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Abstract 
 

Mechanisms of Flavivirus Antagonism of Innate Immune Signaling in Human 
Dendritic Cells 

 
By James Raymond Bowen 

 
West Nile virus (WNV) is a neurotropic flavivirus that remains a leading 

cause of mosquito-borne encephalitis in the United States. Zika virus (ZIKV), 
which is closely related to WNV, is an emerging mosquito-borne flavivirus that 
has sparked a global public health crisis due to a causal linkage to severe 
neonatal birth defects. Previous work has suggested that dendritic cells (DCs) 
are important cellular targets during infection with related flaviviruses, including 
dengue, yellow fever, and Japanese encephalitis viruses. However, the 
contributions of human DCs during WNV or ZIKV infection remains poorly 
understood. Here, we utilized primary human cells to demonstrate that 
monocyte-derived DCs (moDCs) support productive viral replication following 
infection with WNV and ZIKV. Using a systems biology approach, STAT5 was 
identified as a regulator of DC activation that was not activated during WNV or 
ZIKV infection. Consequently, molecules involved in antigen presentation and T 
cell activation were minimally induced during WNV and ZIKV infection, and 
functionally, WNV-infected moDCs dampened allogeneic T cell proliferation. 
Mechanistically, WNV and ZIKV blocked tyrosine phosphorylation of STAT5, and 
to a lesser extent STAT1 and STAT2, through impairment of Tyk2 and JAK1 
activation. ZIKV, but not WNV, also selectively blocked type I IFN protein 
translation, without affecting the up-regulation of other antiviral proteins. 
Combined, our studies use primary human cells to reveal novel mechanisms 
used by WNV and ZIKV to subvert DC activation during productive infection 
within human moDCs. 
 

The mechanisms and cell types involved in transplacental transmission of 
ZIKV are poorly understood. Here, we utilized primary human cells isolated from 
villous tissue of full-term placentae to demonstrate that ZIKV productively 
replicates within primary human placental macrophages, known as Hofbauer 
cells (HCs). ZIKV also infected cytotrophoblasts, although viral replication was 
delayed and more limited. ZIKV infection of HCs promoted up-regulation of T cell 
co-stimulatory molecules, production of pro-inflammatory cytokines, type I IFN 
secretion, and strong antiviral gene expression. Combined, our findings support a 
mechanism of transplacental transmission where ZIKV gains access to the 
developing fetus by directly infecting placental cells and disrupting the placental 
barrier. 
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CHAPTER 1. INTRODUCTION 
 

Part 1: Neurotropic flaviviruses  

 

A. West Nile Virus 

 West Nile virus (WNV) is a member of the Flaviviridae family, genus 

flavivirus and is closely related to dengue, yellow fever, Japanese encephalitis, 

and Zika viruses. The envelope (E) protein of mature WNV virions binds to target 

cells through an unknown host receptor and initiates receptor-mediated 

endocytosis (1, 2). Endosomal acidification triggers membrane fusion, viral 

particle disassembly, and delivery of the 10.8kb positive sense, single stranded 

RNA (ssRNA) genome into the host cytoplasm. The viral genome is translated at 

the rough endoplasmic reticulum (ER) into a single viral polypeptide that is 

cleaved by viral and host proteases to generate 3 structural proteins (E, pre-

membrane/prM, and nucleocapsid/C) that encapsidate the viral particle and 

genome, as well as 7 non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, 

NS4A, NS4B, and NS5) that serve critical functions in genome replication, 

polypeptide processing, and immune evasion. WNV initiates genome replication 

and particle assembly within invaginations of the ER membrane, where non-

infectious, immature virions bud into the ER lumen and traffic through the host 

endocytic pathway. Viral particle maturation occurs within the trans-Golgi 

network, where glycosylation of the E protein and cleavage of prM to M by furin 

proteases generate infectious virions that exit the cell by exocytosis. 
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 Host antiviral effector molecules that target each step of the viral life cycle 

have been identified, including inhibitors of cell entry (IFITM family) (3, 4), viral 

replication (OAS/RNase L system) (5, 6), protein translation (PKR and the IFIT 

family) (6, 7), and viral egress (viperin) (8). To maintain its pathogenicity, WNV 

has evolved multiple mechanisms to overcome the pressures imposed by these 

antiviral effector molecules, which has been recently reviewed in detail by 

multiple groups (9, 10). A better understanding of how the host restricts WNV 

replication, as well as the mechanisms used by the virus to antagonize these 

responses will inform the rational design of flavivirus-specific antiviral treatments.  

 

WNV disease in humans 

 Human WNV infection was first described in 1937 in Uganda, causing 

sporadic outbreaks throughout Africa and Europe over the next 60 years (11). 

WNV was introduced into the United States (US) in 1999, where it caused a 

small outbreak of meningitis and encephalitis in New York City. WNV rapidly 

spread throughout the US, where it remains endemic and causes annual 

outbreaks of neuroinvasive disease. Globally, seropositivity for WNV is 

widespread and WNV remains a leading cause of mosquito-borne viral 

encephalitis worldwide. In the environment, WNV cycles between its mosquito 

vector, predominately of the Culex species, and birds, which serve as the primary 

reservoir and amplification host of WNV. Humans and other mammals serve as 

dead end hosts following the bite of an infected mosquito, failing to generate the 

prolonged and high titer viremia required to sustain a mosquito transmission 
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cycle. Following human infection, 1 in 5 individuals develop symptoms that range 

from a mild febrile illness to severe neuroinvasive disease. Neuroinvasion is a 

serious complication with long term sequelae that includes ocular involvement, 

cognitive impairment, muscle weakness, and flaccid paralysis (12). The current 

lack of vaccines or specific therapeutics approved for use in humans underpins 

the need to better understand the mechanisms of protective immunity during 

human WNV infection. 

 

WNV pathogenesis 

 Using a murine model, three phases of WNV pathogenesis have been 

defined: early post-inoculation, visceral organ dissemination, and neuroinvasive 

phases (13). Following feeding and probing by a WNV-infected mosquito, high 

doses of virus are inoculated into the skin, while lower doses can also be 

deposited directly into the bloodstream (14). During the early post-inoculation 

phase, WNV infects keratinocytes and skin resident DCs, including epidermal 

Langerhans cells and dermal DCs, as initial targets of viral replication (13, 15). 

Viral spread to the skin draining lymph nodes leads to infection of LN resident 

DCs, resulting in viral amplification and viremia.  

 Once WNV reaches the circulation, the visceral organ dissemination 

phase begins with WNV spread to permissive peripheral tissues, including the 

spleen, where DCs are primary targets of viral replication and amplification (16). 

WNV initiates the neuroinvasive phase of pathogenesis after crossing the blood 

brain barrier (BBB) and directly infecting neurons within the central nervous 
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system (CNS) (17, 18). While the primary route used by WNV to cross the BBB 

remains unclear, increased blood brain barrier (BBB) permeability, direct 

infection of endothelial cells, retrograde axonal transport, and migration of 

infected leukocytes are all potential mechanisms (13).  

 While the mouse model has been of significant utility in parsing out critical 

events during WNV infection, our understanding of human WNV pathogenesis 

remains poorly understood. New small animal models that better reflect human 

disease, including use of the collaborative cross mouse model of genetic 

diversity, may help narrow this gap in our understanding (19). Given that the 

severity of WNV infection is primarily associated with the neuroinvasive phase, a 

better understanding of the mechanisms that restrict viral entry and replication 

within the CNS during human infection is of paramount importance.  

 

WNV immunity 

 Using the mouse pathogenesis model, critical features of immune control 

have been defined during WVN infection. Early control of viremia is mediated by 

B cells through production of virus neutralizing IgM and IgG antibodies, both of 

which are critical for promoting viral clearance from the circulation and limiting 

viral dissemination (20, 21). Monoclonal antibodies with potent neutralization 

have also show therapeutic efficacy in post-exposure therapeutic trials in mice 

(22, 23). During human infection, IgM and IgG responses are rapidly induced and 

correspond with viral clearance from the serum (24). CD8+ T cell immunity, in 

part through secretion of perforin, is critical for viral clearance from the peripheral 
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tissues and CNS, where their absence leads to viral persistence (25, 26). CD4+ 

T cells are also critical for controlling viral replication within the CNS, where they 

help program B cell mediated antibody production and promote sustained CD8+ 

T cell responses (27). CD4+ regulatory T cells (Tregs) play an important role in 

dampening excessive immune responses and preventing immunopathology 

during WNV infection (28). During human infection, dysfunctional T cell immunity 

is associated with severe disease outcome (28-30). In addition to adaptive 

immunity, innate immune signaling is critical for early WNV detection and 

programming multiple aspects of the antiviral response. A more detailed 

discussion of the specific roles of innate immune signaling pathways can be 

found in Part II of this introduction.  

 

B. Zika virus 

 Zika virus (ZIKV) is a neurotropic flavivirus with a 10.8kb positive sense, 

ssRNA genome that encodes 10 mature viral proteins, undergoing a similar viral 

cycle to that of WNV. While all known strains of ZIKV fall into a single serotype, 

genetic evidence suggests three distinct lineages: the East African, West African, 

and Asian lineages (31-33). ZIKV was first isolated in 1947 in the Ziika forest of 

Uganda from an infected sentinel rhesus macaque, monkey number 766, and 

subsequently from an infected Aedes africanus mosquito (34). After decades of 

silent and mostly undocumented circulation throughout Africa and Asia, a 

widespread outbreak occurred in 2007 on the Yap Island in Micronesia, where 

over 73% of the islands’ population is predicted to have been infected with an 
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Asian lineage ZIKV (35). ZIKV continued to spread outside of Africa and Asia, 

resulting in widespread outbreaks in the pacific islands between 2013 and 2014, 

beginning in French Polynesia and spreading to Easter Island, the Cook Islands, 

Tahiti, and New Caledonia (36-38). By 2015, ZIKV had spread to Brazil, 

triggering a widespread and ongoing outbreak in the Americas (38). 

In December of 2015, ZIKV was first detected within the United States 

(US) territories, including Puerto Rico where 34,963 cases were confirmed in 

2016 (39). This was followed by autochthonous transmission in Florida (218 

presumed cases) and Texas (6 presumed cases) in 2016, raising concerns of a 

ZIKV epidemic in the US (40-42). Although no locally acquired cases have 

occurred in the US in 2017, the ongoing outbreak in the US territories (502 

confirmed cases as of June 7th, 2017), along with continued importation of ZIKV 

through travel associated cases suggest a widespread outbreak remains a 

significant threat. The primary mosquito vectors of ZIKV, Aedes 

aegypti and Aedes albopictus, are also prevalent within the southern US, 

suggesting sustained autochthonous transmission could be supported (43, 44). 

