics and L-glutamine. Cells were infected for 24 h at
37°C. Infected cells were washed, and then fixed/ permeabilized using BD intracellular
staining reagents (Fix/Perm Solution (BD; 51-2090KZ) and Perm/Wash Buffer (BD; 51-
2091KZ)) according to the manufacturer’s protocol. Cells were stained using 4G2 for 1 h
followed by anti-mouse IgG Alexa Fluor 488 (Life Technologies; A11029) for 25 min. The
frequency of infected cells was determined using flow cytometry, defined as the

percentage of 4G2+ cells.

Results

Sera from DENV infected patients are highly cross-reactive to ZIKV lysate
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A recently published study reported high structural similarity between the E proteins of
ZIKV and other flaviviruses including DENV (Sirohi et al., 2016). We compared the ZIKV
and DENV2 strains used in our study, ZIKV PRVABC59 and DENV2 Tonga/74, to
determine the homology between their E proteins and identify potential targets for cross-
reactive immune responses. The DENV2 and ZIKV E proteins share an extremely
similar, superimposable structure (RMSD 1.1 A; Figure 1A and B), with an overall
53.9% amino acid sequence identity (Figure 2A and C). Envelope domain | (EDI) and
EDII exhibit slightly higher conservation (59.1 and 56.6% identity, respectively), including
the fusion loop of EDII, which is perfectly conserved between the two proteins (Figure
2B and C). To assess the degree of cross-reactivity of DENV-specific B cell responses
against ZIKV, mock- and ZIKV-infected Vero cell lysates were generated for use in
binding assays. The lysates were tested by Western blot and probed for the presence of
E protein using the mouse pan-flavivirus antibody 4G2. A band consistent with the size
of ZIKV E protein was observed in ZIKV lysate, and absent in the mock lysate (Figure
3A). We then measured binding of both acute and convalescent dengue sera, as well as
naive sera, using the ZIKV lysate by IgG ELISA (Figure 3B and C, Table 1).

The nine dengue patients in this study were all confirmed for DENV infection by
RT-PCR. Serum samples were collected once during the acute phase (n=9) and for five
patients, a second time at convalescence (n=5) (Table 1). Sera from two flavivirus-naive
donors were also included in our analyses as a comparison to dengue sera (Table 1). All
14 dengue serum samples showed high ZIKV-specific IgG endpoint dilution titers, with
median values of 177,400 and 125,000 for acute and convalescent samples respectively
(Figure 3B and C, Table 1). All sera showed negligible titers against mock lysate
(endpoint dilution < 250). The flavivirus-naive samples were essentially negative against

both the ZIKV-infected and the mock lysates (Figure 3C, Table 1). These data illustrate
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that ZIKV cross-reactive antibodies can be readily detected in the serum of dengue

patients living a highly dengue endemic country like Thailand.

Dengue immune sera exhibit high neutralization potency against ZIKV

To determine whether the dengue sera could also neutralize ZIKV in vitro, we performed
focus reduction neutralization tests (FRNT) on all 14 dengue sera against ZIKV. A
representative example of the ZIKV neutralization assay with two dengue acute sera
(#33 and #39) and one flavivirus-naive serum sample (#21) is shown in Figure 4A. The
ZIKV FRNTH50 titers of the acute dengue samples ranged from 60 (#60) to 23,109 (#79),
with a median value of 770. The convalescent dengue sera ranged in FRNT50 titers
from 126 (#60R) to 50,346 (#79R), with a median titer of 350. While neutralization titers
increased between the acute and convalescent bleeds for three patients, convalescent
titers for patients #55 and #67 were lower than their acute titers (Figure 4B, Table 1). Of
note, the convalescent samples for these two donors were obtained at a much later
time-point after fever onset (61-100 days) than the other three convalescent sera (Table
1). These data show that dengue immune sera are can neutralize ZIKV in vitro. The
impact of these neutralizing titers on either protective immunity or disease severity after

ZIKV infection remains to be defined.

Monoclonal antibodies derived from dengue-induced plasmablasts are highly
cross-reactive to ZIKV

While analysis of polyclonal sera from the dengue patients clearly illustrates ample
cross-reactivity of dengue immune sera against ZIKV, serum analyses alone cannot
determine the origin of these cross-reactive antibodies. In other words, whether the
serum cross-reactivity was caused by two individual pools of antibodies, one DENV-

specific and the other ZIKV-specific, or by antibodies that recognize both viruses, can
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only be conclusively determined by analyzing functional cross-reactivity at the
monoclonal level. To dissect the cross-reactivity between DENV infection-induced
antibodies and ZIKV, we characterized the binding and neutralization activity of a panel
of plasmablast-derived mAbs against ZIKV. These mAbs were generated from in vivo
activated, single cell sorted plasmablasts isolated during ongoing infection from four
DENV?2 patients and were previously shown to be DENV-reactive either in binding, or in
both binding and neutralization (Priyamvada et al., 2016).

Of the 47 mAbs tested, 22 bound with high affinity to ZIKV lysate (Figure 5A). An
additional four ZIKV cross-reactive mAbs were identified using a whole virus capture
ELISA (Figure 5B, Table 2). A majority of the ZIKV-specific mAbs (20/26) came from
the plasmablasts of donors #31 and #39. Only a handful of mAbs from donors #32 and
#33 cross-reacted with ZIKV, with several of these recognizing only whole ZIKV. While
nearly half of all DENV-reactive mAbs bound ZIKV lysate or whole virus, only seven of
the mAbs neutralized ZIKV in vitro (Figure 5C and 5D, Table 2). Six of these seven
mADbs exhibited moderate neutralizing activity against ZIKV, with FRNT50 titers ranging
between 5 pg/mL and 1 pg/mL. In contrast, mAb 33.3A06 was highly potent in ZIKV
neutralization with a ZIKV FRNT50 titer of 0.03 pg/mL. Interestingly, despite the overall
lower frequency of ZIKV-binding mAbs isolated from #32 and #33, half of all ZIKV
neutralizing mAbs in the panel, including the three most potently neutralizing mAbs,
were derived from these two patients. Repertoire analysis of the cross-reactive mAbs
showed broad VJ gene usage and junctional diversity. The cross-reactive cells were also
highly mutated, illustrating that these responses were likely the result of multiple

previous DENV exposures (Table 2).

Dengue-induced antibodies can enhance ZIKV infection of an FcyR-bearing

monocytic cell line in vitro
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We tested the ability of five dengue sera and 11 plasmablast-derived mAbs to enhance
ZIKV infection using a human FcyR-bearing monocytic cell line, U937. The U937 cell line
is widely used to study ADE of DENV infection, and it is not typically permissive to high
levels of DENV infection in the absence of enhancing antibodies (Smith et al., 2012).
The five dengue sera tested were all acute samples from DENV2-infected patients,
including patients #31, #32, #33 and #39 from whose plasmablasts the mAbs in this
study were derived. The mADs tested included seven ZIKV-neutralizing mAbs, of which
six were intermediate in neutralization (ELISA*/Neut™) and one potent (ELISA*/Neut™),
two ZIKV-reactive but non-neutralizing mAbs (ELISA*/Neut™), and two mAbs that
bound DENV, but did not cross-react with ZIKV (ELISA/Neut™®). In addition to the
dengue sera and mAbs, one flavivirus-naive serum sample (#21) and two irrelevant
mAbs (cholera and influenza-specific) were also tested for ZIKV ADE activity. A
representative example of the flow cytometry-based assay showing ADE activity of mAb
31.3F01 is provided in Figure 6A. Each of the five dengue sera tested was able to
enhance ZIKV infection of U937 cells, with peak percent infection between 27% (#31) to
66% (#55). The bell-shaped ADE curves observed with this assay generally seemed to
shift to lower dilutions as the neutralizing potency of the serum sample increased
(Figure 6B, Table 1), presumably due to complete neutralization of the virus at higher
concentrations. The flavivirus-naive serum sample did not enhance ZIKV infection of
U937 cells (Figure 6B).

The six ELISA*/Neut™ mAbs enhanced ZIKV infection at the maximum
concentration tested (10 pg/mL), while the potent neutralizer 33.3A06 exhibited minimal
ADE above 2 pg/mL, again potentially due to complete viral neutralization. At lower
concentrations, however, the mAb facilitated the infection of U937 cells, reaching a
maximal percent infection of 81% (Figure 6C). The two ZIKV ELISA"/Neut™ mAbs also

enhanced ZIKV infection, similar to the neutralizing mAbs. Two mAbs that were
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previously shown to be DENV1-specific (Priyamvada et al., 2016) and were ZIKV non-
reactive (Figure 5) did not enhance ZIKV infection (Figure 6C). These data demonstrate
that ZIKV-reactive antibodies can potentiate infection of FcyR-bearing human monocytic
cells in vitro and that both maximal infection and the effective concentration range of

individual antibodies varies significantly.

Discussion

The emerging ZIKV shares a high degree of sequence and structural homology with
other flaviviruses, including DENV (Sirohi et al., 2016). For the current outbreak in the
Americas and the Caribbean this is of major public health concern. It is not clear how
pre-existing antibody titers to other flaviviruses might affect the quality of immune
responses generated to ZIKV infection, and equally important, whether cross-reactive
antibodies provide protective immunity or impact disease severity in infected adults
(Olagnier et al., 2016). In the study presented here, we have determined the degree by
which dengue-induced antibodies cross-react with ZIKV, both at a serum level as well as
at a single cell level.

We characterized the ZIKV binding and neutralization potential of sera obtained
from PCR-confirmed dengue patients sampled during acute disease and at
convalescence. Both acute and convalescent sera had high 1gG binding titers to ZIKV
and potently neutralized the virus in vitro (Figure 3C and 4B, Table 1). While no obvious
correlation was observed between DENV2- and ZIKV-specific neutralization titers in the
same patients (Table 1), it is evident that a significant proportion of serum antibodies
present after DENV infection cross-react with ZIKV. Although a majority of the dengue
sera tested neutralized DENV2 more potently than ZIKV, sera from patients #55 and #79
had higher FRNT50 titers to ZIKV compared to DENV2 (Table 1). For patient #79, the

lower dengue titers could simply be attributed to the mismatch between the serotype of
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infection (DENV1) and the virus tested (DENV2). For patient #55, this could have been
caused by genetic differences between the lab-adapted DENV2 strain used in our study
and the infecting DENV2 strain. An alternative possibility is that these patients were
previously exposed to ZIKV, and thus had ZIKV-reactive antibodies in their sera as a
result. In fact, in the past few years, isolated cases of ZIKV transmission in Thailand
have been reported (Fonseca et al., 2014; Tappe et al., 2014; Wikan et al., 2016).
Although there is no evidence of previous ZIKV epidemics in Thailand, the possibility
that the patients in our study are ZIKV-immune, and that the extensive cross-reactivity of
their sera against ZIKV is due to pre-existing ZIKV-induced antibodies cannot be
formally ruled out. To definitively conclude that antibodies induced by DENV infection
cross-react with ZIKV, it is important to demonstrate this cross-reactivity at the
monoclonal level as well. In addition, from the serum data it is unclear whether the
observed cross-reactivity is caused by a small number of highly potent, cross-reactive
antibodies, or if this is the result of a broader, low level cross-reactivity.

To deconstruct the cross-reactivity observed at the serum level, we analyzed the
ZIKV binding and neutralization activities of plasmablast-derived mAbs generated from
four acutely infected DENV2 patients. We found that over half of the DENV-reactive
mAbs bound with high affinity to ZIKV (Figure 5A and B). At least 23 of the 26 ZIKV
cross-reactive mAbs were E protein specific, as they were previously shown to bind
recombinant DENV E protein (Priyamvada et al., 2016). Although cross-reactive binding
was abundant, and all 26 ZIKV reactive mAbs neutralized DENV2, less than a third
neutralized ZIKV in vitro. Furthermore, of the seven ZIKV-neutralizing mAbs, only one
displayed potent neutralization activity (Figure 5C). Therefore, even though a large
number of dengue patient mAbs were able to bind viral epitopes, the capacity to cross-
neutralize ZIKV was restricted to a select few. Additionally, a majority of these DENV-

reactive mAbs were previously shown to neutralize more than one DENV serotype
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(Table 2) (Priyamvada et al., 2016). Hence, for a large proportion of our mAb panel, the
ability to cross-neutralize virus did not extend beyond the DENV species to ZIKV. Lastly,
no obvious patterns in terms of VH gene usage or dominant clones were observed for
the ZIKV-reactive mAbs (Table 2) (Priyamvada et al., 2016). Thus, the cross-reactivity
observed at the serum level, at least for these four patients, appears to be caused by a
diverse repertoire of B cells.

The ZIKV E protein shares a high degree of homology with the E protein of other
flaviviruses including DENV (Sirohi et al., 2016). We compared the E proteins of the
ZIKV and DENV2 strains used in our study and found an overall sequence identity of
54% (Figure 2A and C). EDI and EDII were relatively more conserved than EDIII, which
had a lower sequence identity of 44.6% (Figure 2C). Notably, the fusion loop is 100%
conserved between the two viruses, and also when compared to other flaviviruses
including yellow fever virus, West Nile virus, and Japanese encephalitis virus (Figure
2B). The fusion loop has been described as a target for broadly cross-reactive
antibodies against DENV (Costin et al., 2013; Lai et al., 2008) as well as other
flaviviruses (Park et al., 2011; Sultana et al., 2009; Vogt et al., 2011), and could be one
of the epitopes targeted by the cross-reactive antibodies described in our study. In
addition, despite the amino acid differences between the DENV2 and ZIKV E proteins
compared, the two proteins share nearly identical structures (Figure 1A). This could
have important implications for antibodies against conformationally sensitive epitopes,
which depend on the quaternary structure of the E protein for recognition and binding
(de Alwis et al., 2012; Dejnirattisai et al., 2015; Gallichotte et al., 2015). In fact, 4 out of 7
ZIKV neutralizing antibodies characterized in this study bound to whole virus, but failed
to bind ZIKV lysate, suggesting that they recognize a conformational epitope. Efforts to
map the binding sites of some of the antibodies described above are ongoing, focused

especially on the potent ZIKV neutralizer 33.3A06. ldentifying potential targets for
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broadly cross-neutralizing antibody responses could inform the design of vaccines or
antibody-based therapies in the future.

Since the current ZIKV outbreak is largely localized within dengue endemic
areas, the potential for pre-existing dengue-induced antibodies to enhance ZIKV
infection is of concern. ADE is hypothesized to contribute to the increased disease
severity often observed in secondary DENV infections (Kliks et al.,, 1989). ADE is
thought to occur when pre-existing cross-reactive antibodies form virus-antibody
complexes that then facilitate the infection of FcyR-bearing cells (Halstead, 2003). This
may increase the number of infected cells and cause higher serum viral loads, which
have been shown to positively correlate with higher disease severity (Libraty et al., 2002;
Vaughn et al., 2000). To determine whether dengue antibodies can enhance ZIKV
infection in vitro, we infected the FcyR-bearing U937 monocytic cell line in the presence
of five acute sera and 11 dengue mAbs. All five sera and the nine ZIKV-cross-reactive
mAbs tested (ELISA") enhanced ZIKV infection in vitro (Figure 6B and C). Two DENV1-
specific mAbs that did not react with ZIKV by binding or neutralization assays failed to
enhance ZIKV infection in this system (Figure 6C). These data clearly illustrate that
ZIKV-cross reactive antibodies induced after DENV infection can enhance ZIKV infection
in vitro. However, it is important to point out that the physiological relevance of this
mechanism must be carefully examined in vivo to determine its importance in the context
of ZIKV infection of flavivirus-immune patients.

Our findings raise important questions regarding the role of cross-reactive
antibodies in protective immunity, as well as their potential impact on ZIKV pathogenesis
and disease severity. The data presented suggest that ZIKV infection may have the
potential to reactivate cross-reactive dengue-induced memory responses in patients with
prior DENV exposures. There may thus be interesting differences between the

immunological responses of DENV-immune patients vs. those of a flavivirus-naive
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individual to ZIKV. To address these issues, ongoing comparative studies of immune
responses, disease severity and clinical outcomes in ZIKV infected patients both in
flavivirus-endemic and non-endemic areas are required. One of the most critical aspects
of the current ZIKV virus outbreak is the ability of the virus to cause congenital
microcephaly (Mlakar et al., 2016; Rasmussen et al., 2016). It will be essential to
determine if the pre-existing cross-reactive antibodies may be involved in the context of
maternal-fetal transmission of ZIKV. Equally important, studying cross-reactivity against
multiple ZIKV isolates, derived from both recent and previous epidemics, might shed
light on the cause for the increased disease severity observed in the current outbreak.
Finally, as additional ZIKV-reactive human plasmablast and memory B cell-derived
mAbs are identified, characterizing their in vivo properties in murine and macaque
models will be an important step in generating potential prophylactic/therapeutic
treatments. Such studies will also improve our understanding of the immunobiology of
ZIKV infection and how pre-existing antibodies to DENV or other flaviviruses might

modulate the ZIKV immune response.
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ZIKV protein E
DENV protein E

ZIKV protein E (dimer)

Figure 5-1: The DENV2 and ZIKV E proteins share a highly similar fold and 54%
sequence identity.

(A) Overlay of DENV2 (blue) and ZIKV (gray) E protein structures (16, 19). (B) Structure
of the ZIKV E protein dimer. The left monomer is colored by its domain structure. At
right, amino acids conserved between the ZIKV PRVABC59 and DENV2 Tonga/74

envelope proteins are colored orange on a gray ZIKV backbone.
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Figure 5-2: ZIKV and DENV2 E proteins share high sequence identity, especially in
the fusion loop.

(A) Sequence alignment of the ZIKV (gray) and DENV2 (blue) E proteins, which share
53.9% identical amino acids. The fusion loop and hinge regions are shown in green and
magenta, respectively. (B) The fusion loop is perfectly conserved among other
flaviviruses. DENV2 (blue) and ZIKV (gray) have been compared to isolate 057434 of
JEV, the WNV strain WN 956 D117 3B and the 17D and Asibi strains of YFV. (C)
Sequence identity of the ZIKV and DENV2 E protein sequences. TM: trans-membrane

domain.
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Figure 5-3: Sera from patients with secondary DENV infection exhibit potent
cross-reactivity against ZIKV.

(A) Western blot of lysates from mock- or ZIKV- infected Vero cells. The pan-flavivirus
reactive mAb 4G2 was used to probe for E protein. (B) Binding of acute (black) and
convalescent (red) dengue immune and flavivirus-naive (blue) sera to ZIKV lysate.
Dotted line represents three times the background signal of plain blocking buffer. (C)
Summary of binding of serum samples to lysates from mock- or ZIKV-infected Vero cells
determined by ELISA. Acute (n=9) and convalescent (n=5) dengue and two control sera
were tested. Median endpoint 1gG titers for each set of sera are indicated. The dotted
line represents the initial serum dilution (1/60). The binding data shown in panels B and

C are the result of two independent experiments and the mean value is plotted.
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Figure 5-4: Sera from acute and convalescent dengue patients neutralizes ZIKV.

(A) Representative panel of FRNT assay showing neutralization of ZIKV by acute
dengue sera (#33, #39) and one flavivirus-naive serum sample (#21). (B) Neutralization
activity of serum samples against ZIKV. The FRNT50 titers of flavivirus-naive (n=2) sera
and acute (n=9) and convalescent (n=5) dengue sera were determined by FRNT assay
as previously described (13). The FRNT assay for each sample was repeated in two or
more independent experiments. The solid line represents median FRNT50 value, and

dotted line represents the initial serum dilution (1/30).
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Figure 5-5: A subset of DENV-specific plasmablast-derived mAbs cross-react to
ZIKV both by binding and neutralization.

Binding of DENV-reactive mAbs (n=47) to (A) ZIKV lysate or (B) whole ZIKV. The mAbs
are grouped by patient (Pt.). Values plotted represent the minimum concentration
required for three times the background signal from an irrelevant mAb. Dotted line
represents the maximum concentration of mAb tested in ELISA: 10 pyg/mL. FRNT50 of
DENV-reactive mAbs against ZIKV (C) and DENV2 (D). Dotted line represents the
maximum concentration of mAb tested: 8 yg/mL (ZIKV FRNT) and 20 pg/mL (DENV
FRNT). The DENV2 neutralization data in D has been adapted from previously
published data (13). All experimental data shown is the result of two or more

independent experiments.
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Figure 5-6: Sera and mAbs from DENV-infected patients can enhance ZIKV
infection of U937 cells.

(A) Representative flow cytometry panel of mAb 31.3F01 showing percent infection at a
range of mAb concentrations. (B) ADE activity of five dengue sera and one flavivirus-
naive serum sample. (C) ADE activity of dengue patient-derived (n=11) and control
(n=2) mAbs. The antibodies are grouped by ZIKV cross-reactivity phenotype. ELISA+/-
refers to binding activity to ZIKV by capture virus ELISA while Neut++/+/neg refers to
ZIKV neutralization activity. Infected cells were identified by 4G2 staining. The dotted
line in panels B and C represents percent infection in the absence of antibody (virus
is representative of two or more independently performed

only). Data shown

experiments.
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FRNT50*

Sample Day after fever onset* Infection type ZIKV endpoint dilution’ DENV2 ZIKV

31 4 DENV2 600,000 1,653 392
32 3 DENV2 5,600 1,355 294
33 5 DENV2 40,600 1,318 1,602
39 6 DENV2 819,200 2,286 770
55 4 DENV2 675,000 1,373 18,940
55RS 100 25,000 218 3,34
60 6 DENV3 302,400 7,614 60
60R® 40 150,000 14,807 126
67 6 DENV1 125,000 2,858 832
67R® 61 42,500 1,880 285
79 4 DENV1 65,600 528 23,109
79RS 37 165,000 470 50,346
86 6 DENV3 177,400 322 67
86RS 41 125,000 263 350
21 HC* 175 <30 <30
22 HC* 179 <30 <30

*Number of days post-fever onset at which blood was collected.

"IgG ELISA measuring endpoint titer for binding to ZIKV-infected lysate. The signal from mock lysate was <250
for all samples.

*50% focus reduction neutralization titer.

SConvalescent sample.

YHealthy control.

Table 5-1: Summary of serum binding and neutralization.

Rearrangement
Heavy Light
Binding to ZIKV'  Neutralization—FRNTS0 titer®, pg/mL Ig isotype chain chain
Patient* Ab Lysate Whole virus ZIKV DENV1 DENV2 DENV3 DENV4 Heavy chain® Lightchain V J Mutations V J Mutations
31 3H04  + + — 1.3 0.2 0.4 0.4 1gG1 Igk 4-30 4 16 1-12 1 13
3F03 + + — — 1.2 - - 1gG1 Igh 343 4 22 7-43 2 19
3H02  + + — — 1.6 — 1.8 1gG1 Igk 3-30 4 22 3-11 2 9
3G06  + + — 7.5 0.4 - 25 1gG1 Igh 3-30 4 18 2-23 2 19
3G02  + + — — 0.2 1.8 1.2 1gG1 Igk 3-13 4 15 2-30 4 6
3E03  + + — — 1.0 6.2 4.5 1gG1 Igh 3-43 4 19 7-43 2 14
3G05  + + — — 0.4 0.5 3.0 1gG1 Ig 3-23 4 25 3-20 3 16
3F02 + + - — 0.2 0.9 0.5 1gG1 Igk 3-30 4 29 2-30 2 2
3F01 + + 5.0 — 0.3 — — 1gG1 Igx 3-30 4 23 2-30 4 1
3002 + + — — 3.5 - — 1gG1 Igk 3-23 4 23 3-20 3 14
3C04 + + — — 0.6 — 3.1 1gG1 Ige 1-2 4 16 3-20 4 1
3003  + + 23 — 1.9 4.1 - 1gG1 Ige 4-4 3 5 1-5 2 7
32 2D03 — + 1.1 0.8 7.0 43 — 1gG1 Ige 3-21 3 12 1-5 2 20
2E04 — + 1.6 1.0 0.7 4.0 — 1gG1 Igk 1-46 6 17 2-28 2 5
33 3G04 + + —_ 3.1 0.5 —_ 2.9 IgG1 Igh 3-21 4 14 1-44 3 6
3F05  + + 43 - 0.2 — 1.2 19G1 Igk 3-11 4 10 1-33 1 10
3D02 + + — 2.1 0.6 2.2 0.5 1gG1 Igk 3-15 4 12 3-20 2 8
3A06 — + 0.03 0.2 0.5 1.4 — 1gG1 Igh 4-61 5 35 1-44 3 18
39 3A04 + + —_ 77 0.3 4.7 16 IgG1 Igh 4-39 4 24 2-14 2 12
3D06  + + - — 1.0 - 72 1gG1 Igh 74 4 16 7-43 3 32
3G02  + + — 29 1.9 6.3 - 1gG1 Igh 3-30 4 24 1-9 4 21
3802 + + — - 1.2 — — 1gG1 Igh 3-21 4 7 1-47 3 12
3001+ + — — 1.0 0.5 1.1 1gG1 Igh 3-21 4 20 1-47 3 13
3A02 + + _— 3.6 0.7 3.5 21 1gG1 Igh 3-7 3 31 2-14 2 23
3C01T + + — 4.2 1.4 4.4 — 1gG1 Igh 1-69 6 24 1-51 2 8
3002 — + 5.2 0.8 0.6 — - 1gG1 Igh 4-59 5 9 1-44 3 12

*All patients were infected with DENV2.

"Maximum mAb concentration tested = 10 pg/mL.

*FRNTS0 values below 8 pg/mL are shown.

SAll mAbs were cloned into heavy chain expression vectors containing the IgG1 constant region.

Table 5-2: Summary of characteristics of mAbs.
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Introduction
ZIKV is a mosquito-borne flavivirus responsible for continuing epidemics of fetal
congenital malformations within the Americas since its introduction to Brazil in 2015 (de
Oliveira et al., 2017; Melo et al.,, 2017; Rasmussen et al.,, 2016). ZIKV is primarily
transmitted through bites from infected Aedes mosquitos but can also be transmitted
through sexual contact and blood transfusion (Lazear and Diamond, 2016). Notably,
vertical transmission of ZIKV from mother to child in utero has been implicated in the rise
of congenital microcephaly among neonates in ZIKV-endemic regions (Coyne and
Lazear, 2016). Additionally, recent studies have discovered some infants with normal
head circumference developed post-natal onset microcephaly, eye abnormalities, joint
disorders, and sensorineural hearing loss following congenital ZIKV infection (Delaney et
al., 2018; Fitzgerald et al.,, 2018; van der Linden et al., 2016). These studies
demonstrate that congenital ZIKV infection has wide-ranging effects on infected fetuses,
emphasizing the importance of understanding the mechanisms of vertical transmission.
We and others have shown that ZIKV productively infects placental cell types
within the fetal-derived chorionic villi, including macrophages (HCs) and, to a lesser
extent, CTBs (see Chapter 4 and (Jurado et al., 2016; Tabata et al., 2016)). Upon
gaining access to the placenta, ZIKV primarily infects HCs and persists within the
placenta and fetal brain throughout pregnancy (Bhatnagar et al., 2017). However, the
mechanisms of transplacental transmission of ZIKV and seeding of the placenta are not
well understood. STBs, the outermost layer of the chorionic villi, maintain resistance to
ZIKV infection through the constitutive secretion of IFN-A, a type Il IFN known for
providing immunologic protection at anatomic barriers (e.g. blood-brain barrier, placenta,
epithelial surfaces) during viral infection (Bayer et al., 2016; Lazear et al., 2015a; Lazear
et al., 2015b). In mice, the IFN-A-dependent antiviral response correlates with

gestational age, specifically the development of the mature trophoblast barrier at later
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stages of pregnancy (Jagger et al., 2017). The inability of ZIKV to directly infect STBs
suggests alternative routes for ZIKV transplacental transmission.

The emergence of ZIKV in the Americas overlaps with the regional distribution of
DENV seroprevalence, a related flavivirus that infects 50-100 million people per year
(Bhatt et al., 2013). DENV exists as four serotypes (DENV1-4) that differ by 30-35% in
amino acid sequence of the envelope protein. Infection with one DENV serotype confers
life-long immunity to that serotype but not to subsequent infections with heterologous
serotypes (Bhatt et al., 2013; Culshaw et al., 2017). In fact, immunity to previous DENV
serotypes has been demonstrated to augment secondary DENV infections and induce
dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) as a result of antibody-
dependent enhancement (ADE) (Katzelnick et al., 2017). ADE occurs when non-
neutralizing or sub-neutralizing concentrations of antibodies towards one DENV serotype
bind to a different DENV serotype, allowing for Fcy receptor (FcyR)-mediated
opsonization and enhanced infection of myeloid cells (Taylor et al.,, 2015). Numerous
studies have shown that cross-reactive DENV antibodies can bind ZIKV, which differs
from DENV by 41-46% in the envelope protein, resulting in enhanced ZIKV infection in
FcyR-expressing cells (see Chapter 5 and (Dejnirattisai et al., 2016; Paul et al., 2016)).
Others have demonstrated that immunodeficient mice treated with convalescent human
serum containing cross-reactive DENV or WNV antibodies exhibit increased mortality
and broader tissue tropism after ZIKV challenge (Bardina et al., 2017). However, it is not
clear what role DENV-induced cross-reactive antibodies play in mediating transplacental
transmission of ZIKV.

Here we evaluate the impact of cross-reactive DENV antibodies on ZIKV
infection of the placenta. We demonstrate that the presence of DENV mAbs increased
ZIKV infection of HCs from approximately 5-10% to over 80% of cells infected in culture.

Despite enhanced ZIKV infection, we failed to observe substantial induction of cellular
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activation, pro-inflammatory cytokines, or type | IFN. In addition, immune complex-
infected cells displayed low levels of IRF3- and IFN-regulated antiviral gene expression.
Notably, we found that exogenous type I, but not type Il IFN, significantly restricted ZIKV
replication within ZIKV- and immune complex-infected HCs. Using mAbs with the
identical binding site shuffled onto different 1gG scaffolds, we determined that ZIKV
complexed with IgG1 and IgG3 resulted in higher infection of HCs compared to IlgG2 and
IgG4. Finally, we performed viral infection studies in a human mid-gestation placental
explant model and found that immune-complexed ZIKV was more efficient at infecting
the tissue than non-complexed virus and that this enhancement occurred in an IgG
subclass-dependent manner. Collectively, these findings support a mechanism by which
cross-reactive DENV antibodies may facilitate viral vertical transmission across the

placental barrier and enhancement of ZIKV infection in HCs.

Methods

Ethics statement. Human term placentae (>37 weeks gestation) were collected from
hepatitis B, HIV-1 seronegative women (>18 years of age) immediately after elective
cesarean section without labor from Emory Midtown Hospital, Atlanta, GA. This study
was approved by the Emory University Institutional Review Board (IRB 000217715).
Written informed consent was acquired from all donors before cesarean section and
sample collection. Samples were de-identified before being transferred to laboratory

personnel for primary HC isolation.

Isolation of primary Hofbauer cells. HCs were isolated from membrane-free villous
placenta, as previously described (Johnson and Chakraborty, 2012). HCs were
separated by density gradient centrifugation and purified using the MojoSort Human

CD14 positive selection kit per the manufacturer’s instructions (BioLegend). The purity of
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the CD14+ HC fraction was determined by CD14 and CD163 staining and flow
cytometry. On average, the purity was >95%. After isolation, HCs were cultured in
complete RPMI medium consisting of 1x RPMI (Corning Cellgro), 10% FBS (Optima,
Atlanta Biologics), 2mM L-glutamine (Corning Cellgro), 1mM sodium pyruvate (Corning
Cellgro), 1x Non-essential Amino Acids (Corning Cellgro), 1x antibiotics (penicillin,

streptomycin, amphotericin B; Corning Cellgro).