The ability of ZIKV to be sexually transmitted is also of concern, providing a 

transmission route that could be maintained independently of a mosquito vector 

(45-48). However, the efficiency with which ZIKV can be transmitted through 

sexual contact during human infection remains unclear and will be important to 

determine. Continued surveillance, mosquito control measures, and antiviral and 

vaccine development efforts are necessary to prepare for, and possibly prevent 

what would be an unprecedented ZIKV outbreak in the US.  
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ZIKV is causally linked to birth defects during congenital infection 

 While ZIKV infection in immune competent adults generally results in a 

mild, self-limiting febrile illness, more severe complications have been described, 

including an association with Guillain-Barré syndrome and severe 

thrombocytopenia (49-51). ZIKV sparked a public health emergency because of 

increased incidence of microcephaly in Brazil in 2015, coincident with the 

emergence of ZIKV. Early studies in presumptively infected pregnant mothers 

revealed evidence of perinatal transmission and the presence of ZIKV in the 

amniotic fluid and fetal brain (52, 53). In many cases, In utero ZIKV infection 

corresponded with profound fetal defects, including ocular abnormalities, brain 

calcifications, cerebral atrophy, microcephaly, and fetal loss (52, 54-56). Non-

human primate and murine animal models later confirmed a causal link between 

congenital ZIKV infection and the development of fetal abnormalities (57-59). 

Similar to humans, maternal ZIKV infection within murine models results in 

intrauterine growth restriction, placental insufficiency, in utero viral transmission, 

increased cell death within the fetal brain, and fetal demise (58, 59). The 

mechanisms leading to transplacental transmission of ZIKV are not fully 

understood, although recent work has provided valuable insight into potential 

transmission routes. Whether fetal abnormalities are caused primarily from 

placental damage, direct effects of viral replication within the fetal brain, or a 

combination of both is also currently unclear. 
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Transplacental transmission of ZIKV 

The ability to cross the placental barrier is a unique feature of ZIKV that is 

not shared with other known human pathogenic flaviviruses. The frequency in 

which ZIKV reaches the fetus during human in utero infection is not known, but 

studies in non-human primates suggest it may be fairly common (57, 60). While 

the primary route of transplacental ZIKV transmission remains unclear, recent 

work, guided by previous studies with other vertically transmitted viruses, has 

provided valuable insight into potential mechanisms underlying transplacental 

ZIKV transmission.  

Human chorionic villi, the fetal derived component of the placenta, are 

composed of a single layer of differentiated and fused trophoblasts, known as 

syncytiotrophoblasts (STBs). STBs are directly bathed in maternal blood and 

form an important placental barrier (61, 62). STBs are continually supplied 

throughout pregnancy by the differentiation of progenitor trophoblasts, known as 

cytotrophoblasts (CTBs), which underlie the STB layer and also invade into 

uterine wall and maternal decidua to support placental vascular remodeling (62). 

Fetal derived placental macrophages, known as Hofbauer cells (HCs), are also 

found within the chorionic villi underlying the STB layer.  

While STBs are relatively resistant to ZIKV infection, HCs support 

productive viral replication during ex vivo infection (61, 63). ZIKV replication 

within HCs, but not STBs, has been confirmed within placental tissue obtained 

during in vivo human ZIKV infection (64). The less differentiated trophoblasts, 

CTBs, may also support viral replication (61, 65). Indeed, trophoblasts show 
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evidence of ZIKV infection within a mouse model of placental transmission, with 

STBs being less susceptible as compared to less differentiated trophoblastic cell 

types (58). Amniotic epithelial cells, which are the major cell type of the amniotic 

membrane that directly encases the fetus, have also been found to support ZIKV 

replication, suggesting possible spread from infected mother to fetus directly 

across the amniochorionic membrane (65).  

While multiple cell types within the placenta have been shown to support 

ZIKV replication, the primary route of transplacental transmission still remains 

incompletely understood. Current work suggests a model whereby ZIKV 

bypasses the outer trophoblast layer without viral replication within STBs, 

possible by antibody-mediated transcytosis, transmigration of infected maternal 

immune cells, or through breaks within the STB layer caused by immune 

mediated placental damage. Cross-reactive immunity generated after a prior 

flavivirus infection, such as DENV, may also promote antibody-mediated 

transcytosis of ZIKV (66). Infection of the invasive CTBs that protrude into the 

maternal decidua may also be involved. Once through the STB layer, ZIKV then 

replicates within more permissive cell types, such as CTBs and HCs, and 

promotes spread to the fetal compartment, potentially through direct infection of 

amniotic epithelial cells. To fully elucidate the mechanisms of ZIKV transplacental 

transmission, future work within the murine model will be of use, but must be 

complemented by studies during human in utero infection, and within models that 

better reflect human pregnancy, such as non-human primates. 
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ZIKV targets neuroprogenitor cells in the fetal brain 

Once ZIKV reaches the developing fetus, animal models and studies 

during human infection suggest that ZIKV primarily replicates within the fetal 

brain (64). Forebrain-specific human neural progenitor cells (hNPCs) 

differentiated from induced pluripotent stem cells and maintained as monolayers 

preferentially support viral replication as compared with undifferentiated 

pluripotent stem cells and terminally differentiated neurons (67). Pluripotent stem 

cells differentiated into neural organoids or neurospheres, 3D cultures that are 

thought to better reflect normal nervous system development, also show 

evidence of ZIKV infection (59, 68, 69). Most compelling, primary hNPCs 

acquired from 16-19 weeks of gestation, rather than differentiated in vitro, are 

susceptible to a persistent ZIKV infection (70). Notably, persistence of ZIKV RNA 

has also been found within human fetal brains during in vivo infection, suggesting 

ZIKV may persist within the fetal NPCs (64).  

An intriguing and consistent finding among these different systems is that 

viral replication within hNPCs promotes apoptotic cell death and growth 

attenuation, a finding corroborated within murine models (71). Dysregulation of 

proliferation and cell cycle progression has also been noted during ZIKV infection 

in hNPCs, human neural organoid culture systems, and within murine infection 

models (67, 71, 72). ZIKV infection can also promote pre-mature differentiation of 

hNPCs into neurons, which combined with diminished proliferation and cell 

death, may further deplete the progenitor cell pool and may promote 

developmental abnormalities within the fetal brain (73). In contrast to the fetal 
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brain, neural stem cells (NSCs) are only found in limited quantities within specific 

regions of the adult brain. However, ZIKV is able to replicate, inhibit proliferation, 

and induce cell death within adult NSCs following infection within a murine model 

(74). This raises the possibility that the neurologic sequelae associated with adult 

ZIKV infection, including Guillain-Barré syndrome, may result from infection of 

adult NSCs. Nevertheless, the extent to which ZIKV targets NPCs during in vivo 

human fetal or adult infection remains unknown. Future studies will also need to 

clarify the mechanisms by which ZIKV reaches the developing fetal nervous 

system following transplacental transmission. 

 

ZIKV immunity 

Since the emergence of ZIKV in the Americas, significant insight has been 

made into the critical features of immune control. During the acute phase of 

human infection, ZIKV induces systemic pro-inflammatory cytokine responses 

(75). In a STAT2-deficient murine model, notably inflammatory cytokine 

responses were also found within the brain (76). Despite these findings, the 

cellular sources of pro-inflammatory responses during ZIKV infection are poorly 

understood. Human DCs do not secrete pro-inflammatory cytokines or type I IFN 

following ZIKV infection, suggesting that infected DCs may not be important 

source of inflammatory cues during in vivo infection (77). ZIKV infection in a lung 

carcinoma epithelial cell line induces IFNβ secretion, while primary human skin 

fibroblasts up-regulate pro-inflammatory cytokine gene expression during ZIKV 

infection (78, 79). Embryonic NPCs do not secrete pro-inflammatory cytokines, 
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despite the presence of persistent virus (70). Similarly, HCs are also poorly 

immunogenic during ZIKV infection, potentially reflecting imprinting from the 

tolerogenic environment they normally reside within (61). In contrast, cranial 

neural crest cells secrete multiple cytokines involved in inflammation and 

neurogenesis at levels that promote apoptosis and pre-mature neuronal 

differentiation during ZIKV infection (80). Combined, ZIKV infection can induce 

pro-inflammatory responses, but does so in a cell type specific manner. A better 

understanding of how inflammation is regulated within the placenta and 

developing fetus during ZIKV infection will be critical to understanding viral 

pathogenesis.  

 Multiple components of the adaptive immune response have also been 

implicated in control of ZIKV infection. Infection with ZIKV can induce broadly 

neutralizing and protective humoral immunity against both African and Asian 

lineage viruses (33). This suggests the presence of a single ZIKV serotype, 

which should simplify vaccine design. Antibodies generated against DENV, and 

to a lesser extent WNV, can cross-react with ZIKV. Despite cross-reactivity, anti-

DENV or -WNV antibodies exhibit limited neutralization activity and might 

promote increased infection through antibody dependent enhancement (ADE) 

(66, 81). Passive transfer of DENV or WNV convalescent human serum at low 

treatment doses enhanced ZIKV pathogenesis within a murine model, while 

higher treatment doses were protective (81). Whether prior infection with DENV 

and WNV can similarly promote enhanced disease following secondary ZIKV 

challenge within the same host remains to be determined. It is also unclear 
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whether anti-DENV or anti-WNV antibodies are present at appropriate 

physiologic concentrations to mediate ADE during human in vivo ZIKV infection. 

Finally, the effect of ADE on ZIKV pathogenesis within a physiologic setting 

remains unknown. A better understanding of the in vivo relevance of ADE during 

ZIKV infection of an individual with prior flavivirus exposure, either through 

natural infection or vaccination, is of significant importance to current DENV and 

ZIKV vaccination efforts. 

CD8+ T cell immunity is critical for protection during ZIKV infection. During 

the acute phase of infection, ZIKV-specific CD8+ T cells expand and are 

polyfunctional, exhibiting in vivo cytotoxicity (82). Depletion of CD8+ T cells within 

a murine model where T cells retain functional type I IFN signaling compromises 

viral clearance from the peripheral and CNS tissue compartments during ZIKV 

infection. Mice that genetically lack CD8+ T cells also become highly susceptible 

to lethal ZIKV infection in an anti-IFNAR blocking antibody model of infection. 

Notably, CD8+ T cells isolated from ZIKV-experienced mice enhance viral 

clearance when adoptively transferred into naïve animals prior to ZIKV infection. 

Using a neonatal C57Bl/6 model, CD8+ T cells have also been found to infiltrate 

into the CNS and may promote neurodegeneration (83). Altogether, this work 

suggests that a balanced CD8+ T cell responses is required to promote viral 

clearance without inducing overt immunopathology. Interestingly, recent work 

suggests that DENV-specific CD8+ T cells can cross-react with ZIKV and 

promote viral clearance during ZIKV infection of a DENV-immune mouse (84). 

The presence of protective, cross-reactive CD8+ T cell immunity has important 
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implications for the development of T cell vaccines that may provide protection 

against multiple flaviviruses.  

 

Part 2: Innate immune signaling during WNV and ZIKV infection 

 Upon cellular entry and replication of flaviviruses, viral nucleic acids are 

primarily detected through the concerted efforts of two families of pattern 

recognition receptors (PRRs): the RIG-I like receptors (RLRs) and the Toll like 

receptors (TLRs). During viral infection, RLR and TLR signaling promotes 

antiviral immunity through the induction of pro-inflammatory cytokines (e.g. IL-1β, 

IL-6, TNF, CXCL8), antiviral effector molecules (e.g. viperin, IFITs, OAS), and 

type I and III IFN. Much of our understanding of how innate immune signaling 

programs antiviral immunity during flavivirus infection has relied on studies with 

WNV, aided through genetic ablation studies within the immune competent 

C57Bl/6 murine pathogenesis model (20). Similar studies with ZIKV have been 

hindered by its restricted species tropism and limited viral replication in immune 

competent mice (85). Consequently, the role of innate immune signaling during 

ZIKV infection has been mostly inferred from studies with WNV, with notable 

insights from in vitro infection systems. In the following sections, the tissue and 

cell type specific roles that RLR, TLR, and IFN signaling play in promoting viral 

clearance and resolution of WNV and ZIKV infection will be discussed in detail. 
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A. RIG-I like receptor signaling 

The RLR family consists of the eponymous member RIG-I, as well as 

MDA5 and LGP2. The RLRs are located within the cytoplasm of nearly every cell 

of the body and distinguish host from pathogen by recognizing unique structures 

found within viral RNA (86). RIG-I and MDA5 contain N-terminal caspase 

activation and recruitment domains (CARDs) that interact with CARDs located 

within the N-terminus of the central adaptor protein, mitochondrial antiviral 

signaling (MAVS) (87). LGP2 lacks CARDs and does not signal through MAVS, 

but instead functions as a regulator of RLR signaling (88). RIG-I preferentially 

recognizes short dsRNA molecules, while MDA5 has a preference for longer 

dsRNA molecules (89). Upon ligand binding, RIG-I and MDA5 undergo 

conformation changes and post-translational modifications, including 

dephosphorylation and ubiquitination, which fully activate their ability to interact 

with MAVS (90, 91).  

MAVS is localized to the outer membranes of mitochondria, peroxisomes, 

and mitochondrial associated membranes (MAMs), a subdomain of the 

endoplasmic reticulum (92, 93). MAVS localization to MAMs is required for 

signaling for poorly understood reasons, where cleavage and dislocation of 

MAVS from the MAMs by the NS3/4A protease of Hepatitis C virus abrogates 

signaling (92). Upon interaction with RIG-I or MDA5, MAVS is thought to undergo 

CARD-dependent oligomerization, forming large MAVS aggregates that can, in 

vitro, potently activate downstream signaling (94). MAVS recruits members of the 

TNF receptor-associated factor (TRAF) family, E3 ubiquitin ligase that 
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polyubiquitinate MAVS and promote the recruitment of NF-kappa-B essential 

modulator (NEMO), which itself recruits the serine/threonine protein kinases 

inhibitor of kappa-B kinase epsilon (IKKε) and TANK-binding kinase 1 (TBK1). 

IKKε and TBK1 phosphorylate and activate the latent transcription factors 

interferon regulatory factor-3 (IRF-3) and IRF-7, as well as nuclear factor kappa-

B (NFκB), through phosphorylation and degradation of inhibitor of kappa-B (IκB). 

Upon nuclear translocation, IRF-3 promotes transcription production of type I and 

III IFN and directly activates antiviral effector gene transcription, while NFκB 

promotes early type I IFN induction and drives pro-inflammatory cytokine 

production (95-97).  

 

MAVS is critical for host control of WNV infection 

RLR signaling through MAVS is required for host survival during WNV 

infection through restriction of viral replication and programming of antiviral 

immunity (98, 99). During the early post-inoculation and visceral organ 

dissemination phases of infection, RLR signaling controls viral replication within 

the lymph nodes and spleen, while limiting infection of splenic DCs (16, 99). 

Within DCs, MAVS is critical for viral restriction through the induction of type I 

IFN and antiviral effector molecules (99). RLR signaling dictates viral tropism by 

restricting viral replication within non-permissive tissues, such as the liver and 

kidneys. Specifically within the liver, RLR signaling works in concert with type I 

IFN signaling to regulate protective NK cell responses that ultimately limit viral 

replication (98). 
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The lack of viral control in the absence of RLR signaling results in 

uncontrolled inflammatory immune responses, potentially due to increased viral 

burden, antigenic load, or tissue damage. Excessive inflammation is associated 

with increases in type I IFN, pro-inflammatory cytokines, and inflammatory DC 

populations. CD4+ T cell responses are also dysfunctional, where a lack of RLR 

signaling compromises Treg expansion in a T cell extrinsic manner, likely a 

byproduct of the inflammatory milieu (99, 100). Together, this suggests that RLR 

signaling is not just important for preventing virally induced pathology, but also 

for limiting viral burden to prevent excessive and damaging immunopathology. 

During the neuroinvasive phase of infection, an absence of MAVS results 

in rapid neuroinvasion and enhanced viral replication within the CNS. Despite 

increased infiltration of WNV-specific CD8+ T cells into the brain, they are unable 

to clear virus from the CNS. This suggests that RLR signaling, potentially through 

programming of DCs, is critical for the generation of functional CNS-infiltrating 

anti-WNV CD8+ T cells. A neuron-intrinsic role for RLR signaling in restricting 

viral replication also seems likely, where MAVS-deficient primary cortical neurons 

exhibit enhanced viral replication due to a failure to induce type I IFN and 

antiviral effector molecules. 

Altogether, RLR signaling through MAVS is essential for restricting viral 

replication and promoting viral clearance from the periphery and CNS. Restriction 

of viral replication prevents excessive immune activation and promotes the 

development of protective Treg responses, which together prevent 

immunopathology during WNV infection. An intriguing finding has been the cell 
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type specific roles of RLR signaling in programing anti-WNV immunity. Indeed, 

recent work using bone marrow chimeras have found that loss of MAVS 

expression selectively on the hematopoietic compartment is sufficient to enhance 

viral replication and promote immunopathology (101). Future work will need to 

further assess the cell intrinsic roles of RLR signaling within myeloid cell subsets 

(e.g. DCs, macrophages) and lymphocytes (e.g. CD8 and CD4 T cells) during 

WNV infection. 

 

Non-redundant roles of RIG-I and MDA5 during WNV infection 

 RIG-I and MDA5 play non-redundant functions in controlling WNV 

infection and immunity, despite signaling through the shared adaptor protein 

MAVS (102, 103). While RIG-I signaling is required for early control of viral 

replication and induction of IFNβ, MDA5 is important for induction of IFNα during 

the late, amplification phase of the type I IFN response (102, 104). During in vivo 

infection, MDA5 is required for viral clearance from the CNS, but mostly 

dispensable for viral restriction within the periphery (103). MDA5 promotes viral 

control and induction of antiviral responses within DCs and macrophages, but is 

dispensable for restriction of viral replication within cortical and cerebellar granule 

cell neurons (102, 103). Instead, MDA5 signaling limits neuroinvasive disease by 

promoting efficient priming of CNS infiltrating WNV-specific CD8+ T cells (103). 

The requirement for MDA5 is T cell extrinsic, suggesting MDA5 signaling 

programs antigen presenting cells to prime protective anti-WNV CD8+ T cell 

responses. Future studies using cell specific deletion of MDA5 within DCs are 
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required to fully clarify the contributions of MDA5 during WNV infection. Despite 

these insights into the function of MDA5, the contributions of RIG-I during in vivo 

infection are not well understood, in part due to embryonic lethality when genetic 

ablation of RIG-I is maintained on a C57BL/6 background (105). The generation 

of cell specific knockout mice may alleviate issues of embryonic lethality and 

allow the clarification of the specific role of RIG-I signaling during WNV infection.  

 

RLR signaling during ZIKV infection 

While the role of RLR signaling during ZIKV infection remains poorly 

understood, a couple recent studies have shed light on their importance. Within 

primary human DCs, RIG-I signaling potently restricted ZIKV replication, while 

IFNβ signaling was significantly less effective (77). Despite viral antagonism of 

type I IFN responses, strong antiviral responses were observed during ZIKV 

infection in human DCs, including production of multiple antiviral effector 

molecules. This suggests that RLR signaling may play an essential role in 

inducing antiviral responses during ZIKV infection through a type I IFN-

independent mechanism. In contrast, activation of RLR signaling by ZIKV during 

infection of neuroepithelial stem cells may result in mitotic arrest and apoptosis 

due to relocation of phosphorylated TBK1 from centrosomes to the mitochondria 

(106). Together, this work suggests that while RLR signaling is likely protective 

during ZIKV infection, RLR activation may have unintended, negative 

consequences in dividing cells, such as stem and progenitor cells. Future efforts 

will need to determine the cell intrinsic roles of RLR signaling during ZIKV 
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infection, including the influence of RLR and other innate immune signaling 

pathways on the cell cycle of stem and progenitor cells. 

 

B. TLR and MyD88-dependent signaling 

 Of the ten TLRs expressed by human cells, only a subset is specialized 

to recognize viral RNA, including TLR-3, TLR-7, and TLR-8 (107). In contrast to 

the RLRs, TLR expression is regulated in a cell-type specific manner and nucleic 

acid sensing occurs within endosomal compartments. Following binding of viral 

RNA, TLR-7 and TLR-8 signal through the shared adaptor protein myeloid 

differentiation primary response 88 (MyD88), while TLR-3 employs the adaptor 

protein TIR domain–containing adaptor-inducing IFN-β (TRIF). Although a central 

adaptor of TLR signaling, MyD88 is also a critical adaptor downstream of 

interleukin-1 (IL-1)/IL-1 receptor (IL-1R) signaling.  

 

MyD88-dependent signaling restricts WNV replication within the CNS 

 MyD88-dependent signaling promotes protection from lethal WNV 

infection, although MyD88 deficiency is notable less severe than ablation of RLR 

signaling (108). Signaling through MyD88 is largely dispensable for restricting 

viral replication during the early post-inoculation and visceral organ dissemination 

phases of pathogenesis, but is critical for CNS-intrinsic control of viral replication 

during the neuroinvasive phase. Through MyD88-dependent production of 

CXCL10 within the brain, viral clearance is promoted through recruitment and 

infiltration of macrophages and CD8+ T cells. Interestingly, MyD88 signaling also 
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directly restricts viral replication within cerebellar granule, but not cortical 

neurons. These findings suggest that MyD88-dependent restriction of WNV 

neuroinvasive disease is both direct, by blocking viral replication within specific 

neuronal subtypes, and indirect, through promoting leukocyte infiltration into the 

CNS.  

 

IL-1 signaling promotes WNV clearance from the CNS 

During human WNV infection, IL-1β secretion into the serum correlates 

with the kinetics of viral clearance (109). Murine models have confirmed the 

importance of IL-1 signaling in control of WNV infection, where deficiencies in 

different components of the IL-1/IL-1R1 pathway compromise host survival (109). 