Isolation of human placental explants. Second trimester human placentae were
obtained from consented donors who elected to terminate normal preghancies. Tissues
were received from the University of Pittsburgh Health Sciences Tissue Bank via an
honest broker system as approved by the University of Pittsburgh Institutional Review
Board and in accordance with the University of Pittsburgh anatomical tissue
procurement guidelines. Chorionic villi were dissected from placental tissue and
maintained in DMEM/F12 medium with 10% FBS and penicillin/streptomycin. Villi were
separated into individual wells of a 48-well plate each containing 800ul of DMEM/F12

medium for subsequent experiments.

Viruses and cells. ZIKV strain PRVABC59 was used for all experiments. PRVABC59
was initially isolated in 2015 from a patient infected while in Puerto Rico. We obtained
this strain from the Centers for Disease Control and Prevention in Fort Collins, CO. The
virus used in these experiments has undergone a total of 5 passages in Vero cells. Viral
titers were determined by plaque assay on Vero cells (ATCC). ZIKV was UV-inactivated
(UV-ZIKV) by exposing virus to UV light in a Spectroline UV Crosslinker for 1 hour. Vero
cells were cultured in complete DMEM medium consisting of 1x DMEM (Corning
Cellgro), 10% FBS, 25mM HEPES Buffer (Corning Cellgro), 2mM L-glutamine, 1mM

sodium pyruvate, 1x Non-essential Amino Acids, and 1x antibiotics.
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Antibodies. The human mAbs used in these experiments were generated essentially as
previously described (see Chapter 5). Briefly, plasmablasts were isolated from DENV-
infected patients and single cell sorted for use in expression cloning. Immunoglobulin
(lg) genes were amplified by RT-PCR and inserted into IgG1 expression vectors. 1gG1
vectors were transiently expressed in expi293F cells and secreted IgG antibodies were
purified from supernatants using protein A coupled sepharose beads (Pierce).
Antibodies were stored in 1x PBS with 0.05% sodium azide. The pan-flavivirus anti-
envelope protein 4G2 mAb (mouse IgG1) was isolated from the supernatant of mouse
hybridoma D1-4G2-4-15 (ATCC; HB-112) using a protein G column (GE Life Sciences).
1gG2, 1gG3, and IgG4 variants of mAb 33.3A06 were generated by subcloning the heavy
chain variable domain into the appropriate IgG subclass vector by restriction digest (Agel
and Sall) and ligation. IgG3 antibodies were purified using protein G coupled sepharose
beads (Pierce). The IgG1-LALA variant of mAb 33.3A06 was generated by replacing the
constant region of the wild-type IgG1 heavy chain expression vector with a gene
synthesized construct (Integrated DNA Technologies), containing a leucine (L) to alanine
(A) substitution at amino acid positions 234 and 235 of the IgG1 constant region by

restriction digest (Sall and HindlIl) and ligation.

Infections and interferon treatment. HCs were infected immediately following
isolation. mAbs were diluted in 1x PBS to the desired concentrations and mixed 1:1 with
ZIKV at MOI of 1. No antibody (Ab-) conditions received 1x PBS; no virus (ZIKV-)
conditions received RPMI. mAb:ZIKV immune complexes were incubated at 37°C for 1
hour. HCs were then infected in 200ul mAb:ZIKV complexes, or with ZIKV alone at MOI
of 1 or 10, as indicated, at 37°C for 1 hour. HCs were washed once with warm RPMI to

remove residual immune complexes and re-suspended in complete RPMI medium.
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Infected cells were incubated at 37°C. For IFN treatment experiments, IFN-B (PBL Assay
Science) and IFN-A (PBL Assay Science) were diluted in complete RPMI medium and
added to HCs at 10IU/ml or 100IU/ml following the 1-hour infection incubation. For
infection of human placental explants, diluted mAbs were mixed 1:1 with 5x10°pfu/ml
ZIKV, as MOI cannot be calculated. After the 1 hour incubation, 200ul of explant medium
was removed from each well before addition of 200ul mAb:ZIKV complexes. Tissues
were incubated at 37°C for 2 hours then washed 2x with warm complete DMEM/F12
medium to remove residual immune complexes and re-supplied with 800ul complete

DMEM/F12 medium. Infected explant tissues were incubated at 37°C.

Flow cytometry. Most conditions were run with biological triplicate samples, and 2x10°
HCs were used per sample. HCs were blocked for 10min on ice with 0.25ul/sample
Human TruStain FcX (BioLegend) in FACS buffer (1x PBS, 0.1% BSA, 1mM EDTA) and
stained for surface markers for 20min on ice using 0.25ul/sample of the following anti-
human antibodies from BioLegend in FACS buffer: CD14 (M5E2), CD80 (2D10), CD86
(IT2.2), CD40 (5C3), and HLA-DR (G46-6; BD Biosciences); or CD16 (3G8), CD32
(FUN-2), CD64 (10.1), and Ms IgG Isotype Control (C1.18.4; TONBO Biosciences).
Cells were also live/dead stained for 20min on ice with 0.1ul/sample either Ghost 780 of
Ghost 510 viability dye (TONBO Biosciences) in 1x PBS. HCs were fixed with 1x
Transcription Factor Fix/Perm (diluted in Transcription Factor Fix/Perm Diluent; TONBO
Biosciences) for 20min on ice and permeabilized by washing twice with 1x Flow
Cytometry Perm Buffer (diluted in ddiH,O; TONBO Biosciences). HCs were re-blocked
for 5min on ice with 0.25ul/sample Human TruStain FcX and 0.25ul/sample normal
mouse serum (ThermoFisher Scientific) in Perm Buffer and stained for ZIKV E protein
for 20min on ice using 0.5ul/sample of a 4G2-APC antibody in Perm Buffer.

Unconjugated monoclonal 4G2 antibody was conjugated to APC using a Novus Lighting-
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Link kit per the manufacturer’s instructions. Flow cytometry samples were re-suspended

in 1x PBS and run on an LSR-II flow cytometry machine.

Focus-forming assay. Focus-forming assay (FFA) was performed on Vero cells with
supernatants from ADE-ZIKV-infected HCs (2x10° cells per condition) or human
placental explants and accompanying controls. Supernatants were initially diluted 1:10 in
DMEM with 1% FBS followed by 10-fold serial dilution. Vero cells were plated in a 96-
well plate and infected with 50ul diluted supernatant for 1 hour at 37°C. Cells and
inoculum were then overlaid with methylcellulose (DMEM [Corning Celigro], 1%
antibiotic, 2% FBS, 2% methylcellulose [Sigma Aldrich]) and incubated at 37°C for 72
hours. Methylcellulose was aspirated, and cells were washed 3x with 1x PBS and
fixed/permeabilized with a 1:1 mixture of acetone and methanol. Cells were washed
once with 1x PBS and blocked with 5% milk in 1x PBS for 20min at RT. Cells were
incubated with primary mouse 4G2 antibody (1pg/mL) in 5% milk in 1x PBS for 2 hours
at RT and washed 2x with 1x PBS. Goat anti-mouse HRP-conjugated secondary
antibody was applied at 1:3000 dilution in 5% milk in 1x PBS for 1 hour at RT. Cells were
washed 2x with 1x PBS and foci were developed with TrueBlue Peroxidase Substrate
(KPL). Plates were read on a CTL50 ImmunoSpot S6 Micro Analyzer and spots were

counted manually using ImageJ.

Multiplex bead assay. Type | IFN and cytokine concentrations in the supernatants of
ADE-ZIKV-infected HCs (2x10° cells per condition) and accompanying controls were
assessed using a human cytokine 25-plex panel (Novex) and a ProcartaPlex human
IFN-beta simplex kit (Invitrogen) per the manufacturers’ instructions. Plates were read on

a Luminex 100 Analyzer.
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Quantitative real time-PCR (gRT-PCR). HCs infected with mAb:ZIKV immune
complexes and control cells (1x10° cells per condition) were lysed in RNA Lysis Buffer.
Total RNA was isolated from cells using the Quick-RNA MiniPrep Kit (Zymo Research)
per the manufacturer’s instructions. For human placental explants, tissues infected with
mADb:ZIKV immune complexes and control conditions were suspended in TRI reagent
and mechanically homogenized using ceramic bead tubes (Omni International) on a
Beadruptor Homogenizer. Total RNA was isolated from homogenized tissues using the
Direct-zol RNA MiniPrep Plus Kit (Zymo Research) per the manufacturer’s instructions.
Purified RNA was reverse transcribed using random primers with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). HC gene expression and ZIKV
viral RNA levels were quantified by gRT-PCR using PrimeTime Gene Expression Master
Mix (Integrated DNA Technologies), ZIKV-specific primers and probe set (Table 1)
(Lanciotti et al., 2008) and TagMan gene expression assays (ThermoFisher) for host
genes: Gapdh (Hs02758991 g1), Ifna2 (Hs00265051_s1), Ifnbl (Hs01077958_s1), Ifnll
(Hs00601677_gl),  Ifitl  (Hs03027069 s1),  Ifit2  (Hs01922738_sl1), [fit3
(Hs01922752_sl1), Ddx58 (Hs01061436_m1l), Ifihl (Hs00223420 m1l), Dhx58
(Hs01597843_m1), Oasl (Hs00973637_m1), and Rsad2 (Hs00369813 m1). C; values
were normalized to the reference gene Gapdh and represented as fold change over
values from time-matched mock samples using the formula 2*°". All primers and
probes were purchased from Integrated DNA Technologies (IDT). gRT-PCR was
performed in 384-well plates and run on an Applied Biosystems 7500 HT Real-Time

PCR System.

ZIKV strand-specific gRT-PCR. Purified RNA was reverse transcribed using oligo(dT)
and a ZIKV-specific cDNA primer. The two ZIKV-specific cDNA primers are

complementary to either the positive-strand or negative-strand and include a unique 5’
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tag (Table 1). Two cDNA and gRT-PCR reactions were run for each sample, one for
positive-strand and one for negative-strand. For ZIKV strand-specific detection, a ZIKV-
specific primer and tag-specific primer were used for targeted amplification of the tagged
cDNA in addition to the ZIKV-specific probe. Ct values were normalized to the reference
gene Gapdh and represented as fold change over values from time-matched mock

samples using the formula 2T,

gRT-PCR on viral RNA from supernatants. Total RNA was isolated from the
supernatants of infected HCs and human placental explants using the QIAamp Viral
RNA Mini Kit (QIAGEN) per the manufacturer’s instructions. ZIKV RNA standard was
generated by annealing two oligonucleotides spanning the target ZIKV prM-E gene
region and performing in vitro transcription using the MEGAscript SP6 Transcription Kit
(Ambion). For ZIKV RNA guantification in supernatants, a standard curve was generated
using tenfold serial dilutions of ZIKV RNA standard, and gRT-PCR was performed using
ZIKV-specific primers and probe (Table 1) (Lanciotti et al., 2008) Viral RNA copies were
interpolated from the standard curve using the sample C; value and represented as

copies per mL of supernatant.

Western blot. ADE-ZIKV-infected HCs and control cells (1.2x10° cells per condition)
were washed 2x with 1x PBS with 1mM EDTA and lysed with modified RIPA buffer
(10mM Tris, 150mM NacCl, 1% NA-deoxycholate, 1% Triton X-100, 1x protease inhibitor
cocktail [ThermoFisher Scientific], 1x phosphatase inhibitor cocktail [ThermoFisher
Scientific]). Protein concentrations were determined by Bradford assay — 2ul cell lysate
in 200ul 1x Bradford Reagent (BioRad) and read on a SynergyH1 Hybrid Reader
(BioTek). Proteins were denatured with 1x loading buffer (0.25M Tris, 40% glycerol, 20%

B-ME, 9.2% SDS, 0.04% Bromophenol Blue) and boiling for 15min. Lysates were then
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run on SDS-PAGE gel and transferred to nitrocellulose membrane for Western blotting.
Blots were blocked in 5% milk in PBST (1xPBS, 0.1% Tween-20) and rinsed with
ddiH,O. Blots were incubated with the following primary antibodies in PBST with 10%
FBS: Rb anti-IFIT1 (1:1000; Cell Signaling), Ms anti-IFIT2 (1:1000; Cell Signaling), Rb
anti-IFIT3 (1:10,000; kindly provided by Dr. Ganes Sen), Rb anti-RIG-1 (1:1000; Cell
Signaling), Rb anti-MDAS5 (1:1000; Cell Signaling), Rb anti-LGP2 (1:100; IBL), Rb anti-
Viperin (1:1000; Cell Signaling), and Rb anti-GAPDH (1:2500; Cell Signaling). Blots were
washed with PBST and incubated for 10min with anti-mouse or anti-rabbit HRP-
conjugated secondary antibodies at 1:750 dilution in PBST with 1% FBS. Blots were
washed again with PBST and developed with ThermoScientific SuperSignal West Femto

Maximum Sensitivity Substrate. Blots were imaged on a BioRad ChemiDocXRS+.

Binding and entry assay. mAb:ZIKV immune complexes were prepared as described
above and incubated for 1 hour at 37°C. mAb:ZIKV complexes and HCs were then
chilled on ice for 1 hour prior to infection. HCs were infected with mAb:ZIKV complexes
for 1 hour on ice and then washed 4x with ice cold 1x PBS. To assess virus binding to
the cell surface, HCs were immediately lysed in RNA lysis buffer after washes. To
assess viral entry into cells, HCs were re-suspended in pre-warmed complete RPMI
medium and incubated at 37°C for 2 hours. HCs were then washed 4x with ice cold 1x
PBS and lysed in RNA lysis buffer. ZIKV genomic RNA levels were assessed by gqRT-

PCR as described above.

Statistical analyses. All figures are representative of at least three independent
experiments and at least three individual donors. Cytokine protein data (multiplex bead
assay) and viral binding/entry data were analyzed by 1-way ANOVA followed by Tukey’s

test for multiple comparisons, p<0.05. Interferon treatment data were analyzed by 2-way
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ANOVA followed by Tukey’s test for multiple comparisons, p<0.05. All statistical analysis

was performed using GraphPad Prism software.

Results

Cross-reactive DENV antibodies enhance ZIKV infection of HCs

Due to structural similarities between the ZIKV and DENV E proteins, anti-DENV human
mADbs can cross-react and enhance ZIKV infection in FcyR-expressing human monocytic
cell lines (see Chapter 5 and (Sirohi et al., 2016)). Thus, we determined whether DENV
cross-reactive antibodies can enhance ZIKV infection of HCs. We isolated primary HCs
from full-term placenta and infected them with ZIKV (PRVABC59) alone or complexed
with anti-DENV2 mAbs (IgG1 subclass). These DENV mAbs were previously isolated
from plasmablasts collected from patients acutely infected with DENV2 (Priyamvada et
al., 2016), and were previously characterized with regards to their cross-reactivity to
ZIKV (see Chapter 5). We evaluated four DENV2 mAbs, which vary based on ZIKV
binding and neutralization capabilities, along with a non-specific control mAb originally
isolated from a patient with acute influenza infection (Wrammert et al., 2011) (Figure
1A). We observed that the three ZIKV cross-reactive DENV mAbs robustly enhanced
ZIKV infection with >70% of cells infected at the highest mAb concentration (10ug/mL)
as compared to cells infected with ZIKV alone at an MOI of 1 (4%) or 10 (21%; Figure
1B). We found the most dramatic enhancement of ZIKV infection in HCs treated with the
33.3A06 mAb at 10ug/mL (83.5%) as compared to the 31.3F03 (76.3%) and 33.3F05
(75.7%) mAbs. As previously reported, the non-cross-reactive 33.3E04 mAb and the
non-specific control mAb (influenza virus EM4CO4 mAb) failed to enhance ZIKV
infection (see Chapter 5). We performed additional titrations with the 33.3A06 mAb and
observed a dose-dependent decrease in ZIKV infection, beginning at 1.6 x 10 pg/mL

and reaching similar levels as ZIKV infection alone (MOI 1) by 1.28x10™ pg/mL mAb
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(Figure 1C). We measured release of infectious virus by focus-forming assay (FFA) and
similarly observed the highest levels of infectious virus in HC supernatants under
conditions where ZIKV immune complexes were generated with 4x10™ to 1.6X1073
pg/mL of 33.3A06 mAb (Figure 1D-E). We also measured cell surface expression of
costimulatory markers (CD80, CD86, CD40) in the presence of ZIKV complexed with
33.3A06 mADb (92.7% ZIKV E+ cells; Figure 2A). Compared to ZIKV infection alone
(MOI 1 or 10) or ZIKV infection in the presence of the non-specific control mAb, we
observed very little change in CD40, CD80, and CD86 upon ADE-ZIKV infection of HCs
(Figure 2B-D). This is consistent with our previous observations that ZIKV induces a
modest increase in co-stimulatory molecule expression on HCs (see Chapter 4). Similar
to our previous findings, we did not observe a substantial increase in cell death with
either ZIKV infection alone or following infection with immune-complexed ZIKV as
compared to mock infected cells (Figure 2E). Altogether, these findings demonstrate
that cross-reactive DENV antibodies augment ZIKV infection of HCs with minimal effects

on cellular activation or cell death.

DENV mAb immune complexes increase ZIKV binding and entry in HCs

To date, the mechanisms of ADE during flavivirus infection remain incompletely
understood; however, it is hypothesized that enhancement of viral infection can involve
two different, but not mutually exclusive, mechanisms: extrinsic or intrinsic ADE (Taylor
et al., 2015). Extrinsic ADE is defined as sub-neutralizing concentrations of antibody
binding to a virus and subsequently increasing attachment and entry into cells
expressing Fc receptors. Intrinsic ADE involves negative regulation of innate immune
signaling following binding of immune complexes to surface Fc receptors, thus making
the cells more permissive to viral infection (Taylor et al., 2015). To establish the

mechanism of ADE of ZIKV infection in HCs, we performed viral binding and entry
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assays on HCs infected with ZIKV alone (MOI 1 or 10) or in the presence of cross-
reactive and non-specific mAbs (Figure 3A). As expected, we observed a log-fold
increase in viral binding and entry in HCs between ZIKV at an MOI of 1 and 10 (Figure
3B). In ADE-ZIKV-infected HCs, we observed significantly increased viral binding as
compared ZIKV infection of HCs in the presence of the non-specific control mAb.
Similarly, we also observed a log-fold increase in viral entry in ADE-ZIKV-infected cells
as compared to ZIKV alone at an MOI of 1 or in the presence of non-specific control
mAb. Despite similar levels of viral entry between cells infected with ZIKV at an MOI of
10 and ADE-ZIKV-infected cells, we consistently observed higher levels of infected cells
as measured by viral E protein staining in ADE-ZIKV-infected HCs (Figure 1). These
findings suggest that extrinsic ADE, and to a lesser extent intrinsic ADE, plays a

significant role in enhancing ZIKV infection of HCs.

ADE of ZIKV infection induces IFN gene expression but dampens antiviral
responses in HCs

We previously reported that ZIKV infection of HCs triggers expression of antiviral effector
genes in the absence of detectable type | IFN (see Chapter 4). Thus, we next
determined whether there were differences in the induction of innate immune responses
between non-ADE- and ADE-ZIKV-infected HCs. We evaluated the expression of type |
and type Il IFNs following ZIKV infection of HCs. HCs infected with ZIKV alone (MOI of
1 or 10) or in the presence of the non-specific control mAb displayed robust induction of
type | and Il IFN mRNAs, which corresponded with increased viral RNA as compared to
time-matched mock-infected controls (Figure 4A). Similarly, robust increases in IFN-B
(630-fold), IFN-a (267-fold) and IFN-A (209-fold) transcript expression were observed in
the highest ADE-ZIKV infected HCs (1.24x10° ZIKV RNA) as compared to time-matched

mock-infected controls. Notably, we failed to detect IFN-B protein in the supernatants of
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HCs infected under any condition (non-ADE and ADE-ZIKV infected HCs; Figure 4B).
This finding is consistent with our previous observations in ZIKV-infected HCs and
moDCs, in which we failed to observe IFN-B protein in cells or in the supernatants
despite robust induction of IFN-B transcripts (see Chapters 3 and 4). We did observe
basal IFN-a protein in the supernatants of mock-infected cells. Notably, we observed a
significant reduction in IFN-a protein in ADE-ZIKV-infected HCs as compared to HCs
infected with ZIKV alone (MOI 1) or in the presence of the non-specific control mAb
(Figure 4B). These results indicate that ZIKV infection potently triggers transcription of
type | and Il IFNs but blocks the translation/secretion of type | IFNs into the supernatant.

Next, we evaluated the effect of ADE-ZIKV infection on the induction of pro-
inflammatory cytokines/chemokines. For this analysis, we performed a multi-plex
cytokine/chemokine analysis on supernatants following ZIKV infection of HCs (hon-ADE
and ADE). Infection of HCs with ZIKV at MOI 1 resulted in significant increases in MCP-
1, MIP-1a and MIP-1B, and modest increases in IL-2R and IL-1Ra over mock-infected
controls (Figure 5). Despite high levels of infection, we observed a lack of induction of
MCP-1, MIP-1a, MIP-1B8, IL-2R and IL-1Ra as well as other pro-inflammatory
cytokines/chemokines (data not shown) in ADE-ZIKV-infected HCs over mock-infected
cells. MCP-1 (CCL2), MIP-1a (CCL3), and MIP-13 (CCL4) are important for trafficking
and infiltration of inflammatory myeloid cells and leukocytes to sites of flavivirus infection
(Michlmayr and Lim, 2014). Notably, levels of IL-8, a cytokine canonically associated
with neutrophil trafficking and degranulation but also non-inflammatory placental
angiogenesis in HCs (Schliefsteiner et al., 2017), was reduced in ADE-ZIKV-infected
HCs compared to mock infected controls (Figure 5). Furthermore, we failed to detect IL-
10, which has been implicated in contributing to intrinsic ADE (Tsai et al., 2014), in either

mock-infected cells or following ZIKV infection of HCs (data not shown).
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We next measured the expression of the RLRs, which play a critical role in
triggering an innate immune response following ZIKV infection and antiviral effector
genes that restrict ZIKV infection (see Chapter 3). At the transcript level, we observed
that DDX58 (RIG-I), IFIH1 (MDA5), and DHX58 (LGP2) expressions were induced in
HCs infected with ZIKV alone (MOI of 1 and 10) or in the presence of the non-specific
control mAb as compared to time-matched mock-infected controls (Figure 4C).
However, at the highest concentrations of 33.3A06 mAb immune-complexed ZIKV,
which corresponded with robust ZIKV replication, we observed minimal induction of
DDX58 (3.4-fold), IFIH1 (3.1-fold), and DHX58 (2.8-fold) as compared to time-matched
mock-infected controls. In a similar manner, we observed minimal induction of antiviral
effector genes IFIT1 (8.0-fold), IFIT2 (31.4-fold), IFIT3 (4.9-fold), RSAD2 (5.0-fold) and
OAS1 (1.1-fold) in ADE-ZIKV-infected HCs as compared to cells infected with ZIKV
alone (MOI of 1 and 10) or in the presence of the non-specific control mAb (Figure 4C).
To determine whether ZIKV also blocks the translation of antiviral effector genes, we
performed Western blot analysis on a parallel set of infected HC samples. ZIKV infection
alone (MOI of 1 and 10) showed robust increases in expression of the RLRs, IFIT
proteins, Viperin and OAS1 over mock-infected controls (Figure 4D). However, we
observed a lack of RLRs and antiviral effector proteins in ADE-ZIKV-infected cells as
compared to mock-infected cells. As a control, we did not observe any changes in
GAPDH protein across the various conditions of infected HCs. Combined, these findings
demonstrate that ZIKV antagonizes type | IFN signaling by inhibiting translation or
secretion of IFN-a/B. Furthermore, these findings suggest that when cells are infected
with immune-complexed ZIKV, this allows for efficient blockade of type | IFN signaling,
such as inhibition of STAT phosphorylation (see Chapter 3) and/or STAT2 degradation
(Grant et al., 2016), or that immune-complexed ZIKV binding to Fc receptors triggers a

negative signal within HCs that prevents the induction of antiviral effector genes.
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Type I IFN, but not Type Il IFN, restricts ADE-ZIKV infection in HCs

Treatment of cells with type | IFN has been shown to restrict ZIKV replication in human
moDCs (see Chapter 3). Similarly, type Il IFN was shown to be critical for preventing
ZIKV infection and replication in the STB layer of the placenta (Bayer et al., 2016;
Delorme-Axford et al., 2013). We next determined whether type | or Il IFN can restrict
ADE of ZIKV infection in HCs by performing an interferon inhibition assay. In this assay,
we infected HCs with ZIKV immune complexes for 1h followed by treatment with
recombinant human IFN-A1 or IFN-B (10 IU/mL or 100 IU/mL) for 24h. We then
measured both ZIKV infection by intracellular viral E protein staining and infectious virus
production by FFA. Following IFN-A1 treatment (10 IU/mL and 100 IU/mL), we observed
a modest, yet significant, increase in the percentage of ZIKV-infected cells as compared
to untreated cells (Figure 6A). Notably, we observed this increase in both non-ADE- and
ADE-ZIKV-infected cells (Figure 6C). However, we did not observe an increase in
infectious virus release following IFN-A1 treatment (Figure 6A). In contrast to IFN-A1,
IFN-B treatment resulted in significant reduction in both the percentage of ZIKV infected
cells and infectious virus in the supernatants (Figure 6B). This reduction was consistent
across non-ADE- and ADE-ZIKV-infected HCs (Figure 6C). These results indicate that
HCs are highly responsive to IFN-B treatment and that IFN-B inhibits ZIKV replication in
HCs despite the high levels of infection seen with ADE. Notably, IFN-A1, a cytokine
considered to have similar antiviral properties as type | IFN, enhanced ZIKV infection of

HCs.

IgG subclass influences infectivity of HCs during ADE
Given that our work thus far used an IgG1 subclass mAb, we next determined whether

similar levels of enhanced ZIKV infection were observed across various IgG subclasses.
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Earlier studies with full-term placental villous tissue found that HCs preferentially express
FcyRI (CD64) and FcyRIl (CD32) with variable expression of FcyRIIlI (CD16) (Kameda et
al., 1991; Kristoffersen et al., 1990; Simister and Story, 1997). We performed flow
cytometry analysis on HCs isolated from full-term placenta and found that these cells
express CD16, CD32 and CD64, albeit to varying levels (Figure 7A). We observed that
>98% of HCs expressed CD32 and CD64; however, <2% of cells expressed CD16.
FcyRs bind to the Fc portion of different IgG subclasses with varying affinities (Smith and
Clatworthy, 2010); therefore we assessed the ability of ZIKV complexed with 1gG1, IgG2,
IgG3 and IgG4 to infect HCs. We generated a panel of mAbs containing the Fab region
from the cross-reactive 33.3A06 mAb but interchanged the Fc regions with the four
human IgG subclasses. We also generated a mutant form of IgG1 containing a “LALA”
modification in the Fc region, which is known to substantially inhibit FcyRI, FcyRII, and
FcyRIll binding (Beltramello et al., 2010; Hessell et al., 2007). We generated ZIKV
immune complexes using this panel of mAbs and observed similar levels of infection
with 1gG1, 1gG3, and 1gG4 subclasses with substantially reduced infection with IgG2 at
the highest antibody concentration (Figure 7B). However, at lower Ab concentrations
(1.6x107%, 3.2x10° pg/mL), we observed distinct differences in viral infection using the
panel of 33.3A06 IgG subclasses. At 1.6x10 ug/mL, IgG1 and IgG3 immune complexes
displayed a higher percentage of infected cells (76.9% and 82% 4G2+ cells,
respectively); 1gG4 had an intermediate phenotype (64.5% 4G2+ cells), and 1gG2
displayed low levels of infection (4.38% 4G2+ cells; Figure 7B). As previously shown,
ADE of ZIKV infection is lost at the 6™-7" mAb dilution for the entire panel of 33.3A06
mADb IgG subclasses. ZIKV immune complexes generated with the 33.3A06 IgG1-LALA
mAb variant showed reduced infection across all antibody concentrations and reached
similar levels as cells infected with ZIKV alone (MOI 1) or in the presence of non-specific

control mAb. This demonstrates that ADE-ZIKV occurs through an Fc receptor-
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dependent mechanism. Collectively, the results demonstrate that HCs express specific
FcyRs that promote binding of viral immune complexes and augment ZIKV infection in

an lgG subclass-specific manner.

Cross-reactive DENV mAbs enhance ZIKV infection of human mid-gestation
placental explants

We next determined the ability of cross-reactive DENV mADbs to enhance ZIKV infection
of human mid-gestation placental explants. For these studies, we generated ZIKV
immune complexes using the panel of 33.3A06 IgG subclasses as well as the IgG1-
LALA mutant and infected second-trimester human placental villous explants with the
immune complexes, ZIKV alone, or in the presence of non-specific control mAb. Virus
was pre-adsorbed to the explants for 2 hours, washed with PBS, and explants incubated
for 24 or 48 hours. To measure virus replication, we performed strand-specific gRT-
PCR, wherein we used a tagged primer approach to measure both positive- and
negative-sense ZIKV RNA (Lanciotti et al., 2008). In explants treated with the 33.3A06
mAb immune complexes, we detected increased levels of positive- and negative-sense
ZIKV RNA as compared to ZIKV infection alone or in the presence of non-specific
control mAb (Figure 8A). Specifically, we found that infection with 1IgG1 and IgG3
displayed increased infection as compared to IgG4 and IgG2 (Figure 8A, top). We
observed an mAb dose-dependent increase in ZIKV replication as ZIKV immune
complexes generated with low 33.3A06 mAb concentrations (0.001 pg/mL) displayed
similar levels of viral RNA detection as that of ZIKV alone, or in the presence of IgG1-
LALA or non-specific control mAbs (Figure 8A, bottom). Furthermore, we observed
minimal positive-sense and no detectable negative-sense ZIKV RNA in the UV-
inactivated control samples (Figure 8A, bottom). We also measured virus release in

supernatants from explants by gqRT-PCR and FFA. Consistent with the strand-specific
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gRT-PCR results, we detected higher levels of total ZIKV RNA in supernatants from
explants infected with 1IgG1- and IgG3-ZIKV immune complexes (Figure 8B). Compared
to the control samples, we observed a 1 log-fold increase in ZIKV RNA in 33.3A06 IgG1
immune complex-infected explants and a 1.5 log-fold increase with 1IgG3-ZIKV immune
complexes. Similarly, we found increasing levels of infectious virus release in placental
explants infected with 1IgG1-ZIKV immune complexes but not in the explants treated with
ZIKV alone or in the presence of the non-specific control mAb (Figure 8C). Altogether,
these data show that cross-reactive DENV mAbs, particularly IgGl and IgG3

subclasses, enhance ZIKV infection of human placental explants.

Discussion

Our findings demonstrate that cross-reactive DENV mAbs can augment ZIKV infection of
HCs isolated from full-term placenta in a dose-dependent manner. Mechanistically, we
determined that cross-reactive DENV mAb immune complexes enhanced viral binding to
HCs and increased viral entry. However, despite the high levels of infection seen in
ADE-ZIKV-infected HCs, we observed minimal up-regulation of costimulatory markers
and pro-inflammatory cytokines. Although HCs induce type | and Il IFN transcript during
ADE-ZIKV infection, IFN protein secretion as well as expression of key antiviral effectors
were severely diminished in ADE-ZIKV-infected cells. Notably, ADE-ZIKV infection was
significantly reduced upon IFN-B treatment; however, we unexpectedly observed that
IFN-A treatment slightly increased infection in both ADE-ZIKV-infected HCs and ZIKV-
infected controls. We also found that enhancement of ZIKV infection in HCs is
dependent on the IgG subclass of the cross-reactive antibody with the strongest
enhancement observed in the presence of IgGl and IgG3 immune complexes.
Consistent with these results, we observed enhanced ZIKV infection in human mid-

gestation placental explants in an IgG subclass-specific manner.
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Although HCs have been found to be the primary cell type infected during ZIKV
infection (see Chapter 4 and (Bhatnagar et al., 2017; Jurado et al., 2016)), a limitation of
our study is the relevance of the observed immune complex-mediated increase of ZIKV
infection in isolated human HCs in vitro. To address this limitation and more accurately
model the effect of DENV cross-reactive mAbs on ZIKV infection, we employed ex vivo
human second-trimester placental explants. The human placental explant system
allowed us to observe the ability of viral immune complexes to enhance ZIKV infection in
tissues that retain the architecture of the chorionic villi. Recent work has demonstrated
that ZIKV replicates and persists within the placentas of ZIKV-infected women as well as
the brains of the developing fetuses (Bhatnagar et al., 2017). In addition, in situ
hybridization (ISH) probes for negative-strand replicating RNA were detected within HCs
in the placentas of ZIKV-infected women (75%; n=12) with adverse pregnancy outcomes
during the first or second trimester. Although it is unclear whether patients had previous
flavivirus exposure or seropositivity, the entire cohort had traveled to or resided within
DENV-endemic regions. Given that ZIKV infection induces minimal HC death (Figure
2E) and that ZIKV persists in HCs throughout pregnancy, continuous spillover of ZIKV
into the fetal bloodstream could lead to continuous viral seeding of the fetus. However,
the role of previous flavivirus immunity on pregnancy outcomes remains controversial.