IL-1 signaling is particularly important for CNS-intrinsic viral control, where a loss 

of IL-1R1 results in defective chemokine production and delayed recruitment of 

inflammatory immune cells into the CNS. The delayed kinetics of immune cell 

infiltration promotes enhanced viral burden and triggers excessive inflammation 

and neuropathology within the CNS. During WNV infection, the major source of 

IL-1β is from CNS infiltrating macrophages (110). Once secreted, IL-1β induces 

CXCL12 expression by the cells of the CNS microvasculature and promotes their 

interaction with CXCR4+ CD8+ T cells. Ablation of IL-1 signaling results in 

decreased CXCL12 expression, diminished CD8+ T cell interaction with the 

microvasculature, and excessive infiltration into the CNS parenchyma that 

promotes immune-mediated neuropathology. These findings suggest that the 

brain microvasculature, through IL-1β-dependent induction of CXCL12, serve as 
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a gatekeeper to limit excessive migration of CD8+ T cells into the CNS. IL-1 

signaling also plays a critical role in promoting the upregulation of T cell co-

stimulatory molecules (CD80, CD86, CD68) on CNS infiltrating DCs, which then 

provide a critical reactivation signal to CNS infiltrating CD8+ T cells (111). 

Together, the importance of IL-1 signaling during WNV infection highlights the 

delicate balance between viral control and excessive neuroinflammation.  

 

TLR signaling through MyD88 plays a minor role in control of WNV 

infection  

 Mice deficient in TLR-7 have enhanced susceptibility to lethal WNV 

infection following infection via the intraperitoneal route (112). This was 

associated with increased viral burden within the systemic circulation and CNS, 

despite only modest increases within the spleen. Elevated expression of pro-

inflammatory cytokine genes was observed within isolated blood leukocytes, with 

the exception of the IL-12 family members IL-12 and IL-23, both of which were 

modestly decreased within the circulation and in the brain. Ablation of TLR-7 or 

IL-23 both resulted in reduced macrophage migration into the CNS, suggesting 

that TLR-7-dependent production of IL-23 may promote macrophage infiltration 

into the brain during WNV infection. In contrast to these findings, TLR-7 was 

dispensable following cutaneous WNV challenge, either through intradermal 

injection or infected mosquito feeding (113). Combined, these studies suggest 

that TLR-7 signaling may play only a minor role in restricting WNV infection and 

programming protective immunity. This may be explained by redundancies 
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imposed by other innate immune signaling pathways or an absence of 

appropriate ligands during WNV infection.  

 While TLR-8 recognizes ssRNA in humans, the murine Tlr8 gene 

encodes a protein that fails to respond to agonist stimulation, owing to a 5 amino 

acid deletion within a putative ligand-binding motif (114). While this initial work 

led to the conclusion that murine TLR-8 was non-functional, recent studies in 

Tlr8-/- mice have tried to challenge this paradigm. Mice deficient in Tlr8 have 

elevated expression of TLR-7 and develop a TLR-7-dependent spontaneous 

autoimmunity, suggesting that in mice, TLR-8 may have a role in regulating TLR-

7 responses (115). During murine WNV infection, TLR-8 promotes WNV infection 

by binding to suppressor of cytokine signaling 1 and dampening TLR-7-induced 

antiviral immunity (116). Whether human TLR-8 serves a dual role in virus 

sensing and as a regulator of TLR-7 remains unknown.  

 

TLR-3 plays a CNS-intrinsic role during WNV infection 

 Conflicting reports exist on the role of TLR-3 during WNV infection (117-

119). Early work implicated a pathogenic role for TLR-3, where ablation of TLR-3 

promoted increased survival (119). TLR-3-induced pathology was attributed to 

excessive inflammation and enhanced blood brain barrier (BBB) permeability. A 

more recent study re-evaluated the role of TLR-3 during WNV infection and, in 

contrast, found TLR-3 played a protective role during WNV infection (118). TLR-3 

signaling was dispensable for type I IFN responses and viral control within the 

peripheral compartment and within DCs and macrophages. Despite unaltered 
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BBB permeability, WNV spread more rapidly into the brain and spinal cord in the 

absence of TLR-3. Indeed, TLR-3 restricted WNV encephalitis in a CNS-intrinsic 

manner, where expression in cortical neurons was critical for restriction of viral 

replication. Combined, these findings suggest that TLR-3 plays a cell-type 

specific role during the neuroinvasive phase of WNV infection by restricting WNV 

replication within neurons. 

 

TLR-3 signaling limits neuroprogenitor growth during ZIKV infection 

While little is known about the contributions of TLR-3 signaling during 

ZIKV infection, a recent study argues for a potentially pathogenic role within 

NPCs (68). In this study, ZIKV replication within human cerebral organoid 

cultures was associated with decreased organoid size. Similar attenuated growth 

was also observed following treatment with poly(I:C), a non-specific agonist that 

can activate TLR-3 and RLR signaling (68, 89). Treatment of ZIKV-infected 

organoids with a specific TLR-3 inhibitor partially reversed the growth 

attenuation. Combined, these findings suggest TLR-3 signaling might play a 

pathogenic role in NPCs by promoting growth attenuation, potentially through 

regulation of pathways involved in apoptosis and neurogenesis. More rigorous 

study is needed to validate a role for TLR-3 signaling in regulating neural 

progenitor growth and apoptosis, including the use of genetic ablation and in vivo 

studies.  
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D. Type I IFN signaling 

Type I IFN signaling restricts WNV infection 

Type I IFN signaling is required for control of viral replication, restricting 

tissue tropism, and promoting survival during WNV infection (120). Genetic 

ablation of the type I IFN receptor results in rapid mortality, even with low 

infectious doses of WNV. A selective loss of IFNβ also severely compromises 

host control of WNV infection, although less severe than ablation of all type I IFN 

signaling (121). Interestingly, type I IFN signaling selectively on myeloid cells is 

required for control of viral replication and preventing lethal disease (16). When 

either DCs or macrophages selectively lack type I IFN signaling, viral replication 

is unrestricted, leading to a MAVS-dependent viral sepsis. Type I IFN signaling 

also promotes functional CD8+ T cell responses late during infection by 

preventing T cell exhaustion and dysfunction (122). Further highlighting the 

critical importance of type I IFN signaling for restriction of WNV replication, 

pathogenic strains of WNV differ from non-pathogenic strains in their ability to 

antagonize type I IFN signaling (123). Indeed, non-pathogenic strains of WNV 

promote lethal infection in the absence of type I IFN signaling.   

 

Deficiency in type I IFN signaling as a mouse model for ZIKV infection 

Immune competent mice are not permissive to efficient viral replication, 

generating minimal viremia or disseminated infection (85). Antibody blockade of 

the type I IFN receptor enhances peripheral viral replication, but is not sufficient 

to promote severe neuroinvasive disease. A genetic deficiency in type I IFN 
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signaling shifts the balance to sustained viral replication and disseminated 

disease, promoting spread to the CNS and lethal infection (85, 124). A combined 

deficiency in type I and II IFN, as well as a loss of STAT2 can also promote 

efficient viral replication, neuroinvasion, and lethality (124, 125). Mice that are 

triply deficient in IRF-3, IRF-5, and IRF-7, and therefore produce minimal type I 

IFN, are also highly susceptible to lethal ZIKV infection (85). The lack of efficient 

viral replication in type I IFN-sufficient mice may be explained by the inability of 

ZIKV to antagonize murine STAT2, contrasting with the ability of ZIKV to target 

human STAT2 for degradation (126). While the IFN-deficient murine model has 

been of tremendous use, an immune competent small animal model of ZIKV 

infection is needed to better understand viral pathogenesis and the contributions 

of innate immune signaling to control of ZIKV infection.  

 

E. Type III IFN signaling 

 The interferon lambda (IFNλ) family, also known as type III IFN, consists 

of four members, IFNλ1 (IL-29), IFNλ2 (IL-28A), IFNλ3 (IL-28B) and IFNλ4, and 

signal through a heterodimeric receptor (IFNLR) composed of interleukin-10 

receptor β (IL-10Rβ) and IFNLR1 subunits (127, 128). Despite having a unique 

receptor, IFNλ signaling overlaps notably with that of type I IFN in the signaling 

proteins employed and the transcriptional programs induced. The most apparent 

divergence between type I and III IFNs is at the level of tissue receptor 

expression. The type I IFN receptor subunits, IFNAR1 and IFNAR2, as well as 

the IL-10Rβ subunit of the type III IFN receptor exhibit widespread expression, 
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while expression of the IFNLR1 subunit is restricted predominately to epithelial 

cells (127). Type III IFN signaling therefore has its most profound antiviral activity 

at barrier surfaces, including the respiratory tract, liver, skin, gastrointestinal tract, 

and the BBB.  

 

Type III IFN signaling regulates BBB permeability during WNV infection 

 During WNV infection, IFNλ signaling limits viral burden specifically 

within the CNS, despite no appreciable role in direct restriction of viral replication 

or programming of antiviral immunity (129). The protective effect of IFNλ occurs 

through tightening of BBB integrity, where type III IFN signaling modulates tight 

junction protein localization and decreases virus movement across the BBB to 

limit WNV neuroinvasion. These findings suggest that antiviral therapy with IFNλ 

may have promise for the treatment of neurotropic viral infections, especially 

given the restricted IFNLR expression and potential for fewer side effects as 

compared with type I IFN therapy. 

 

Type III IFN signaling protects human placental trophoblasts from ZIKV 

infection 

 Primary human STBs are resistant to ZIKV infection, contrasting with the 

permissiveness of human trophoblastic cell lines (63). Constitutive secretion of 

IFNλ1, and to a lesser extent IFNλ2, by STBs corresponds with their ability to 

restrict ZIKV replication. Treatment of permissive cells with conditioned media 

obtained from STBs also blocks ZIKV replication in a manner that partially 
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depends on the activity of IFNλ1 and IFNλ2. In contrast, less differentiated 

trophoblastic cells, CTBs, supported delayed and limited viral replication, and did 

not secrete detectable IFNλ1 secretion during ZIKV infection (61, 65). This 

suggests that type III IFN may serve a protective role in restricting ZIKV 

replication within the placenta, but further study is needed to clarify potential cell 

type specific roles within the placenta.  