More recent work in a cohort of pregnant women with possible ZIKV exposure
showed that over half of the women with previous anti-flavivirus immunity who
successfully gave birth were positive for ZIKV RNA in placental tissues (Reagan-Steiner
et al.,, 2017). Others have found that the presence of DENV IgG in ZIKV-infected
pregnant women did not significantly increase the incidence of abnormal birth outcomes
compared to DENV-IgG negative patients (Halai et al., 2017). However, this study
examined the role of previous flavivirus immunity on adverse pregnancy outcomes, not

viral seeding of the placenta. Neither of these studies categorized the flavivirus-exposed,
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ZIKV-infected women based on DENV IgG titers nor prevalence of individual DENV IgG
subclasses. ldentifying these parameters could increase the observed incidence of viral
seeding of the placenta and adverse pregnancy outcomes during ZIKV infection in
flavivirus-exposed women. Our observations in human placental explants suggest that
cross-reactive antibodies enhance ZIKV infection in an IgG subclass-specific manner,
most likely by delivery of mAb:ZIKV immune complexes to the villous core, where the
virus can establish persistent infection in HCs. However, the specific cell type(s) targeted
by these complexes in human tissue remain unclear. Given that our data point to a
specific role for enhanced infection in HCs, it is possible that these complexes bypass
the STB layer via Fc-mediated transport and are delivered to HCs and possibly other
placental cell types. Altogether, our data support that previous flavivirus immunity could
influence viral seeding of the placenta. More extensive studies are needed to determine
whether flavivirus-exposed pregnant women show increased rates of viral seeding of the
placenta and subsequent congenital disease during ZIKV infection.

DENV infection initiates a robust IgG response with peak levels occurring a few
weeks after infection and persisting for a decade or longer (Wahala and Silva, 2011).
Further characterization of this IgG response has described skewed production of IgG1
and IgG3 in individuals who develop symptomatic dengue fever (Koraka et al., 2001). It
has also been shown that titers of DENV-specific IgG1 are over 100-fold higher
compared to DENV-specific IgG4 within the cord blood of infants born to DENV-
experienced mothers (Castanha et al., 2016). This correlates with our findings that
higher levels of negative-sense ZIKV RNA and infectious virus release were detected in
HCs and placental explants treated with cross-reactive IgG1 and IgG3 mAbs complexed
to ZIKV compared to IgG4 and 1gG2 mAb subclasses (Figure 8A-B). Translocation of
IgG across the placenta is a normal physiologic process facilitated by the neonatal Fc

receptor (FcRn), a specialized Fc receptor expressed on STBs, to provide passive
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immunity to the developing fetus (Coyne and Lazear, 2016; Simister and Story, 1997;
Simister et al., 1996b; Story et al., 1994). Our results could reflect that FcRn
preferentially binds immune complexes comprised of specific IgG subclasses. Studies
examining the kinetics of monomeric human IgG binding to human FcRn have
determined that 1IgG1 binds with greater affinity to FCRn compared to 1gG3, 1gG4 and to
a lesser extent than 1gG2 (Abdiche et al., 2015; Ober et al., 2001). This corresponds to
our observations that the highest levels of viral enhancement were observed in IgG1 and
IgG3 immune complexes. Altogether, our results, along with previous studies, suggest
that DENV-specific IgG1 and 1gG3 are found to a higher degree during DENV infection
and that ZIKV immune complexes containing these IgG subclasses could be
transcytosed across the placenta and result in viral seeding of the placenta. However,
more extensive work must be done to understand the relative binding affinities of FCRn
to various IgG subclass immune complexes in the context of viral infection.

In a mouse model of ZIKV infection, type | IFN signaling inhibits ZIKV infection,
but also causes fetal resorption of immunocompetent Ifnar+/- mice conceived within
Ifnar-/- dams (Yockey et al., 2018). Type lll IFN signaling, on the other hand, is
continually secreted by STBs, generating a constitutively potent antiviral state at the
trophoblast layer (Bayer et al., 2016). Treatment with IFN-A decreased viral burden
within the murine placenta and dams and provided protection from ZIKV infection in
human maternal and fetal tissue (Jagger et al., 2017). In contrast, we observed
increased infection of HCs treated with IFN-A (10lU/mL and 100lU/mL) at higher
33.3A06 mAb concentrations and no effect on infection at lower 33.3A06 concentrations.
Higher levels of infection were seen in IFN-A-treated HCs even during ZIKV infection
alone at MOI 1 and 10. In contrast, IFN- treatment significantly reduced ZIKV infection
in both ADE-ZIKV- and non-ADE-infected HCs at all mAb concentrations (Figure 6A-C).

These results are consistent with recent work done in THP-1 cells, a human monocytic
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cell line, in which treatment with conditioned media containing type Il IFN increased
ZIKV infection (Corry et al., 2017). IFN-B and IFN-A activate the Janus kinases JAK1 and
TYK2, leading to phosphorylation and nuclear translocation of STAT1 and STAT2
followed by transcription of antiviral effector genes that serve to restrict viral replication
(Lazear et al., 2015b). However, we found that IFN-A failed to control ZIKV replication in
HCs. This strongly suggests that type | and Ill IFNs play a cell-specific role in promoting
antiviral responses and that there is likely a bifurcation in type | and Il IFN signaling.
Consistent with this, type | IFNs induce placental damage in human tissue, which was
not observed with type Il IFNs (Yockey et al., 2018). It is plausible that IFN-A plays an
immunomodulatory role in HCs within the villous stroma while simultaneously promoting
an antiviral state in STBs. IFN-A has been shown to skew macrophage differentiation
toward a more pro-inflammatory state and increase their sensitivity to IFN-A (Egli et al.,
2014). However, HCs are fetal in origin and may be evolutionarily programmed to
upregulate homeostatic processes and anti-inflammatory effectors in response to IFN-A
to protect the fetus from overwhelming inflammation in the context of viral infection.
Because STBs continually secrete IFN-A, the inability of IFN-A to control ADE-ZIKV
infection of HCs could also reflect desensitization of HCs to IFN-A (Corry et al., 2017;
Coyne and Lazear, 2016; Delorme-Axford et al., 2013). Moreover, although it is clear
that STBs secrete type Il IFNs from the apical domain, it remains unclear whether there
is also secretion from the basolateral surface into the villous stroma, which would impact
HCs. Further investigation is needed to fully define the roles of type Ill IFN signaling in
HCs in the context of viral infection.

Mechanistically, we observed that DENV mAb:ZIKV immune complexes
increased viral infection by promoting increased viral binding and entry in HCs, a
phenomenon known as “extrinsic ADE” (Figure 3B). Earlier work from our group showed

that ZIKV infection in HCs leads to robust antiviral responses corresponding to increases
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in viral load (Chapter 4). In this study, we discovered that with increasing cross-reactive
DENV mAb concentration, the ZIKV viral load dramatically increased while, in contrast,
expression of RLRs (DDX58, IFIH1, DHX58) as well as key antiviral effectors (IFIT1,
IFIT2, IFIT3, OAS1, RSAD2) was dramatically downregulated (Figure 4). Although this
might reflect viral antagonism of antiviral gene transcription, an alternative hypothesis is
that binding of cross-reactive DENV mAb immune complexes to FcyRs on HCs
dampens innate immune responses through “intrinsic ADE.” FcyRIl, which is highly
expressed on HCs (Figure 7A), is differentiated into two subclasses, FcyRIla and
FcyRIlb, each of which express cytoplasmic Ig gene family tyrosine activation or
inhibitory motifs (ITAMs and ITIMS), respectively (Smith and Clatworthy, 2010). Previous
studies have demonstrated that binding of DENV Ab-antigen complexes to FcyRlla, but
not FcyRIIb, resulted in ADE, and that, upon modification of the ITAM to an ITIM domain,
ADE of DENV infection was eliminated (Boonnak et al., 2013). However, the
downstream effects of switching the ITAM and ITIM domains on antiviral immune
responses are still unclear. Our findings in HCs, revealed that IgG subclass affects
infection levels: (highest to lowest) 33.3A06 IgG3>lgG1>IgG4>>IgG1l-LALA> 1gG2
(Figure 7B). These results are similar to the optimal Ab binding affinities of FcyRIib,
which is known to exert downstream inhibitory signals through its ITIM cytoplasmic
domain (Smith and Clatworthy, 2010). Inhibition of FcyRlIb signaling in the presence of
activating immune complexes drives robust type | IFN responses and induces DC
activation (Dhodapkar et al., 2007). This suggests that intrinsic ADE, in addition to
extrinsic ADE, may be an important determinant in antibody-mediated augmentation of
ZIKV infection in HCs.

Altogether, our data indicate that cross-reactive DENV mAbs can enhance ZIKV
infection in HCs and human mid-gestation placental explants. This suggests that pre-

existing anti-flavivirus immunity could play a role in viral seeding of the fetus through
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enhanced infection of HCs. The high occurrence of DENV-seroprevalence in ZIKV-
endemic regions and the recent discovery that WNV and Powassan virus (POWYV) are
also capable of infecting human placental explants (Platt et al., 2018) may indicate that
antibody-mediated enhancement of flavivirus infection of the placenta occurs more
frequently than currently appreciated. In addition, our study has broad implications for
the continuing effort to produce effective vaccines against DENV, WNV, and ZIKV.
Vaccinations for these flaviviruses could induce antibody responses that may lead to
increased viral seeding of the placenta and enhanced ZIKV infection of HCs in pregnant
women. Our results presented here, along with previous studies concerning neurotropic
flavivirus infection during pregnancy, underpin the importance of furthering our
understanding of the effects of antibody-mediated viral transport in the placenta and the

developing fetus.
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Figure 6-1: Cross-reactive DENV mAbs enhance ZIKV infection of human placental
macrophages (HCs).
(A) Binding and neutralization properties of mAbs. (B) HCs were infected with ZIKV

(MOI 1) in the presence of DENV cross-reactive mAbs or non-specific control (EM4CO4;
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10, 2, 4x107, 8x102, 1.6x107%, 3.2x107%, 6.4x10™, 1.28x10™ pg/mL). Intracellular ZIKV E
protein in ADE-ZIKV-infected (left) and controls (right) was assessed by 4G2 staining
and flow cytometry at 24 hours post-infection (hpi). Antibody dilutions were performed in
singlicate. Control conditions are shown as the average of biological triplicates £SD. Ab’,
no mAb. ZIKV', no ZIKV. (C) HCs (n=3 donors) were infected with ZIKV (MOI 1) in the
presence of mAb 33.3A06 (4x10*%, 8x107% 1.6x102, 3.2x10° 6.4x10* 1.28x10*
2.56x107°, 5.12x10° ug/mL) or EM4CO4 (4x10™" ug/mL). Intracellular ZIKV E protein in
ADE-ZIKV-infected (left) and controls (right) was assessed at 24hpi as in (B). All
conditions are shown as the average of biological triplicates +SD. (D) HCs were infected
as in (C). Release of infectious virus into the supernatant was assessed by focus-
forming assay (FFA) at 24hpi. Data are shown as the average of biological triplicates
+SD. FFU, focus-forming units. (E) Representative FFA illustrating increased foci
formation in the presence of 33.3A06 mAb. Supernatant dilutions indicated across the

top.
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Figure 6-2: HCs are modestly activated upon infection with mAb:ZIKV immune
complexes.

(A) Representative flow plots of percent infected HCs (4G2") under control and ADE-
ZIKV-infected conditions. 33.3A06 and EM4CO4 were used at 0.4ug/mL. Ab’, no mAbD.
ZIKV', no ZIKV. (B) Mean fluorescence intensity (MFI) of CD80 surface expression and
representative histograms (right) of ADE-ZIKV-infected HCs and controls. EM4CO4 and
33.3A06 were used at 0.4pug/mL. All conditions are shown as the average of biological
triplicates +SD. (C) MFI of CD86 surface expression and representative histograms
(right). Conditions are identical to those in (B). (D) MFI of CD40 surface expression and
representative histograms (right). Conditions are identical to those in (B). (E) Viability of
HCs is not affected by ADE-ZIKV infection. Conditions are identical to those in (B).
Percent viable cells was determined by Ghost dye staining and flow cytometry. Data are

shown as the average of biological triplicates £SD.
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Figure 6-3: Infection with ZIKV in the presence of mAb 33.3A06 results in
increased viral binding and entry of HCs.

(A) Binding/entry assay procedure. mAb:ZIKV (MOI 1) immune complexes were chilled
on ice and used to infect HCs for 1h on ice. Cells were then washed with ice cold PBS
and either immediately lysed for RNA (binding) or incubated in fresh media for 2h at
37°C before lysing for RNA (entry). EM4CO4 and 33.3A06 mAbs were used at
0.4ug/mL. (B) ZIKV genomic RNA from bound virus (top) or internalized virus (bottom)
was measured by gqRT-PCR. Viral RNA expression was normalized to GAPDH and is
shown as the average Log;, fold change over time-matched Ab7/ZIKV" control of
biological triplicates £SD. Data were analyzed by 1-way ANOVA and Tukey’s multiple

comparison test, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 6-4: HCs infected with mAb:ZIKV immune complexes induce type | IFN and

ISG transcription, but not protein translation.

(A) HC gene expression of type | and type 1l IFNs at 24hpi with ZIKV alone (MOI 1 and

10) or mADb:ZIKV (MOI 1) immune complexes. 33.3A06 and EM4CO4 were used at

0.4ug/mL. Host gene expression was normalized to GAPDH and is shown as Log, fold

change over time-matched Ab/ZIKV" control. ZIKV RNA in these cells was normalized to

GAPDH and is shown at the bottom as Logi, fold change over time-matched Ab/ZIKV

control. (B) HC protein secretion of type | IFNs at 24hpi. Cells were infected as in (A).

Dashed line indicates lower limit of detection. Data are shown as the average of
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biological triplicates £SD analyzed by 1-way ANOVA and Tukey’s multiple comparison
test, *p<0.05, **p<0.01, ***p<0.001. Ab’, no mAb. ZIKV, no ZIKV. (C) HC gene
expression of ISGs at 24hpi. Cells were infected and analyzed as in (A). (D) Protein
expression of ISGs in HCs at 24hpi. Cells were infected as in (A), with the addition of

mAb (0.4pg/mL):UV-inactivated ZIKV control (UV-ZIKV; MOI 1) immune complexes.

IL-1Ra IL-2R IL-8

¢ Ab-/ZIKV- 4 Ab-/MOI 1 v Ab-/MOI10 = EM4CO04/MOI1 = 33.3A06/MOI 1

Figure 6-5: HCs infected with mAb:ZIKV immune complexes fail to secrete pro-
inflammatory cytokines.

Cytokine concentrations in the supernatant of ADE-ZIKV-infected and control HCs were
assessed by multiplex bead assay at 24hpi. 33.3A06 and EM4CO4 were used at
0.4ug/mL with ZIKV at MOI 1. Data are shown as the average of biological triplicates
+SD analyzed by 1-way ANOVA and Tukey’s test, *p<0.05, **p<0.01. Dashed line
represents lower limit of detection; IL-8: dashed line represents upper limit of detection.