 

Part 3: Systems biology approaches unravel the host antiviral response1 

A. The antiviral landscape  

Following pathogen recognition, a series of well-orchestrated and dynamic 

immune responses are triggered, resulting in the rapid generation of antiviral 

effectors and pathogen-specific responses. The central function of these 

responses is to restrict viral replication and spread to neighboring uninfected 

cells, ultimately promoting viral clearance. Conventional approaches for 

investigating antiviral responses have focused on defining the mechanism of 

action for either a single or closely related set of genes through experimental 

perturbation-based studies. However, these approaches often overlook the 

complexities and redundancies built into the antiviral host response, providing 

only a narrow viewpoint. Holistic approaches, such as systems biology, instead 

provide a comprehensive understanding of the host response during viral 

																																																								
1 This section was published in Virus Research as: “Bowen JR, Ferris MT, Suthar 
MS. Systems biology: A tool for charting the antiviral landscape. Virus research. 
2016;218:2-9. Epub 2016/01/23. doi: 10.1016/j.virusres.2016.01.005. PubMed 
PMID: 26795869; PubMed Central PMCID: PMC4902762.” The content is 
reproduced here in whole with permission from the publisher.  
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infection. One of the major features of this approach is that it considers the 

biological system as a whole, providing a powerful tool for the unbiased and 

thorough analysis of the antiviral response. A unique feature of systems level 

approaches is their ability to reveal emergent properties that are only evident 

when considering the system as a whole, rather than focusing on the individual 

components of a system. Through this type of approach, computational and 

network analyses are integrated into predictive models that can be 

experimentally tested and refined through an iterative process. We have referred 

to this latter step as “biological validation” and consider it to be an integral 

component of any systems biology based investigation (130). The use of 

systems level approaches complements and guides conventional studies by 

revealing novel host molecules or pathways. The scope of systems biology 

based studies can be designed to span the organism, tissue, and cell levels, 

probing distinct but complementary compartments of the host response (Figure 

1). We feel that it is beneficial to use the term “antiviral landscape” to represent 

the entire defense response process, from the onset of viral infection to 

clearance.  In this review, we will highlight recent studies that have employed 

systems biology based approaches to unravel the host antiviral response, 

focusing on transcriptional profiling studies from whole tissues, heterogeneous 

cell populations, and single cells. 
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B. Organism level 

Epidemiological and clinical studies have revealed that host genetics 

strongly influences immunity and disease severity in response to viral infection. 

Studies in humans infected with WNV have identified single nucleotide 

polymorphisms (SNPs) within CCR5R, MX1, IRF3, and OAS1 as strong risk 

factors for enhanced susceptibility and disease severity (131, 132). Similarly, 

genetic risk factors have been identified for hepatitis C virus (133), Human 

immunodeficiency virus (134), Influenza virus (135), and other human viral 

pathogens. However, human genetic studies are often confounded by variable 

environmental factors, lack of genomic data, and difficulty in dissecting the 

mechanisms of a causal genetic variant on a complex trait. Inbred mouse strains 

have proven to be tractable models for studying viral pathogenesis. Indeed, the 

initial development and refinement of systems biology approaches focused on 

simple perturbations of classic inbred systems, such as the discovery of Serpine-

1 and the larger urokinase pathway in driving SARS-coronavirus lung injury and 

pathogenesis (136). While inbred mouse strains are more tractable models for 

studying viral pathogenesis, they often overlook the complex genetic traits that 

influence disease and symptomatic infection outcomes in humans. To overcome 

these challenges, the highly genetically diverse Collaborative Cross (CC) 

recombinant inbred (RI) mouse panel was generated to identify, characterize, 

and dissect the mechanisms of naturally occurring genetic variants (e.g. genes 

and gene networks) that influence diverse clinically relevant traits (137-148), 

including susceptibility to fungal (149), bacterial (150) and viral infections (151-
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156). The CC is a multi-parental RI panel derived from eight inbred mouse 

strains (5 classic laboratory strains, and 3 wild-derived strains from the 3 major 

Mus musculus subspecies: musculus, domesticus and castaneus), and has >45 

million naturally occurring polymorphisms (SNPs, small insertions/deletions) 

segregating uniformly across the genome, with minor allele frequencies of >12%, 

and averaging six distinct haplotypes per locus (157, 158). The generation of the 

CC lines eliminated long-range linkage disequilibrium within this population, 

removing the risk of identifying spurious associations between phenotype and 

genotype that plague other resources (i.e. no population structure) (157, 159). 

Furthermore, removal of long-range linkage disequilibrium breaks apart co-

adapted gene complexes, resulting in the emergence of extreme phenotypes 

driven by epistatic interactions, such as in the development of novel models of 

spontaneous colitis (148) and Ebola hemorrhagic disease (160). Thus, the CC 

accurately mimics the complexity of genetic diversity seen within human 

populations and models how natural variants at loci, as opposed to the extreme 

abrogation that genetic knockouts create, lead to variations in phenotypes and 

disease outcome. The CC shows promise of bridging an important gap between 

mouse models and human disease, providing a useful resource for studying 

basic aspects of pathogenesis and serving as a platform for antiviral and vaccine 

development.  
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Host genetics impacts Influenza A Virus pathogenesis 

Host genetics is believed to influence Influenza A virus (IAV) pathogenesis 

in humans, however these findings have either been correlative and unable to 

show direct causal relationships, or identify rare mutations found within the 

human population (161-164). To better model the impact of genetic diversity in 

influencing viral pathogenesis during IAV infection, Ferris et al (151) infected a 

panel of different incipient CC mice (the preCC) with IAV. A diverse range of 

phenotypic traits was observed, including emergent phenotypes not present 

within the infected founder lines, such as high viral replication with low weight 

loss and inflammation, as well as significant weight loss despite a lack of viral 

replication. Transcriptional profiling revealed that several phenotypic disease 

traits, including weight loss and airway inflammation, correlated with 

transcriptional networks corresponding to immune and inflammatory processes, 

suggesting a direct relationship between disease severity and genetic variation 

within the host response. A major strength of the CC model is the ability to track 

phenotypic traits back to specific genetic loci using quantitative trait locus (QTL) 

mapping. When combined with gene expression data (e.g. qPCR or RNAseq), 

genetic markers in the genomic DNA (e.g. SNPs) can be correlated to RNA 

transcript levels, identifying expression QTLs (eQTLs) that provide a link between 

genomic sequence variation and the regulation of gene expression. In this paper, 

several QTLs correlated with disease traits following IAV infection, including Mx1, 

a known antiviral effector gene with potent activity against IAV. Genomic 

sequencing of Mx1 exons across the CC founder strains led to the discovery of a 
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novel allelic variant that provided protection from virus-induced weight loss, but 

had reduced ability to inhibit viral replication. eQTL analysis revealed that several 

sets of transcripts related to inflammatory and immune processes were 

decreased in CC mice containing this novel Mx1 allelic variant, suggesting 

decreased levels of immunopathology as a potential explanation for the reduced 

weight loss following IAV infection. Several of the QTLs correlating to disease 

traits did not contain known antiviral effectors and may contain unidentified 

genetic factors that influence IAV infection outcome in humans. Importantly, this 

group identified “reactive” transcriptional networks that were dependent on 

genetic variants at specific loci, in particular describing three unique 

transcriptional profiles derived from different Mx1 variants. Further 

implementation of this model across pathogenic and nonpathogenic influenza 

strains has the potential to drive discovery of novel host determinants of IAV 

pathogenesis, including potential therapeutic targets.  

 

Modeling determinants of symptomatic West Nile Virus infection 

The diversity of infection outcomes occurring during IAV infection is not 

unique, but instead a common feature with most human viral infections. 

Following infection with the neurotropic Flavivirus West Nile virus (WNV), 80% of 

cases present as asymptomatic with the remaining 20% of symptomatic cases 

ranging in severity from a mild febrile illness to severe encephalitis and death 

(13, 165, 166). In contrast to human disease, the predominant model for studying 

WNV infection has utilized C57BL/6J mice, where 100% of infected mice develop 
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neuroinvasive disease (99, 111, 118). Recently, Graham et al (165) challenged a 

cohort of F1 crosses of CC (CC-F1) mice with WNV and found that infection 

mirrored human disease phenotypes, with clinical scores stratifying mice into 

asymptomatic and symptomatic groups. The asymptomatic group could be 

further subcategorized based on the presence or absence of immune system 

involvement within the central nervous system (CNS), the former representing a 

previously unappreciated and emergent disease outcome. Analysis of innate 

immune responses revealed a correlation between sustained IFNβ and IFIT1 

expression during symptomatic disease and confirmed a previously appreciated 

role for genetic diversity in the Oas1 gene in disease outcome (131). Diverse 

adaptive immune responses were also observed, including elevated CNS CD4+ 

regulatory T cells in one of the CC lines exhibiting asymptomatic disease, further 

highlighting the complexity of host genetics and immune regulation. While the 

determinants of symptomatic WNV infection remain poorly understood, this work 

has identified CC mouse lines with divergent infection outcomes (asymptomatic 

and symptomatic) that can be further studied to define host novel factors 

contributing to WNV pathogenesis.  

 

Development of an improved small animal pathogenesis model for Ebola 

Virus infection 

Mouse-adapted Ebola virus (EBOV) is lethal in mice, but they fail to 

develop the hemorrhagic fever syndrome observed during human disease. The 

lack of a small animal model for EBOV hemorrhagic fever has been a major 
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obstacle for advancing our understanding of EBOV pathogenesis and developing 

antiviral therapeutics. Recently, Heinz Feldmann and Michael Katze employed 

the CC to better understand the impact of host genetics on EBOV pathogenesis 

(160). Using a mouse adapted EBOV, infection of CC-F1 cohorts resulted in 

diverse outcomes ranging from complete protection from lethal disease 

(“resistant”) to mice that succumbed, developing hemorrhagic fever-associated 

pathology prior to death (“susceptible”). The spectrum of disease phenotypes 

across the screened lines parallels observations in the human population during 

the 2014 EBOV outbreak in West Africa (167, 168), highlighting the potential of 

the CC to model human EBOV infection. Virologic comparison of a 

representative susceptible and resistant CC line revealed that, despite similar 

levels of EBOV genomic RNA, there was a significant increase in the production 

of infectious virus from the spleens and livers of susceptible mice. This was 

accompanied with widespread infection of hepatocytes in susceptible mice. In 

contrast, the livers of resistant mice exhibited restricted infection of endothelial 

and Kupffer cells. Transcriptional profiling of susceptible livers uncovered 

enrichment for genes and pathways correlating to vascular integrity, endothelial 

activation, and inflammation. In particular, a regulatory network centered on the 

endothelial kinase Tek, a regulator of coagulation, was found to correlate with 

disease severity: susceptible mice exhibited diminished expression of this Tek-

centered network relative to naïve mice, while resistant mice had elevated 

expression. Interestingly, these CC-F1 animals shared one Tek allele with each 

other, while their other Tek alleles came from divergent subspecies, again 
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highlighting how divergent phenotypic outcomes can often derive from breaking 

apart co-adapted gene networks from divergent mouse subspecies. Further 

studies are needed to define the relevance of Tek and other positively correlating 

genetic loci with disease severity during human EBOV infection. Nonetheless, 

this work exemplifies the utility of the CC genetics resource to identify novel 

platforms for new viral pathogenesis models and small animal models for 

developing therapeutics. 

 

C. Tissue level 

Transcriptomics uncovers determinants of West Nile virus tissue tropism 

WNV infects a broad range of cell types and tissues (13). The spleen is 

the primary permissive tissue during the visceral organ stage of WNV infection, 

while the liver is non-permissive to infection (98). RIG-I like receptor (RLR) 

signaling through MAVS and type I interferon (IFN) receptor (IFNAR) signaling 

are critical for protection during WNV infection (16, 98, 99, 121). To better 

understand the contributions of these pathways in dictating viral tropism, Suthar 

et al (98) infected WT, Mavs-/-, Ifnar-/-, and Mavs-/-Ifnar-/- double knock out mice 

with WNV and performed transcriptomics on permissive (spleen) and non-

permissive (liver) tissues. Through an integrated approach, molecular signatures 

were defined for RLR and type I IFN signaling and used to dissect their individual 

contributions to host antiviral immunity during WNV infection. Network analysis 

revealed that RLR and type I IFN signaling trigger strong antiviral immune 

responses that restrict viral replication within the liver. Infected livers were also 
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selectively enriched for pathways associated with natural killer (NK) cell 

responses, uncovering a previously unappreciated protective role for NK cells 

during WNV infection. Biologic validation studies revealed expansion and 

activation of hepatic NK cells during WNV infection in a RLR and type I IFN 

signaling dependent manner, supporting a role for NK cell responses in 

restricting viral tropism within the liver. This study explored the antiviral 

landscape during WNV infection, uncovering critical roles for RLR and IFN 

signaling in dictating tissue permissiveness to infection and identifying a 

previously overlooked role for NK cells in dictating viral tropism within the liver. 

 

Transcriptomics enhances our understanding of severe Influenza A virus 

infection 

In immune competent individuals, infection with different strains of 

Influenza A virus (IAV) ranges in disease severity from mild (e.g. H3N2 seasonal 

strains) to severe (e.g. H5N1 and H7N9). The host factors that influence the 

development of these divergent disease outcomes are incompletely understood. 

To clarify the contributions of host immunity to disease severity during IAV 

infection, Ron Germain’s group employed a top-down approach analyzing whole 

tissues and isolated cell populations from C57BL/6 mice infected over a time-

course with a non-lethal strain of IAV (Tx91) and PR8 at both sub-lethal and 

lethal doses (169). Whole lung transcriptomics revealed similar activation of 

antiviral and type I IFN pathways under all infection conditions. In contrast, a 

unique molecular signature emerged during lethal PR8 infection that was 
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characterized by an early and increased enrichment for a group of genes 

associated with pro-inflammatory signaling pathways (e.g. neutrophil chemotaxis, 

NFκB, IL-1, IL-6, and TNF signaling pathways). This “fatal molecular signature” 

was also associated with decreased enrichment for gene clusters associated with 

pulmonary homeostasis and repair, consistent with the enhanced lung pathology 

observed during severe infection. Integration of whole organ immune profiling 

and transcriptomics on sorted cell populations revealed that all subpopulations of 

cells analyzed within the lung microenvironment contributed to the induction of 

antiviral and type I IFN pathways. In contrast, neutrophils were uniquely enriched 

for the pro-inflammatory gene clusters found with a “fatal molecular signature”. 

Consistent with this observation, enhanced lung infiltration of neutrophils was 

observed during lethal infection and partial neutrophil depletion provided a dose-

dependent enhancement in survival. An integrated analysis of transcriptomes 

between sorted cells and whole lung immunohistochemistry revealed that 

neutrophils serve as a predominate source of chemotatic signals that promote 

neutrophil influx. Virologic analysis found that despite similar rates of viral 

replication during lethal and non-lethal infection, the former was associated with 

enhanced viral spread within the lung. Taken together, this integrated systems 

biology approach revealed that lethal disease outcome was associated with 

enhanced viral spread, leading to an early pro-inflammatory response in the lung 

that acts on neutrophils to trigger an inflammatory feed-forward circuit to promote 

pathologic neutrophil infiltration and fatal pulmonary damage.  
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While mice serve as a useful IAV pathogenesis model, studies in less 

evolutionarily distant non-human primates (NHPs) are thought to more closely 

model human disease (170). To better understand host determinants of severe 

IAV infection, Kawaoka’s group infected rhesus macaques with clinical isolates of 

H5N1 that had caused mild or severe disease in human patients (171). While 

NHPs are a better model of human IAV pathogenesis, they are expensive and 

difficult to manipulate experimentally. To overcome these limitations and best 

capture the antiviral landscape, transcriptomics of bronchial brush samples was 

performed. Several modules, or sets of genes with similar co-expression 

patterns, were identified as being differentially expressed during mild and severe 

infection. The enrichment for a subset of these modules correlated directly with 

viral titers, identifying potential virus-dependent transcriptional networks. The 

gene sets comprising these modules were associated with immune-related 

processes, including inflammatory cytokine production and antiviral responses. 

Animals with severe disease outcomes were found to diverge from those with 

mild disease by having weak activation of these modules early during infection, 

followed by strong activation at later points during infection. These findings 

support a model where a lack of early viral control results in uncontrolled viral 

replication and immune activation.  

Through the use of systems biology approaches spanning the tissue to 

cell levels, these papers establish a pathogenic role for excessive inflammation 

as a determinant of severe IAV infection in both murine and NHP pathogenesis 

models. This model is further reinforced by similar transcriptomic studies using 
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the reconstructed 1918 IAV, highlighting the power of systems biology to 

illuminate the antiviral landscape (172, 173). Finally, recent transcriptional 

profiling of monocyte derived dendritic cells following infection with seasonal or 

pandemic strains of IAV uncovered a molecular signature that was found to be 

enriched in blood samples from individuals with symptomatic, but not 

asymptomatic IAV infection (174). This further highlights the utility of systems 

biology approaches to identify disease specific molecular markers of clinical 

relevance.  

 

Transcriptomics defines human antiviral immunity to Dengue Virus 

Dengue virus (DENV) is a mosquito borne Flavivirus that is responsible for 

nearly 100 million infections worldwide. While monocytes and dendritic cells are 

early target cells of viral replication (175, 176), very little is known about the early 

innate immune response following human DENV infection. Given the inherent 

lack of manipulability in human subjects, mechanistic studies remain difficult to 

perform. Recently, Marcin et al (177) overcame these limitations through the use 

of whole blood transcriptomics, defining the antiviral landscape during acute 

DENV infection in humans. PBMCs from patients acutely infected with DENV 

displayed distinct transcriptional profiles when compared to healthy DENV 

seronegative controls. Gene expression patterns segregated into distinct clusters 

that correlated with viral load, but were independent of disease severity. Pathway 

analysis of top ranked genes correlating with high viral load revealed enrichment 

for inflammatory and innate immune pathways, suggesting viral load directly 
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impacts innate immune signaling. Conversely, top ranked genes correlating with 

low viral load revealed enrichment for stress-response related genes, including 

XBP-1 and associated target genes, as well as genes related to plasmablast 

differentiation. At the cell level, transcriptional and immune profiling revealed an 

expansion of CD14+CD16+ intermediate monocytes during acute DENV 

infection. Ex vivo DENV infection of monocytes isolated from healthy human 

donors promoted the generation of CD14+CD16+ intermediate monocytes with a 

potent ability to drive plasmablast differentiation and antibody production through 

the secretion of BAFF, APRIL and IL-10. Given the prominent plasmablast 

expansion observed during human DENV infection (178), these results implicate 

an intriguing role for CD14+CD16+ intermediate monocytes in the development 

of humoral immunity against DENV.  

 

D. Cell level 

Single cell transcriptomics 

High-throughput genomic technologies have been invaluable tools for 

studying antiviral responses in recent years. While these approaches have 

provided novel insights into viral pathogenesis and immune signaling pathways, 

they have been limited to measurements from whole tissues or bulk cell 

populations, and thus have masked gene expression differences between 

infected and bystander cells. Conventional approaches to overcome this 

limitation have included comparison of responses between cells infected at low 

and high MOIs, using recombinant viruses expressing a reporter gene (e.g. 
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fluorescent protein) to identify or enrich for infected cells, or enriching for RNA 

from virally infected cells (179). Despite their historical utility, interpretations from 

these studies are confounded by the introduction of experimental artifacts (e.g. 

use of modified viruses, infection of cells with high virus doses). Recent 

technological advances in microfluidics and nucleic acid amplification 

technologies now allow for high-resolution gene expression analysis at the single 

cell level using qPCR (e.g. Fluidigm BioMark HD) and RNAseq (e.g. Illumina 

HiSeq 2000) (180). Additionally, the development of novel approaches, including 

droplet-based technologies (i.e. Drop-seq) (181), has increase the ease and 

affordability of generating single cell sequencing libraries. While these 

technologies have recently been utilized to characterize the heterogeneity in 

gene expression within individual cells in the context of embryonic development 

(182), cancer (183), and immunology (163, 184-186), these approaches have 

remained underutilized in the study of virus-host interactions.  

 

Single cell RNAseq reveals bimodal expression of immune response genes 

in dendritic cells 

Previous measures of antiviral responses within bulk DC populations have 

overlooked the heterogeneity present within this seemingly homogenous cell 

population. To determine the contributions of individual DCs to the overall 

antiviral landscape, Aviv Rigev’s group treated bone marrow derived DCs 

(BMDCs) with prototypical pathogen associated molecular patterns, strong 

stimulators of DC activation, and performed RNAseq on isolated single cells 
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(185, 186). Surprisingly, transcriptomes from individual cells revealed bimodal 

transcript expression for subsets of genes involved in immune responses. While 

some of the divergence in cellular gene expression could be correlated to the 

developmental stage of the BMDCs, the remaining differences correlated with 

differential activation of Irf7 and Stat2 dependent regulatory networks. When 

observed over a 6 hour period, a small subset of “early responder cells” activated 

antiviral signaling and type I IFN production within the first hours of stimulation. 

The remaining cells were “late responders” and required cell-to-cell 

communication and type I IFN-signaling to activate antiviral responses, 

suggesting activation by type I IFN produced by “early responder cells”. While 

these findings highlight the individual contributions of single cells to the antiviral 

landscape, further work is needed to extend these findings to in vivo viral 

infection, using freshly isolated cells from infected tissues. The bimodal 

expression patterns of transcripts raises the question of whether genes that are 

lowly expressed at the population level are highly expressed within a small 

subset of cells and may play a greater importance than previously appreciated.  

 

Single cell analysis reveals subversion of type I IFN production in infected 

and bystander cells during rotavirus infection 

Rotavirus (RV) causes severe diarrheal disease following infection of 

absorptive villous enterocytes within the small intestine, replicating to high titers 

despite an intact type I IFN response (187). While RV is known to suppress the 

type I IFN response, the exact mechanisms of viral evasion during in vivo 
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infection remain unclear. To clarify how rotavirus evades host immunity, Harry 

Greenberg’s group analyzed viral and host gene expression in single enterocytes 

isolated from naïve or murine rotavirus infected mice. Striking transcriptional 

heterogeneity existed between cells, which could be segregated into 

“enterocytelo” and “enterocytehi” populations based on low or high expression of 

enterocyte related transcripts, respectively. The enterocytehi population from 

naïve mice displayed high levels of type I IFN transcripts, revealing that a small 

subset of enterocytes are responsible for maintaining homeostatic levels of type I 

IFN within the healthy gut. Rotavirus preferentially infected the enterocytehi 

population and resulted in decreased type I IFN expression, while failing to 

trigger type I IFN production in the enterocytelo population, consistent with the 

ability of rotavirus to antagonize type I IFN induction. Despite diminished type I 

IFN transcription within enterocytes, analysis of gene expression within the bulk 

intestine and sorted cell populations revealed type I IFN transcription is induced 

during RV infection by hematopoietic cells. Inhibition of NFκB, but not IRF-3, 

dependent transcription occurred following RV infection, suggesting that RV 

inhibits NFκB activation to prevent type I IFN production in infected enterocytes. 