Ab’, no mAb. ZIKV', no ZIKV.
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Figure 6-6: ADE-ZIKV infection of HCs is slightly enhanced by IFN-A treatment.
(A) HCs were infected with ZIKV (MOI 1) in the presence of 33.3A06 mAb (3.2x107®,

6.4x10™, 1.28x10™, 2.56x10°, 5.12x10° pg/mL) and subsequently treated with 10 or
100IU/ml of IFN-A (blue) or left untreated (black). Upper panel: Intracellular ZIKV E
protein was evaluated by 4G2 staining and flow cytometry at 24hpi. Lower panel:
Supernatants from infected HCs were collected 24hpi and infectious virus release
assessed by FFA. Data are shown as the average of biological triplicates £+SD analyzed
by 2-way ANOVA and Tukey’s test, *p<0.05. FFU, focus-forming units. (B) HCs were
infected as in (A) and subsequently treated with 10 or 100IU/ml of IFN-B (red) or left
untreated (black). Intracellular ZIKV E protein (upper panel) and infectious virus release
(lower panel) were assessed and analyzed as in (A). *p<0.05 (C) HCs were infected with
ZIKV alone at MOI 1 or 10, or in the presence of EM4CO4 (3.2x10° ug/mL). Cells were
subsequently treated with 10 or 1001U/ml of IFN-A (blue) or IFN-B (red) or left untreated
(black). Intracellular ZIKV E protein (upper panel) and infectious virus release (lower

panel) were assessed and analyzed as in (A). *p<0.05, ***p<0.001.
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Figure 6-7: 1gG subclass affects enhancement of HC infection by ZIKV.

(A) Representative flow cytometry histograms illustrating expression of FcyRIll (CD16),
FcyRIl (CD32), and FcyRI (CD64) on the surface of uninfected HCs immediately
following HC isolation. (B) HCs were infected with ZIKV (MOI 1) in the presence of
different 33.3A06 IgG subclasses (8x107% 1.6x107% 3.2x10°, 6.4x10%, 1.28x10%
2.56x107, 5.12x10® pg/mL). Intracellular ZIKV E protein was assessed by 4G2 staining
and flow cytometry at 24hpi. mAb:ZIKV conditions were performed in singlicate (upper
panel). Controls are shown as the average of biological triplicates £SD (lower panel). Ab

, ho mAb. ZIKV', no ZIKV.
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Figure 6-8: The IgG1 and IgG3 subclasses preferentially enhance ZIKV infection of
human placental explants.

(A) Human placental explants were infected with ZIKV (5x10°pfu/ml) in the presence of
33.3A06 mAb IgG subclasses (0.1, 0.01, 0.001ug/mL). Viral replication within tissues
was assessed by strand-specific qRT-PCR at 24hpi. ZIKV RNA expression was
normalized to GAPDH and is shown as the average Log;, fold change over time-
matched Ab7/ZIKV" controls of biological triplicates +SD (n. Controls are shown below
with ZIKV alone and UV-ZIKV at 5x10°pfu/ml and mAbs at 0.1ug/mL. UV, UV-inactivated

ZIKV. (B) Supernatants from human placental explants infected as in (A) were collected
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at 24hpi and ZIKV genomic RNA measured by gRT-PCR. RNA expression was
normalized to ZIKV RNA standards and is shown as the average Log,o fold change over
time-matched Ab/ZIKV" controls of biological triplicates £SD. Controls are shown below.
(C) Human placental explants were infected with ZIKV alone (5x10°pfu/ml) or in the
presence of 33.3A06 mAb (0.4 and 0.08ug/mL) or EM4CO4 (0.4ug/mL). Supernatants
were collected at 3, 24, and 48hpi and infectious virus release assessed by FFA. FFU,

focus-forming units. Ab’, no mAb. ZIKV", no ZIKV.

Reaction Name :‘:;"e’; ?223,'25 Sequence (5' — 3')
qPCR primer 1 | ZIKV_907 prvM-E 907-929 | TTGGTCATGATACTGCTGATTGC
% qPCR primer 2 | ZIKV_983c prM-E 983-962 | CCTTCCACAAAGTCCCTATTGC
Probe ZIKV_932 FAM-NFQ prM-E 932.958 | CGGCATACAGCATCAGGTGCATAGGAG
o | CDNAprimer | T7_zIKv_g83c PIM-E (+) | 983962 | GCGTAATACGACTCACTATACCTTCCACAAAGTCCCTATTGC
2 & | aporprimert | zIkv_so7 PIM-E (+) | 907929 | TTGGTCATGATACTGCTGATTGC
N2 | qpcrprimer2 | T7tag PIME (+) GCGTAATACGACTCACTATA
& Probe ZIKV 932 FAMINFQ | prM-E (+) | 932.958 | CGGCATACAGCATCAGGTGCATAGGAG
o | CONAprimer | GVA_zIKv_907 pIM-E () | 907929 | ITTTGCTAGCTTTAGGACCTACTATATCTACCTTTGGTCATGATACTGCTGATTGC
2 & | qPcRprimer 1 | zikv_ssac pIM-E() | 983962 | CCTTCCACAAAGTCCCTATTGC
N E qPCR primer 2 | GVAtag prM-E () TTTGCTAGCTTTAGGACCTACTATATCTACCT
Probe ZIKV 932 FAMNFQ | pME() | 932958 | CGGCATACAGCATCAGGTGCATAGGAG

Table 6-1: ZIKV-specific primer/probe sequences used for gRT-PCR.

ZIKV-specific primer and probe sequences adapted from Lanciotti et al. (2008) and used
for ZIKV RNA gRT-PCR and ZIKV strand-specific gRT-PCR. Genome position is in
reference to Zika virus strain ZIKV/Homo Sapiens/PRI/PRVABC59/2015 (GenBank

accession number: KX601168.1). Unique 5' tag sequences are underlined.
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Chapter 7: Discussion

Written by Kendra M. Quicke
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Summary of LGP2 study findings

In this work, we have confirmed that LGP2 is a negative regulator of RIG-I signaling,
using the RIG-I-specific HCV PAMP RNA and the RIG-I-targeted virus SeV in murine
BM-DCs from pure C57BL/6J background mice and the HEK293 model human cell line.
Contrary to previous findings by other groups, we demonstrated that LGP2 inhibits RIG-I
signaling in RNA binding- and ATP hydrolysis-independent manner, and that the CTD of
LGP2 is similarly dispensable. Instead, we showed that LGP2 prevents the activating
K63-polyubiquitination of the RIG-I N-terminal CARDs by inhibiting the E3 ligase activity
of TRIM25. It is possible that LGP2 plays a broader role in preventing ubiquitination of
multiple targets throughout the cell. In addition to TRIM25, our mass spectroscopy
results identified interactions between LGP2 and several other ubiquitin machinery
components, including the E3 ubiquitin ligases STUB1 and RNF8 (unpublished data).
We also observe a cell-wide decrease in ubiquitin expression in certain experiments
(Figure 8E, WCL). Furthermore, Parisien and colleagues have shown that LGP2 inhibits
the ubiquitin ligase activity of the TRAF family proteins (Parisien et al., 2018). RNA
binding, ATP hydrolysis and the CTD of LGP2 are dispensable for this inhibitory function
of LGP2, in concordance with our findings shown here. These observations suggest that
LGP2 may have the ability to inhibit the activities of a broader range of E3 ubiquitin

ligases.

Potential factors influencing disparate results

Our understanding of LGP2 function has in part been confounded by the differing
phenotypes observed in LGP2” mice, and cells derived from these mice (Satoh et al.,
2010; Suthar et al., 2012b; Venkataraman et al., 2007). This may be due to several

factors, including the genetic background of the mice, the global knockout of LGP2 in
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these mice, the specificity of agonists used, and, during virus infection, the presence of
viral factors that antagonize innate immune signaling pathways.

LGP2" mice have been generated on three separate occasions. The first strain
was made on a mixed background of C57BL/6J and 129SvEv (Venkataraman et al.,
2007). These mice were born at the normal Mendelian ratio and exhibited normal
development, but their genetic make-up was 50% C57BL/6J and 50% 129SvEv.
Experiments with these mice suggested a negative regulatory role for LGP2 during NDV-
induced RIG-I signaling, and a positive regulatory role for LGP2 during EMCV-induced
MDAGS signaling. The second LGP2" mouse strain was made on a mixed background of
C57BL/6 and GSI-1 (Satoh et al., 2010). These mice were not born at the normal
Mendelian ratio, and female LGP2" mice exhibited enlarged uteruses and vaginal
atresia. In these experiments, LGP2 appeared to be required to positively regulate both
RIG-I- and MDA5-mediated antiviral responses. The third mouse strain was on a pure
C57BL/6J background (Suthar et al., 2012b). These mice were born at the normal
Mendelian ratio and did not exhibit any health defects. Experiments suggested that
LGP2 was necessary for survival and IFN-B production during infection with WNV, but
that LGP2 had no effect on downstream ISG expression or peripheral innate immune
responses. However, it should be noted that WNV is targeted by both RIG-I and MDAS5,
making it difficult to assess the effect of LGP2 on RIG-I-specific signaling.

The role of genetics on individual immune responses is becoming a more
appreciated phenomenon. Studies in humans and in mice have found that individual
genetics and passenger mutations can influence protein function and immune responses
to infection (Bowen et al., 2016; Querec et al., 2009; Thio, 2008; Vanden Berghe et al.,
2015). Genetic variations between human subjects have been shown to impact the
immune responses to the yellow fever virus vaccine (YF-17D) and may in fact be used to

predict the efficacy of the vaccine (Querec et al., 2009). Similarly, several groups have
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observed that slight differences in individual genes can influence the response to HCV
infection, and may determine whether the virus is cleared or becomes a chronic infection
leading to liver disease (reviewed in (Thio, 2008)). Other human studies have revealed
single nucleotide polymorphisms (SNPs) within innate immune genes that can influence
susceptibility to viral infection or autoimmunity (reviewed in (Bowen et al., 2016)). For
instance, a frameshift mutation within NOD2 corresponded to an increase in the negative
regulatory activity of NOD2 and subsequent dampening of RIG-I antiviral signaling
(Morosky et al., 2011). Additionally, one study analyzed the genomes of congenic mice
generated using embryonic stem cells (ESCs) from the 129 strain and recipient adults
from the C57BL/6J strain (Vanden Berghe et al., 2015). The majority of these congenic
mouse strains harbored mutations in the target gene that were carried over from the 129
ESCs (‘passenger mutations’). Many of these mutations resulted in unintentional
phenotypic differences. This illustrates that mice generated on a mixed genetic
background to study gene function may exhibit phenotypes that do not accurately
represent the role of the protein of interest. Generating mouse strains on a pure genetic
background — using ESCs and recipients from the same mouse strain — should reduce
the incidence of passenger mutations and mitigate the appearance of misleading results.

The global nature of the LGP2 gene knockout in these three mouse strains is
another factor that may confound results of in vivo experiments. It is probable that LGP2
functions in a cell type-specific manner, and/or performs multiple functions within the
same cell type depending on the cellular conditions. Thus, while gene function may be
confidently studied in highly controlled in vitro experiments using primary cells isolated
from these mice, ascertaining a cell-specific phenotype in a mouse where LGP2 is
absent in every tissue can be challenging. This challenge is highlighted by the
expanding number of processes LGP2 has been implicated in (Komuro et al., 2016;

Suthar et al.,, 2012b; van der Veen et al., 2018; Widau et al., 2014). A more reliable
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model would be a Cre/lox system in which LGP2 can be knocked out in specific cell
types within a mouse. The use of such conditionally gene-targeted mice would enhance
our understanding of LGP2 function in the RLR pathway within key innate immune cells,
including DCs, monocytes, and macrophages, and could be used to examine the role of
LGP2 in other tissues as well. Specifically, our group aims to utilize CD11c-floxed mice
in future experiments to better define the role of LGP2 in DCs in vivo during virus
infection.

In addition to selecting an appropriate model system, it is important to carefully
consider the choice of agonist used. This is of particular necessity in studies regarding
the mechanism of LGP2 regulation of the RLR pathway, since LGP2 appears to
differentially regulate RIG-I- (negatively) and MDA5-mediated (positively) antiviral
responses. For instance, it has been demonstrated that both RIG-I and MDAS5 recognize
and respond to transfected poly(l:C), a dsRNA agonist (Yoneyama et al., 2005;
Yoneyama et al., 2004). Since the finding that RIG-I and MDAS5 preferentially bind
dsRNA ligands of different lengths (Kato et al., 2008), low molecular weight (LMW; <1kb)
and high molecular weight (HMW; >1.5kb) versions of poly(l:C) have been created.
However, this distinction is not always taken into account and the specificity of these
agonists is incomplete, making it difficult to draw conclusions on the effects of LGP2 on
RIG-I- or MDA5-specific signaling. Similarly, many viruses are targeted by RIG-I and
MDAS5, with signaling by both RLRs being required for adequate innate immune
responses to infection (Fredericksen et al., 2008; Kato et al., 2008; Loo et al., 2008).
Use of such viruses to stimulate RLR signaling can again confound conclusions related
to the LGP2-mediated regulation of RIG-I- or MDAb5-specific signaling. Thus it is
important to utilize highly specific RIG-1 and MDA5 agonists, such as the HCV PAMP

RNA employed in our experiments (Saito et al., 2008), or viruses that are reliably
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targeted by either RIG-I (e.g. SeV; (Yoneyama et al., 2005)) or MDAS (e.g. EMCV; (Kato
et al., 2006) alone.

Of course, using virus infection to study the mechanisms of innate immune
signaling, while more biologically relevant, carries its own set of experimental
complications. Viruses inherently introduce factors responsible for antagonizing antiviral
signaling, and several have been shown to target proteins in the RLR pathway (reviewed
in (Chan and Gack, 2016)). Disruption of RLR signaling by a viral factor could adversely
affect phenotypes related to the regulation of the pathway, particularly the effects of
host-derived negative regulatory proteins. In the context of RIG-I signaling, we and
others have demonstrated that LGP2 is one such negative regulator (Rothenfusser et
al., 2005; Saito et al., 2007; Venkataraman et al., 2007; Yoneyama et al., 2005). If a viral
factor strongly inhibits RIG-I signaling upstream or downstream of LGP2 activity, the loss
of LGP2 would likely result in no change, or a very modest phenotype compared to WT
cells, making it appear as though LGP2 plays a dispensable role in the RIG-I antiviral
pathway. Alternatively, if a viral factor inhibits RIG-I signaling at the same step where
LGP2 exerts its activity, knocking out LGP2 may reduce competition for binding to the
host protein, enhancing the inhibitory effect of the viral factor and resulting in lower
antiviral signaling readouts that in WT cells. Such a phenotype would make it appear as
though LGP2 is required to upregulate antiviral responses. To mitigate these issues, it
may be necessary to include analyses using synthetic or virus-derived agonists that can
be introduced without other viral components. Additionally, modified viruses or virus
strains defective in innate immune signaling antagonism, such as influenza virus ANS1
(Kato et al., 2006) or non-pathogenic WNV-MAD (Madagascar strain; (Suthar et al.,

2012a)), could be employed to assess pathway regulation during virus infection.
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The conundrum of LGP2 function during WNV infection

Our group specifically studies immune responses to WNV and ZIKV infection. While the
role of LGP2 during ZIKV infection has yet to be explored, we have previously shown
that LGP2 is involved in regulating responses to WNV infection. Suthar and colleagues
found that upon infection with pathogenic WNV, LGP2" mice exhibited higher mortality
than WT mice (87.5% and 13%, respectively) (Suthar et al., 2012b). However, there
were no detectible differences in viral load between LGP2” and WT mice in either the
popliteal draining lymph node (pDLN) or the spleen through 8 days post-infection (dpi).
Additionally, no difference was found in either IFN-B or ISG transcript or protein levels in
the pDLN or spleen over a similar time course, which seems to suggest that while LGP2
is necessary for overall survival, it is not playing an overt role in the peripheral innate
immune response to WNV infection in vivo. Initial innate immune responses are largely
driven by DCs and macrophages, which are also known cell targets for WNV infection in
vivo (reviewed in (Samuel and Diamond, 2006)). Bone marrow-derived DCs and
macrophages from LGP2" mice showed increased WNV replication at 24 hours post-
infection (hpi) compared to WT cells (Suthar et al., 2012b). Additionally, LGP2” DCs and
macrophages exhibited decreased IFN-f production, but no differences were observed
in downstream ISG protein expression, including RIG-I, MDAS5, IFIT2 and IFIT3. This
appears to indicate a potential positive regulatory role for LGP2 during initial innate
immune responses, but also that LGP2 is largely nonessential in the context of WNV
infection.

As noted previously, WNV RNA replication products are recognized and bound
by both RIG-1 and MDAS (Fredericksen et al., 2008). This alone presents a complicating
factor in the study of LGP2 function during WNV infection, as LGP2 negatively regulates
RIG-I signaling (see Chapter 2) but is necessary for enhancement of MDA5 signaling

(Bruns et al., 2014, Bruns et al., 2013; Childs et al., 2013). It may be that the decrease in
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IFN-B production by LGP2” DCs is the result of a drop in MDAS5 signaling in the absence
of LGP2 positive regulation, and that this phenotype is eclipsing any effect that may be
wrought on the RIG-I signaling pathway. We could evaluate this hypothesis by
generating LGP2"xMDA5™ double knockout (DKO) mice. Barring effects due to viral
antagonism, we would expect that the phenotypes observed in BM-DCs from these mice
would illustrate the regulatory effect of LGP2 on RIG-I-specific responses during WNV
infection, as the responsibility for antiviral signaling would fall on RIG-I alone.
Additionally, we could use the HEK293 human cell model system to generate shRNA-
mediated knockdown, or CRISPR/Cas9-mediated knockout, cell lines lacking
combinations of LGP2, RIG-I and MDAS5. This would allow us to assess the relationship
of LGP2 with RIG-I and MDA5 during WNV infection via IFN-B promoter luciferase
assays and exogenous expression rescue studies.

An alternative hypothesis to the apparently contradictory results described by
Suthar and colleagues, is that WNV produces a viral factor that antagonizes the RIG-I
pathway at the same point where LGP2 exerts its negative regulatory function. Based on
our findings, this would occur by WNV targeting the activity of TRIM25. If the WNV factor
competes with LGP2 for interaction with TRIM25, and inhibits TRIM25 activity more
efficiently than LGP2, it would follow that in the absence of LGP2, more of the viral factor
would have access to TRIM25, resulting in even greater reduction of RIG-I signaling
than in WT cells. Indeed, several viruses have been shown to antagonize TRIM25
activity to inhibit RLR signaling. DENV, a flavivirus like WNV, produces a subgenomic
flavivirus RNA (sfRNA) that has been implicated in preventing TRIM25 activation and
subsequent RIG-I signaling (Manokaran et al., 2015). In this case, DENV sfRNA was
found to interact with endogenous TRIM25 and prevent the de-ubiquitination of TRIM25
that is required for activation. Through this mechanism, the sfRNA alone was able to

reduce IFN-B expression in Huh7 cells transfected with poly(l:C). Furthermore, siRNA



202

knockdown of TRIM25 did not enhance DENV replication in Huh7 cells. WNV likewise
produces an sfRNA that has been implicated in viral evasion of antiviral responses
(Pijlman et al., 2008; Schuessler et al., 2012), though the precise mechanism is not well
understood. It is possible that WNV sfRNA has a similar inhibitory mechanism to that of
DENV sfRNA.

Similarly, the E6 proteins of multiple human papillomaviruses (HPV) were found
to bind to the TRIM25 B-box domains, inhibiting TRIM25 de-ubiquitination and resulting
in greater TRIM25 degradation (Chiang et al., 2018). This inhibition of TRIM25 activation
subsequently prevented the TRIM25-mediated ubiquitination of N-RIG (RIG-I CARDS),
N-RIG interaction with MAVS, and downstream RIG-I signaling. Mechanistically, HPV E6
appears to compete with TRIM25 for de-ubiquitination by USP15. Co-expression of HPV
E6 and USP15 resulted in E6 de-ubiquitination which stabilized expression of the viral
protein. Influenza virus NS1 was found to interact directly with the coiled-coil domain
(CCD) of TRIM25 and prevent TRIM25 multimerization (Gack et al., 2009).
Multimerization of TRIM25 was required for the polyubiquitination of RIG-I. Thus, NS1
inhibited the TRIM25-mediated ubiquitination of RIG-I that is required for RIG-I activation
and interaction with MAVS. This phenotype was consistent in HEK293T cells expression
NS1 alone or infected with influenza virus. However, cells infected with an influenza
virus lacking NS1 (ANS1) exhibited no defect in RIG-I ubiquitination or downstream
signaling. Additionally, paramyxovirus V proteins from Nipah virus (NiV), measles virus
(MeV), SeV, and parainfluenza virus type 5 (PIV5) were all found to interact with TRIM25
and RIG-I (Sanchez-Aparicio et al., 2018). NiV V protein was further determined to
interact with the SPRY domain of TRIM25 and the N-terminal CARDs of RIG-I, the
domains required for the interaction between TRIM25 and RIG-l. However, this
interaction was not disrupted by V protein binding. Instead, NiV, MeV and PIV5 V

proteins inhibited ubiquitination N-RIG (RIG-1 CARDs) and prevented N-RIG interaction
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with MAVS. TRIM25-enhanced RIG-I signaling was also reduced by NiV and MeV V
proteins.

We could test for WNV interference at the TRIM25 activation step and whether
viral factors compete with LGP2 for TRIM25 regulation. Initially, we could exogenously
co-express individual viral proteins with TRIM25 in a model cell line, such as HEK293
cells, to determine whether any WNV proteins interact with TRIM25. We could also infect
cells with WNV and immunoprecipitate the endogenous host proteins TRIM25 and LGP2
and probe a Western blot for viral proteins to confirm whether interactions occur in the
context of infection. If we discover such an interaction, we can then determine the
downstream effects on TRIM25 and RIG-I activation, and whether the viral protein
disrupts the interaction between TRIM25 and LGP2. We could then generate a mutant
WNV lacking the viral protein and use this to infect WT and LGP2” BM-DCs to see
whether this results in increased innate immune responses in LGP2" cells. Alternatively,
if no viral protein is identified, we can test the role of WNV sfRNA by infecting WT and
LGP2" BM-DCs with a WNV defective in producing sfRNA (Schuessler et al., 2012). If
this results in increased innate immune responses in LGP2" cells compared to WT cells,
then we can subsequently use HEK293 cells to test for an interaction between WNV
sfRNA and TRIM25 or USP15, and whether sfRNA adversely affects TRIM25 and RIG-I

activation.

LGP2 conclusion: RLR agonists as vaccine adjuvants

It is becoming increasingly important to understand how innate and adaptive immune
responses are regulated. RLR agonists are now being developed and considered as
potential broad-spectrum antiviral therapeutics (Martinez-Gil et al., 2013; Olagnier et al.,
2014) and as adjuvants to enhance immunogenicity during vaccination (Chakravarthy et

al., 2010; Saito et al., 2008). Therefore, it is crucial to understand how the RLR signaling
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pathway is regulated in order to successfully augment immunogenicity and prevent
cytokine-mediated tissue damage (Clyde et al., 2006; Oldstone and Rosen, 2014; Sun et
al., 2012). As a key regulator of RLR signaling, LGP2 is central to understanding the
regulation of innate and adaptive immune responses. A more complete understanding of
LGP2 function would aid in developing novel antiviral therapies and vaccines, or

additional treatments to improve the efficacy of existing anti-cancer therapies.

Summary of ZIKV study findings

In Chapters 3-6, we expand on the fields of ZIKV tropism and immunogenicity. We show
that African and Asian lineage strains of ZIKV target primary human moDCs for infection.
ZIKV infection induced expression of RLRs and antiviral effectors, but elicited minimal
DC activation and pro-inflammatory cytokine secretion. Viral antagonism was observed
at multiple levels, as ZIKV (PRVABC59) blocked translation of IFN-f and inhibited
phosphorylation of STAT1 and STAT2. ZIKV PRVABC59 was also able to productively
infect primary human HCs, the fetal-derived placental macrophages, and CTBs. Infection
elicited modest HC activation, but did result in production of pro-inflammatory cytokines
and induction of RLR and antiviral effector genes. Serum and monoclonal antibodies
isolated from DENV-infected patients were able to cross-react with and neutralize ZIKV
(PRVABC59) to varying degrees. Several of these monoclonal antibodies were able to
enhance ZIKV infection of U937 cells (monocytic cell line). We were also able to show
enhanced ZIKV infection of primary HCs and second semester human placental
explants in the presence of DENV cross-reactive antibodies. Enhancement was IgG
subtype-dependent and seemed to involve both increased binding and entry of virus to

cells and downregulation of RLR and antiviral effector expression.
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Further advances in ZIKV tropism and immunology

While much remains to be discovered in the realms of cellular tropism, innate immune
responses, and the consequences of pre-existing flavivirus immunity, the body of work
on ZIKV has expanded rapidly since early 2016. Several other groups have corroborated
our findings on the ability of ZIKV to productively infect human DCs (Sun et al., 2017;
Vielle et al., 2018) and placental macrophages (Bhatnhagar et al., 2017; El Costa et al.,
2016; Jurado et al., 2016; Noronha et al., 2016) and CTBs (Aagaard et al., 2017; El
Costa et al., 2016; Sheridan et al., 2017; Tabata et al., 2016). Sun and colleagues
detected ZIKV RNA in myeloid DCs isolated from two ZIKV-infected patients (Sun et al.,
2017). Viral RNA was not detected in plasmacytoid DCs (pDCs), natural killer (NK) cells,
T cells or B cells isolated from the same patients. Another study demonstrated in vitro
infection of CD14" blood monocytes by both African and Asian lineage ZIKV strains (Foo
et al.,, 2017). Among placental cell types, isolated human primary HCs are now
confirmed to support ZIKV replication (El Costa et al., 2016; Jurado et al., 2016).
Infection has also been observed in HCs and CTBs within human placental explants,
which retain much of the fetal chorionic villi architecture (Jurado et al., 2016; Tabata et
al., 2016; Weisblum et al., 2017), and in maternal decidual explant tissues (El Costa et
al., 2016; Weisblum et al., 2017). El Costa and colleagues also found that ZIKV infects
and replicates in maternal decidual macrophages, suggesting these cells may play a role
in ZIKV transmission at the placenta (El Costa et al., 2016). Furthermore, HCs within the
chorionic villi of placental tissues from ZIKV-infected women were found to contain
evidence of replicating ZIKV (Bhatnagar et al., 2017; Noronha et al., 2016). Some
studies have failed to find ZIKV infection of CTBs (Jurado et al., 2016), however, this
may be due to the lower level of infection in these cells compared to HCs, as observed
by us and others (Tabata et al., 2016), or differentiation in culture into more resistant

STB-like cells. Sheridan and colleagues described an embryonic stem cell (ESC)-
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derived trophoblast model that can be differentiated into CTBs and STBs, and appears
to be representative of the early placental barrier formed within the first seven days of
pregnancy (Sheridan et al., 2017). Surprisingly, ESC-derived STBs were susceptible to
ZIKV infection in addition to CTBs. STBs are generally considered resistant to infection
due to the constitutive release of IFN-A (Bayer et al., 2016; Corry et al., 2017; Delorme-
Axford et al., 2013; Tabata et al., 2016; Weisblum et al., 2017). However, another group
has also described ZIKV infection of multinucleated CTBs (El Costa et al., 2016).
Together these findings suggest that STBs may not be as impervious to viral infection as
is currently thought.

Studies on innate immune responses in ZIKV-susceptible cells continue to report
variable results based on cell type. Similar to our findings, Vielle and colleagues report
induction of type | IFN and ISG transcription in response to ZIKV infection of DCs (Vielle
et al., 2018). THP-1 monocytes were also found to increase expression of type | IFN and
cytokine genes (Luo et al., 2018). In contrast, mDCs isolated from ZIKV-infected patients
exhibited down-regulation of PRR, transcription factor, type I, Il, and Il IFN, and I1SG
transcripts, though differences between infected and uninfected in vitro-derived mDCs
were more modest (Sun et al., 2017). However, information regarding the innate immune
responses within DC subtypes is still very sparse. CD14" monocytes infected in vitro
with an Asian lineage ZIKV exhibited a shift toward an immunosuppressive phenotype
with inhibition of type | IFN signaling (Foo et al., 2017). This shift was even more
pronounced in cells isolated from pregnant women. Somewhat expectedly, due to the
immune tolerant nature of the placenta, we and others have found that innate immune
responses in primary placental cells are generally unenthusiastic (Rosenberg et al.,
2017; Schwartz, 2017; Weisblum et al., 2017), with the exception of IFN-A secretion by

STBs (Bayer et al., 2016; Corry et al., 2017; Tabata et al., 2016; Weisblum et al., 2017).
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Progress has been made on identifying specific antiviral factors involved in
controlling ZIKV infection. IFITM3 and viperin were quickly recognized as important
antiviral effectors in the response to ZIKV (Savidis et al., 2016; Van der Hoek et al.,
2017). The role of viperin was confirmed in HEK293T cells, where it was found to
interact with individually expressed ZIKV NS3 and mediate proteasomal degradation of
the viral protein (Panayiotou et al., 2018). Wang and colleagues described the induction
of the NLRP3 inflammasome upon ZIKV infection (Wang et al., 2018). The activation of
IL-18 can be promoted by the NLRP3 inflammasome and helps promote antiviral
inflammatory responses. IL-13 protein levels were increased in the sera of ZIKV-infected
human patients and A129 mice, as well as within human PBMCs, THP-1 macrophages,
and mouse BM-DCs. The knockdown of NLRP3 in THP-1 cells and the knockout of
NLRP3 in C57BL/6 mice attenuated IL-13 secretion and maturation, suggesting a role
for NLRP3 in the response to ZIKV. Furthermore, several members of the RLR signaling
pathway were shown to inhibit ZIKV replication (Hertzog et al., 2018; Piret et al., 2018).
ZIKV-infected MAVS™ mice exhibited higher viremia and lower type | IFN and cytokine
protein levels in the spleen than WT or TRIF” mice (Piret et al., 2018). MAVS is the
central adaptor protein for the RLR signaling pathway, while TRIF is the adaptor protein
for TLR3, suggesting that RLR signaling contributes more effectively to the innate
response to ZIKV infection. More specifically, RNAs generated during ZIKV infection
were shown to activate signaling by RIG-I, and to a lesser extent MDAS, indicating that
ZIKV is likely recognized primarily by RIG-1 (Hertzog et al., 2018). The implication of
RLRs in the innate immune response to ZIKV is consistent with our data showing
increased transcription and translation of RLRs in moDCs and HCs (Chapter 3, Figure
10; Chapter 4, Figure 7).