To put these findings into context of the whole organism, Stat1-/- mice, which are 

deficient in type I and II IFN signaling, were infected with murine or simian RV, a 

heterologous strain whose efficient replication requires a type I IFN signaling 

deficiency. Heterologous RV infection triggered stronger NFκB activation within 

the bulk intestine as compared to murine RV, despite equivalent activation of 

IRF-3 dependent responses. This correlated with higher type I IFN transcription 
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within the intestines of heterologous RV infected mice, further suggesting that 

murine RV inhibits NFκB signaling to prevent type I IFN induction and promote 

viral replication. Thus, single cell transcriptional profiling uncovers a model where 

murine RV antagonizes NFκB mediated transcription of type I IFN in infected 

enterocytes, allowing for viral replication despite type I IFN production by 

intestinal hematopoietic cells.  

 

Outlook for the coming age of single cell analysis 

Further work is needed to better understand antiviral signaling within 

infected and bystander cells in the context of other relevant human viral 

infections using primary cells. Implementation of single cell analysis has the 

potential to identify novel mediators of the host response that may have low 

transcript expression within infected cells and have been overlooked in whole 

tissue or bulk cell analyses. Moving forward, it will be critical to determine the 

sensitivity of primer sets designed to detect viral RNA and replication 

intermediates to ensure reliable discrimination between infected and bystander 

cells. To maintain a holistic view, single cell approaches will require integration 

with bulk cell, whole tissue, and organism level analyses, thus providing a more 

complete view of the antiviral landscape at each level of complexity. The recent 

development of a droplet-based single cell RNAseq platform (i.e. Drop-seq) will 

be an invaluable tool for bridging tissue and cellular level analyses. For example, 

Drop-seq could be applied to profile the host response within specific cell 

populations of a virally infected spleen at single cell resolution. A comparison 
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with transcriptional profiling of sorted bulk cell populations and whole spleens 

would reveal the cell specific contributions to developing the antiviral landscape, 

while highlighting nuances to the response that may be lost within bulk 

measurements. Finally, existing platforms for analyzing protein expression at 

single cell resolution (188), along with recent technological advances in single 

cell ChIP-Seq (189), will allow for integrated analyses of individual cells at the 

epigenetic, transcript, and protein levels.  

 

E. Conclusion- Systems biology as a tool to chart the antiviral landscape 

Conventional approaches have been instrumental to our understanding of 

virus-host interactions, but new holistic approaches, such as systems biology, 

are necessary to appreciate the entire scope of the antiviral response. Moving 

forward, integration of systems biology technologies is required to 

comprehensively chart the antiviral landscape, combining findings from 

transcriptomic, proteomic, metabolomic, epigenetic, and single cell analyses into 

predictive models of the antiviral response. The importance of systems 

integration was recently highlighted by the observation of notable discordance 

between transcript and protein levels in peptide-stimulated antigen specific CD8+ 

T cells (190). Despite the utility of systems biology approaches, a notable 

challenge has been the extraction of meaningful information from the extensive 

data sets that are generated. The implementation of current and novel 

computation methods are required to identify and prioritize lists of top candidate 

molecules and signaling pathways to help drive hypothesis generation. A critical 
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next step is experimental testing and refinement of predictive models, a too often 

overlooked process referred to as biologic validation. Further application of 

systems biology approaches will allow for the dissection of antiviral responses 

within traditionally difficult to study cell populations, such as rare primary cells 

and human clinical samples, allowing for a much needed enhanced 

understanding of cell type specific antiviral responses. Finally, systems biology 

approaches have the potential to redefine the field of personalized medicine, 

allowing treatment and vaccination strategies to be designed with host genetics 

in mind (191). In summary, the continued implementation of systems biology 

approaches will be essential for improving out understanding of viral 

pathogenesis and antiviral immunity, revealing novel targets for therapeutic and 

vaccination strategies.  
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Figure 1. Systems biology: a tool for charting the antiviral landscape. 

Systems biology can be employed to unravel the antiviral response at the 

organism (A), tissue (B), and cellular (C) levels of complexity. At the organism 

level (A), viral infection of a panel of collaborative cross mice probes the 

influence of genetic diversity on antiviral responses, identifying correlates of 

disease severity and improved small animal infection models. At both the tissue 

(B) and cellular levels (C), systems biology approaches can be utilized to 

uncover novel aspects of the host antiviral response through an iterative process 

of experimentation and computational modeling. Finally, emerging breakthroughs 

in single cell transcriptomics (C) can differentiate between infected and bystander 

cells, uncovering previously overlooked cell-specific differences in the antiviral 

response.  
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Systems biology reveals West Nile virus 

antagonism of STAT5 signaling during infection 

of human dendritic cells 
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2A. Abstract 

 West Nile virus (WNV) is a neurotropic flavivirus and the leading cause of 

mosquito-borne encephalitis in the United States. Studies in humans have found 

dysfunctional T cell responses correlate with the development of severe WNV 

neuroinvasive disease, however, the contributions of human dendritic cells (DCs) 

in priming T cell immunity remains poorly understood. Here, we utilized primary 

cells to demonstrate that human monocyte-derived DCs (moDCs) support 

productive viral replication following infection with WNV. Using mRNA 

sequencing combined with weighted gene co-expression network analysis 

(WGCNA), we defined molecular signatures of antiviral DC responses following 

activation of RLR and type I IFN signaling or infection with WNV. Using cis-

regulatory sequence analysis, STAT5 was identified as a regulator of DC 

activation downstream of innate immune signaling that was not activated during 

WNV infection. Consequently, molecules involved in T cell activation were 

minimally induced during WNV infection, and functionally, WNV-infected DCs 

dampened allogeneic T cell proliferation. In contrast, antiviral and type I IFN 

responses were strongly induced, including activation of both STAT1 and STAT2 

signaling. Mechanistically, WNV actively blocked STAT5 phosphorylation 

downstream of RIG-I, IFNβ, IL-4, and IL-13 signaling through impairment of Tyk2 

and JAK1 activation. Zika virus also blocked STAT5 phosphorylation, suggesting 

a conserved mechanism used by pathogenic flaviviruses to subvert DC 

activation. Combined, we propose a model where flavivirus antagonism of 
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STAT5 signaling interferes with DC activation, leading to compromised T cell 

priming by infected DCs. 

 

2B. Author summary 

West Nile virus in an encephalitic flavivirus that remains endemic in the 

United States. Previous studies have found a correlation between dysfunctional T 

cell responses and severe disease outcomes during human WNV infection. In 

this study, we sought to better understand the ability of WNV to program human 

dendritic cells (DCs) to prime anti-viral T cell responses. While productive WNV 

infection up-regulated antiviral effector gene expression and promoted type I 

interferon responses, multiple groups of molecules associated with inflammation 

and programming of T cell responses failed to be induced. The transcription 

factor STAT5 was identified as an important regulator of DC responses that was 

minimally activated during WNV infection. Mechanistically, WNV antagonized 

STAT5 signaling by blocking tyrosine phosphorylation of STAT5 downstream of 

multiple cytokine signaling pathways through impaired activation of Tyk2 and 

JAK1. Zika virus was also found to block STAT5 phosphorylation, suggesting 

antagonism of STAT5 signaling may be a conserved strategy used by pathogenic 

flaviviruses to subvert DC activation and compromise subsequent anti-viral T cell 

priming.  
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2C. Introduction 

West Nile virus (WNV) is a neurotropic flavivirus that remains the leading cause 

of mosquito-borne encephalitis in the United States (192). It is estimated that 

upwards of 6 million people have been infected by WNV in the US since its 

introduction in 1999, leading to over a thousand cases of neuroinvasive disease 

and nearly a hundred deaths each year (11). Following the bite of an infected 

mosquito, approximately 20% of individuals present with clinical outcomes 

ranging from mild febrile illness to severe neuroinvasive disease. Neuroinvasion 

is a serious complication with long term sequelae that includes ocular 

involvement, cognitive impairment, muscle weakness, and flaccid paralysis (12). 

The continued public health threat from WNV and other emerging flaviviruses, 

including Zika virus (ZIKV), underpins the need to better understand the 

mechanisms of protective immunity during human flavivirus infection.  

The pathogenesis of human WNV infection is incompletely understood, although 

excellent mouse models have illuminated mechanisms of virus-induced 

encephalitis and critical features of immune control (13). The bite of an infected 

mosquito delivers high doses of WNV into the skin where keratinocytes, 

Langerhans cells, and dermal dendritic cells (DCs) are believed to be initial target 

cells of infection (15, 193). Over the next 24 hours, WNV migrates to the skin 

draining lymph nodes and replicates within resident DCs. Subsequent viremia 

promotes peripheral seeding of virus into permissive tissues such as the spleen, 

where viral replication occurs primarily within DCs. WNV then crosses the blood 



	54 

brain barrier and infects neurons within the central nervous system (CNS), 

leading to viral encephalitis.  

Within murine DCs, detection of WNV occurs primarily through the concerted 

efforts of RIG-I and MDA5 (99, 102), members of the retinoic acid inducible gene 

I (RIG-I) like receptor (RLR) family of cytosolic pattern recognition receptors. 

Signal transduction through the adaptor protein mitochondrial antiviral signaling 

(MAVS) triggers the nuclear factor-κB (NFκB) and interferon regulatory factor 

(IRF)-3, 5, and 7 dependent induction of type I interferon (IFN) and antiviral 

effector gene transcription (194). Following the MAVS-dependent secretion of 

type I IFN (99), signaling through the type I IFN receptor on DCs is required for 

early virus restriction and host survival (16). In addition to direct restriction of viral 

replication, DCs are critical for the programming of antiviral CD8+ T cell 

responses that are required for clearance of WNV from the peripheral tissues 

and CNS (195). In humans, analysis of CD4+ and CD8+ T cells from the blood of 

WNV-infected patients has found dysfunctional T cell responses correlate with 

symptomatic disease outcome (29, 30). Decreased frequencies of CD4+ 

regulatory T cells also correlates with symptomatic WNV infection, highlighting 

the importance of a balanced T cell response (28). Nevertheless, the 

contributions of human DCs in programming T cell immunity during human WNV 

infection remains poorly understood.  

Here, we employed a systems biology approach to define the global antiviral 

response during WNV infection of human DCs, combining conventional virologic 

and immunologic measures with transcriptomic and computational analyses. 
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Using WGCNA combined with promoter scanning analysis, we identified STAT5, 

a critical transcription factor for regulating DC activation, downstream of RLR and 

type I IFN signaling. WNV infection failed to induce STAT5 signaling, 

corresponding with a failure to up-regulate inflammatory mediators and 

molecules involved in antigen presentation and T cell co-signaling. Functionally, 

impaired DC activation resulted in diminished T cell priming by WNV-infected 

moDCs during an allogeneic response. The minimal activation of WNV infected 

DCs reflected viral antagonism of STAT5, and to a lesser extent STAT1 and 

STAT2, phosphorylation through impaired Tyk2 and JAK1 activation. ZIKV also 

blocked STAT5 signaling, suggesting targeting STAT5 may be a common 

immune evasion strategy of pathogenic flaviviruses to subvert T cell immunity.  