In addition, multiple studies have now described cross-reactivity between DENV

antibodies and ZIKV, though there is some uncertainty about whether these antibodies
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are protective against ZIKV infection (Dai et al., 2016; Fernandez et al., 2017;
Swanstrom et al., 2016) or whether they enhance infection and increase the risk of
symptomatic disease or trans-placental transmission (Bardina et al., 2017; Charles and
Christofferson, 2016; Dejnirattisai et al., 2016; Paul et al., 2016; Stettler et al., 2016). In
confirmation of our results, others have since found that human sera and monoclonal
antibodies from DENV-infected patients can cross-react and neutralize ZIKV with some
variability (Barba-Spaeth et al., 2016; Bardina et al., 2017; Dejnirattisai et al., 2016;
Fernandez et al., 2017; Paul et al., 2016; Stettler et al., 2016). Antibody-dependent
enhancement (ADE) of ZIKV infection by DENV antibodies has also been shown by
other groups in cell culture models, including THP-1, U937, and K562 cells (Bardina et
al., 2017; Charles and Christofferson, 2016; Dejnirattisai et al., 2016; McCracken et al.,
2017; Pantoja et al., 2017; Paul et al., 2016; Stettler et al., 2016). However, few have
demonstrated ADE in primary cell types as we did in Chapter 6. One study went on to
demonstrate enhanced morbidity and mortality in ZIKV-infected STAT2” mice that were
pre-treated with plasma from DENV-infected patients (Bardina et al., 2017). Another
showed enhanced morbidity and mortality in AG129 mice infected with ZIKV or DENV in
the presence of DENV mAb or ZIKV mAb, respectively, indicating that ZIKV immunity
may adversely affect DENV disease as well (Stettler et al., 2016). However, when the
impact of pre-exiting flavivirus antibodies on ZIKV infection was tested in animal models,
results often suggested either no effect (McCracken et al., 2017; Pantoja et al., 2017), or
a protective effect against ZIKV (Dai et al., 2016; Fernandez et al., 2017; Swanstrom et
al., 2016). In immunocompromised mice infected with ZIKV, treatment with human
DENV monoclonal antibodies reduced mortality and viral loads (Dai et al.,, 2016;
Fernandez et al.,, 2017; Swanstrom et al., 2016). In addition, ZIKV-infected pregnant
mice treated with these antibodies experienced lower viral loads in fetal tissues and less

fetal demise (Fernandez et al.,, 2017). Two studies using rhesus macaque models
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reported that while DENV-experienced sera resulted in ADE of ZIKV infection in vitro,
there was no effect in vivo on ZIKV disease in these animals (McCracken et al., 2017,
Pantoja et al., 2017). This highlights the necessity for testing this ADE concept in
primary cells, and especially in vivo. It will also be crucial to determine whether
enhancement of infection occurs naturally in humans, or if pre-existing flavivirus
antibodies can influence other tropism or transmission characteristics of ZIKV, as we
suggest in Chapter 6.

Once ZIKV gains access to placental tissues, the lack of a strong antiviral
response in fetal-derived cells, along with the innate abilities of ZIKV to suppress IFN
signaling at multiple levels (Grant et al., 2016; Kumar et al., 2016; Wu et al., 2017), may
provide a niche in which ZIKV can persist within the host. The possibility of ZIKV
persistence in placental tissues has been suggested by findings both in humans and in
rhesus macaques (Bhatnagar et al., 2017; Driggers et al., 2016; Dudley et al., 2016;
Rosenberg et al., 2017). Cases evaluating the placentas from women infected with ZIKV
during pregnancy have identified ZIKV RNA upon birth, regardless of when infection
occurred. Others have observed heightened proliferation of HCs in placentas from ZIKV-
infected women, which could increase the number of host cells available for ZIKV
replication (Noronha et al., 2016; Rosenberg et al., 2017; Schwartz, 2017). Such an
environment could easily increase the risk of ZIKV transmission to the fetus, as well as
re-infection of the mother, by allowing for greater amplification of the virus and providing

a wider temporal window for transmission to occur.

Vertical transmission of other flaviviruses
ZIKV currently seems unique among flaviviruses in its ability to be transmitted across the
placenta. However, this characteristic of the virus was not identified until the outbreaks in

the Americas, and then later observed retrospectively during the outbreaks in French
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Polynesia (Cauchemez et al., 2016). One potential reason for this is lack of reporting
during previous outbreaks, or the small number of cases comprising outbreaks until
2007. In this context, it may be that other flaviviruses are also capable of vertical
transmission, but that reports are lacking due to small numbers of cases or failure to
associate fetal outcomes with flavivirus infection during pregnancy. Indeed, Platt and
colleagues recently described trans-placental transmission in mice and infection of
human placental explants with WNV and Powassan virus (POWYV), a tick-borne flavivirus
(Platt et al., 2018). WNV and POWYV are both neurotropic and have caused fewer human
cases than the ZIKV outbreaks of the Western hemisphere. In immunocompetent WT
mice infected with WNV (3000.0259) or POWYV (Spooner strain), viral RNA was found in
the placenta and fetal head, and resulted in ~50% fetal demise. More specifically, WNV
RNA was detected in both the maternal and fetal tissues of the placenta, but no damage
to placental structure was observed. In second trimester human placental explants,
WNV and POWYV were both able to replicate in the maternal decidua and the fetal
chorionic villi, as was ZIKV (Paraiba strain).

WNV has been detected in the placentas of mice by other groups as well
(Cordoba et al.,, 2007; Julander et al., 2005; Julander et al., 2006), and a handful of
studies have attempted to examine the potential for WNV trans-placental transmission
and the effects of in utero WNV infection in humans, with mixed results. Alpert and
colleagues described the first documented case of WNV congenital infection (Alpert et
al., 2003). The mother was diagnosed with WNV in the third trimester, and the fetus was
found to have ocular and brain pathologies. Blood and cerebrospinal fluid (CSF) from the
infant was positive for WNV IgM antibodies. As IgM does not cross the placenta, this
suggests WNV vertical transmission and infection of the developing fetus. Another
broader study evaluated fetal outcomes of 77 women infected with WNV during

pregnancy (O'Leary et al., 2006). The women were determined to have been infected at
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a range of gestational ages (1%, 2™ or 3" trimester) and exhibited a wide range of
symptoms, from asymptomatic viremia to WNV neuroinvasive disease. Of the infants
that were successfully delivered, none had conclusive evidence of in utero WNV
infection, though the number of severe birth defects in this cohort was higher than
expected (7/66 infants). There were three cases of possible WNV congenital infection. In
all cases, mothers had symptomatic WNV infection late in the third trimester, and infants
were either born with WNV symptoms or developed symptoms soon after birth. Two
were found to have WNV IgM in the CSF, and one had detectible WNV IgM in the serum
at one month after birth. However, only 1/50 placentas tested was positive for WNV
RNA, and viral RNA was detected in fetal, but not maternal placental tissues. Others
have also failed to detect significant differences in growth or neural/cognitive
development in children born to WNV-infected mothers compared to those born to
uninfected mothers (Paisley et al., 2006; Pridjian et al., 2016; Sirois et al., 2014). Thus,
the question of WNV trans-placental transmission has not been resolved.

WNYV infection causes disease in immunocompetent WT mice, indicating that,
unlike ZIKV, WNV is able to overcome type | IFN signaling in this model. However, it
could be that WNV is sensitive to type Il IFN, in particular human IFN-A1, which is
secreted by the STBs that form the protective outer layer of the placenta (Bayer et al.,
2016). Also, in the four potential cases of vertical transmission described above, mothers
were diagnosed with WNV during the third trimester. Later in the third trimester of
pregnancy, the CTB layer becomes inconsistent as more CTBs are needed to supply
differentiated cells to the now large STB layer (Coyne and Lazear, 2016). It is possible
that the maternal immune response to WNV could damage the thinned outer layers of
the placenta, providing WNV with easier access to HCs. HCs would likely be more
susceptible to infection as macrophages and DCs are known targets of WNV infection

(Suthar et al., 2013b). Thus, WNV could represent a more opportunistic infection of the
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fetal compartment than natural tropism for placental or fetal tissues. However, upon
reaching the fetal brain, the neurotropism of WNV would likely allow it to replicate

efficiently and cause subsequent tissue damage.

Unanswered questions

Despite the veritable explosion of work surrounding ZIKV in the last two years, there is
still much that remains unknown. For instance, what was it about the outbreaks in
French Polynesia and the Americas that led to the connection of ZIKV with congenic
infection and microcephaly when this had not been observed in previous outbreaks? It is
possible that there were ZIKV-associated cases of microcephaly in previous outbreaks,
but due to lack of testing/reporting for ZIKV infection, the association went
undocumented. In contrast, both ZIKV infections and pregnancy outcomes were well
documented during the outbreak in Brazil. In a similar vein, it may be that ZIKV-
associated microcephaly was observed in these outbreaks simply because of the large
number of cases. Microcephaly is observed in about 1-17% of cases, depending on
geographical location and assumed percentage of pregnant women infected
(Cauchemez et al., 2016; Coelho and Crovella, 2017; Jaenisch et al., 2017), and before
2007, ZIKV outbreaks were very limited (Hayes, 2009). Thus, ZIKV may always have
been capable of causing microcephaly, there were just never enough infected pregnant
women in previous outbreaks for it to manifest.

Others, however, have hypothesized that changes in the viral genome resulted in
the evolution of more virulent ZIKV strains. Differences between African and Asian
lineage viruses have been demonstrated and several genomic variations have been
identified between ancestral Asian lineage viruses and those strains isolated from the
French Polynesian and American epidemics (Faria et al., 2016; Haddow et al., 2012;

Zhu et al., 2016), some of which resulted in amino acid changes within viral proteins
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(Pettersson et al.,, 2016; Wang et al., 2016). Yuan and colleagues observed that
contemporary ZIKV isolates are more neuro-pathogenic than an ancestral Asian strain
from Cambodia (FSS13025) (Yuan et al., 2017). A previous study identified a S139N
amino acid change in the genomes of several recently isolated ZIKV strains, that
corresponded to position 17 in the prM protein (Pettersson et al., 2016). When this
substitution was introduced in the ZIKV FSS13025 prM protein, the mutant virus
exhibited enhanced replication in human and mouse NPCs and resulted in more severe
microcephaly in mice compared to the WT ZIKV FSS13025 (Yuan et al.,, 2017).
Additionally, when this natural amino acid change in the 2016 Venezuelan ZIKV isolate
(GZ01) was reversed (N139S), the mutant virus became phenotypically similar to ZIKV
FSS13025, with lower mortality rates in mice than the WT ZIKV GZ01 strain. The S139N
substitution occurred just before the ZIKV outbreak in French Polynesia, the first
outbreak in which ZIKV was associated with fetal microcephaly, suggesting it may
increase the neuro-pathogenesis of the virus compared to more historical stains.
Another study identified a number of amino acid changes in the NS4b protein of
Brazilian lineage viruses compared to African lineage viruses (Jun et al., 2017). These
changes increased the potential of NS4b to be phosphorylated, which may interfere with
fetal brain development pathways. It is possible that other amino acid changes could
enhance the ability of newer Asian strains to cross the placenta. If this were the case,
easier access to the fetal compartment could result in more frequent transmission to the
fetus and an increase in adverse neurological outcomes.

The risk factors for trans-placental transmission and subsequent developmental
abnormalities are also still unclear. It is believed that gestational age during ZIKV
infection likely affects the outcome, as the developing fetus and the placental
architecture are more vulnerable at early times during pregnancy. However, there is still

some debate as to which time period represents the greatest risk (Cauchemez et al.,
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2016; Faria et al., 2016; Hoen et al., 2018; Honein et al., 2017), and others have failed to
observe a significant correlation between gestational age at infection and adverse fetal
outcomes (Brasil et al., 2016a; Shapiro-Mendoza et al., 2017). The route of infection
should also be considered. ZIKV transmission most often occurs from the bite of an
infected mosquito, but instances of sexual transmission have also been reported (Foy et
al., 2011; McCarthy, 2016; Musso et al., 2015b). Sexual transmission may increase the
risk of vertical transmission from a pregnant mother to her developing fetus and thus
increase the risk of congenital ZIKV infection. Infection of vaginal tissues could provide a
more direct route for ZIKV infection of the placenta and trans-placental transmission.
Indeed, vaginal inoculation of WT immunocompetent mice was able to produce
detectible ZIKV replication in the vaginal tract (Yockey et al.,, 2016), whereas
subcutaneous inoculation (representative of transmission via mosquito bite) does not
result in productive infection (Lazear et al., 2016). Several case and cohort studies have
implicated ZIKV infection in the first trimester as a risk factor for congenital infection and
microcephaly or other developmental abnormalities (Cauchemez et al., 2016; Hoen et
al., 2018). Another group described an in vitro model that reflected the earliest stages of
placental development and found that these cells were particularly susceptible to
infection (Sheridan et al., 2017). Infection at this early stage could easily occur if the
virus were sexually transmitted. Additionally, symptomatic versus asymptomatic
maternal ZIKV disease during preghancy should be evaluated. The majority of studies
conducted thus far have evaluated fetal outcomes from ZIKV-infected cohorts with non-
infected women as controls. However, there is evidence that microcephaly and other
potentially ZIKV-related neuro-pathologies can occur following asymptomatic infection of

pregnant women (Franca et al., 2016; Pacheco et al., 2016).
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ZIKV conclusion: A lingering threat

Understanding the virology, immunology and transmission of ZIKV will be essential for
guiding future efforts to combat this emerging pathogen. ZIKV is now endemic across
much of South and Central America, as well as in Puerto Rico (Adams et al., 2016;
Lozier et al., 2016; Petersen et al., 2016a). There have been multiple travel-associated
cases identified within non-endemic countries, including the United States (Armstrong et
al., 2016; Leta et al., 2018; Meaney-Delman et al., 2016), and even some instances of
subsequent autochthonous transmission, presumably by mosquito vectors (Likos et al.,
2016). A number of Aedes spp. mosquitoes, including Aedes aegypti and Aedes
albopictus, that have been shown to transmit ZIKV have territories that include regions of
the US, which increases the risk that ZIKV could become endemic in this country as well
(Leta et al., 2018; Petersen et al., 2016a; Weaver et al., 2016). ZIKV can also be spread
through sexual contact, and has been shown to remain viable in semen for up to two
weeks after symptoms have resolved (Mansuy et al., 2016; Musso et al., 2015b), further
enhancing the transmission potential of the virus.

Specifically, knowledge of the tropism, initial innate antiviral responses, and
potential consequences of flavivirus cross-reactive antibodies during ZIKV infection will
be essential for developing vaccines and therapeutics targeting ZIKV. Ideally, a
treatment would stimulate those antiviral pathways shown to successfully activate innate
immune cells, such as DCs and macrophages, and control ZIKV infection and would
evoke a ZIKV-specific antibody response. The immunogenic properties of ZIKV may also
affect ongoing research into other flavivirus vaccines. For instance, there has been great
progress in the effort to develop an effective vaccine against DENV. The most promising
candidate at this time is a quadrivalent vaccine that contains epitopes from all four
DENV serotypes, in an effort to produce an antibody repertoire that can efficiently

neutralize subsequent infection by any DENV serotype, reducing the risk of ADE (Diaz et
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al., 2018; Olivera-Botello et al., 2016). The efficacy of this and other vaccines may be

complicated if ZIKV-specific antibodies can cross-react with DENV.

Concluding thoughts

We and others have observed up-regulation of RLR gene and protein expression in
response to ZIKV infection (Luo et al., 2018; Vielle et al., 2018), and several members of
the RLR signaling pathway have been specifically implicated in controlling virus
replication (Hertzog et al., 2018; Piret et al., 2018). Indeed, we and others have found
that treating cells with type | IFN after infection is established has little effect on viral
titers (Frumence et al., 2016; Hamel et al., 2015), however we also showed that post-
infection treatment with a RIG-I specific agonist could significantly reduce infectious virus
release (Chapter 3, Figure 12B). Together these results indicate that the RLR signaling
pathway is a critical component of the antiviral response to ZIKV. Thus, LGP2 likely
plays a central role in regulating this response. LGP2 mRNA expression is induced in
ZIKV-infected moDCs (Chapter 3, Figure 10A) and HCs (Chapter 4, Figure 7B), and
protein levels are similarly increased in moDCs (Chapter 3, Figure 10C) and HCs
(Chapter 6, Figure 4D) during ZIKV infection, further supporting the involvement of
LGP2. As mentioned above, it is necessary to understand the innate immune responses
to ZIKV in its natural cell targets in order to design effective vaccines and therapeutics.
Integral to this is understanding how these innate responses are regulated. It will be
necessary to identify whether RIG-I or MDA5 specifically recognize and target ZIKV, or if
both proteins are required to initiate an adequate response, as LGP2 differentially
regulates these RLRs. It should also be investigated whether ZIKV possesses any
antagonistic mechanisms that target proteins in the RLR pathway, specifically TRIM25,
as this could impact the function of LGP2 during ZIKV infection. Also mentioned above is

the consideration of RLR agonists as vaccine adjuvants. This may be particularly
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effective against ZIKV, given our findings (Chapter 3, Figure 12B). However, if this
approach is to be considered, it will be essential to understand the LGP2-mediated

regulation of this pathway.
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