 

2D. Results 

WNV productively infects human DCs 

While DCs are an important cell type during infection with multiple 

flaviviruses, their contributions during human WNV infection remains limited. To 

model viral replication in human DCs, monocyte-derived DCs (moDCs) were 

generated from peripheral blood CD14+ monocytes and infected with a 

pathogenic strain of WNV (196). Viral replication was first detected at 12hpi, as 

noted by increased viral RNA synthesis (Fig 1A). Viral RNA levels continued to 

increase exponentially over the next 36hrs. Viral RNA was not detected in mock 

or UV inactivated virus (UV-WNV) infection controls (S1A Fig). Consistent with 

genome replication kinetics, release of infectious virus increased exponentially 
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between 12 and 24hpi and plateaued at 48hpi (Fig 1B). Next, infected 

populations of moDCs were stained for intracellular expression of a structural 

protein found within the virus envelope (viral E protein) (22). Corresponding with 

log phase viral growth, the percentage of infected cells increased exponentially 

between 12 and 24hpi (Fig 1C; S1B and S1C Fig). Infection plateaued between 

24 and 48hpi, reaching upwards of 50% of cells positive for viral E protein. E 

protein expression was not observed in mock or UV inactivated virus infection 

controls. ImageStream analysis revealed that WNV E protein was localized 

predominantly within the cytoplasm and did not co-localize with the cell surface 

marker CD11c or the nucleus. Declining percent infection at 72hpi corresponded 

with significant loss of cell viability (Fig 1D). Combined, three complementary 

measures of viral replication (viral RNA, infectious virus release, and viral E 

protein staining) confirm that human moDCs are productively infected by WNV 

with log phase viral growth beginning between 12 and 24hpi. 

 

Innate immune signaling restricts WNV replication 

Studies in mice have demonstrated the importance of RLR and type I IFN 

signaling in viral restriction during WNV infection, yet the contributions of innate 

immune signaling during infection of primary human cells remains poorly 

understood. Here, infected moDCs were treated with RLR agonists or IFNβ at 

1hpi, after viral attachment and entry, and viral replication was assessed 24hrs 

later (S2A Fig). To trigger RLR signaling, moDCs were transfected with a highly 

specific RIG-I agonist derived from the 3’ UTR of hepatitis C virus (197), or high 
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molecular weight poly(I:C), which preferentially activates MDA5 signaling upon 

delivery into the cytosol (89). Stimulation of RIG-I, MDA5, or IFNβ signaling 

potently restricted viral replication, with greater than 90% inhibition as measured 

by both infection virus release and viral E protein staining (Fig 1E). Transfection 

reagents alone did not affect viral replication (S2B Fig). To determine the role of 

endogenously produced type I IFN, we infected moDCs in the presence of an 

anti-IFNAR2 neutralizing antibody at a concentration found to block the ability of 

type I IFN to activate moDCs (S2C Fig). Blocking type I IFN signaling showed no 

effect on viral replication through 24hpi, however, late viral control was 

compromised as shown by a 3-fold increase in the percentage of E protein+ cells 

and a log-fold increase in infectious virus release at 48hpi (Fig 1F). RLR agonists 

were found to block viral replication independent of type I IFN signaling, where 

inclusion of an anti-IFNAR2 neutralizing antibody did not affect the potency of 

RIG-I or MDA5 agonist (Fig 1G). These findings demonstrate that RLR and type I 

IFN signaling can block WNV replication in human DCs. 

 

Systems biology defines a molecular signature corresponding to 

antiviral DC responses 

Traditional studies of antiviral responses have predominantly relied on 

approaches involving genetic ablation, gene knockdown, or gene overexpression 

methodologies (198). While useful, these approaches remain difficult to perform 

in primary human cells and may not accurately reflect the role of a given 

molecule during the normal course of infection. To overcome these limitations, 
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we employed a systems biology approach to assess the global antiviral response 

during WNV infection within primary human DCs (S3A Fig). We generated 

moDCs from 5 donors and performed messenger RNA sequencing following 

innate immune agonist treatment or infection with WNV. Responses were 

measured at 12hrs post innate immune agonist treatment, a time-point at which 

we observed strong and consistent induction of antiviral effector genes across 

the different innate immune agonists (S3B Fig). To study the early antiviral 

response during WNV infection, transcriptional responses were measured 

preceding (12hpi) and during (24hpi) log phase viral replication (Fig 1).  

Using weighted gene co-expression network analysis (WGCNA), we 

defined molecular signatures following stimulation of RIG-I, MDA5, or IFNβ 

signaling, identifying six clusters of co-expressed genes, or modules (Fig 2A) 

(199). The module with the largest gene membership, module 5 (M5), was 

enriched for genes associated with the biologic process of “Defense response to 

virus”. Module 6 was also enriched for immune response related genes, while the 

remaining four modules were enriched for genes involved in biosynthetic 

processes, cellular metabolism, and stress responses. Given the large gene 

number and enrichment for antiviral response pathways, we focused our 

analyses to M5. We next identified differentially expressed genes (DEGs) within 

M5 for each treatment condition, as compared to time-matched untreated and 

non-infected cells (>2-fold change, significance of p<0.01). RIG-I agonist induced 

the strongest overall up-regulation of M5 genes, while both MDA5 and IFNβ 

stimulation induced substantial, although less profound, responses (Fig 2B). 
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During WNV infection, there was minimal M5 gene enrichment at 12hpi, but by 

24hpi, notable M5 gene up-regulation was observed, including many of the same 

genes induced by innate immune agonist treatment. When we performed 

MetaCore pathway analysis, M5 DEGs were highly enriched for pathways 

involved in type I IFN signaling and innate antiviral responses (Fig 2C). Thus, 

WGCNA reveals a highly enriched cluster of genes that corresponds to antiviral 

DC responses during WNV infection. 

 

STAT5 is a regulatory node of antiviral DC responses 

WGCNA clusters together genes into modules based on co-expression, 

suggesting the presence of common transcriptional regulators driving gene 

expression within a module. To define the transcriptional regulatory network of 

the M5 antiviral module, we performed cis-regulatory sequence analysis to 

computationally predict regulatory nodes using iRegulon, which identifies 

enrichment of transcription factor binding motifs within the top highly connected 

genes comprising M5 (200). Consistent with pathway enrichment for antiviral 

pathways, our analysis identified STAT1, STAT2, IRF9, IRF1, and NFκB within 

the top predicted transcriptional regulators of M5, all well described and strong 

drivers of antiviral gene transcription (201-203) (Fig 2D). We also found notable 

enrichment for STAT5, a transcriptional regulator with a previously described role 

in promoting DC activation (204, 205). Given that a role for STAT5 has not been 

previously implicated during flavivirus infection, we next looked at expression 

levels of predicted STAT5 target genes. While RIG-I agonist induced up-
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regulation of all predicted exclusive STAT5 target genes, STAT5 signaling was 

substantially less enriched during WNV infection, where almost 80% of predicted 

exclusive STAT5 target genes were not differentially expressed (Fig 2E). 

Combined, cis-regulatory analysis reveals STAT5 as a transcriptional regulator of 

M5 DEGs with minimal enrichment during WNV infection.  

 

STAT5 is a regulator of DC activation not activated during WNV 

infection 

Given recent work implicating STAT5 signaling upstream of DC activation, 

in part through binding to the promoter regions of CD80 and CD83, we 

hypothesized that STAT5 might be an important regulator of DC activation during 

flavivirus infection (204, 205). Consistent with this previous work, multiple 

predicted exclusive STAT5 target genes were involved in processes related to 

DC activation, including molecules involved in T cell co-signaling (e.g. CD80, 

IDO1, SLAMF1) and cytokine signaling (e.g. CCL2, CCL13, CXCL11, IL2RA, 

JAK2, SOCS, CISH) (Fig 3A and 3B). We also found enrichment for multiple 

STAT5 target genes involved in innate immunity (e.g. IRF1, TLR7, TRIM25) (S4A 

Fig). RIG-I agonist treatment induced significant up-regulation of STAT5 targets 

involved in both DC activation and innate immunity. Enrichment for STAT5 target 

genes corresponded with dose-dependent phosphorylation of STAT5 at tyrosine 

residue 694, a critical event for STAT5 dimerization and DNA binding, following 

90min treatment with both RIG-I and MDA5 agonists (Fig 3C and S4B Fig) 

(206). STAT5 phosphorylation coincided with the kinetics and magnitude of IRF3 
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phosphorylation. STAT5 remained phosphorylated at 18hrs post RIG-I agonist 

treatment, suggesting sustained activation of STAT5 potentially through 

production of cytokines, such as IL-4 and GM-CSF, that activate STAT5 signaling 

(S4C and S4D Fig). IFNβ signaling also promoted STAT5 phosphorylation, 

confirming previous work describing the activation of STAT5 by type I IFN 

signaling in other cell types (Fig 3D) (207-209).  

The minimal induction of STAT5 target genes corresponded to a lack of 

STAT5 phosphorylation during WNV infection at 24 and 48hpi, despite increased 

amounts of STAT5 total protein by 48hpi (Fig 3D). WNV infection also did not 

induce secretion of IL-4 or GM-CSF, cytokines that activate STAT5 (S4D Fig). 

Since we did not obtain 100% infection of moDCs (Fig 1C), it remained possible 

that STAT5 was being activated within infected cells, but the signal was being 

diluted out by the presence of uninfected cells. To rule this out, we employed an 

A549 cell infection system, a human lung carcinoma cell line previously used to 

study WNV infection where synchronous infection of 100% of cells can be 

obtained (123). WNV also failed to activate STAT5 phosphorylation at any time 

during an infection time course in A549 cells, despite >95% infection (S4F Fig). 

Combined, the lack of STAT5 phosphorylation and enrichment for target genes 

involved in DC activation suggests that WNV might subvert STAT5 signaling to 

compromise human DC activation. 

 

WNV does not induce inflammatory cytokine responses 
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Given the lack of STAT5 activation and minimal enrichment for STAT5 

target genes involved in DC activation, we next determined if WNV infection 

induced inflammatory cytokine responses, an important component of DC 

activation and T cell priming (210, 211). WNV infection did not promote 

transcription or protein secretion of multiple cytokines involved in inflammatory 

responses (e.g. IL-6, TNF), T cell immunity (e.g. IL-12, IL-27, IL-15, and IL-

15RA), and chemotaxis (CCL2, CCL3, CCL4, CCL5, and CXCL9) (Fig 4A and 

4B). Importantly, RIG-I agonist induced transcriptional expression and secretion 

of multiple inflammatory and T cell modulatory cytokines, confirming the ability of 

our moDCs to mount pro-inflammatory responses upon innate immune 

stimulation. Indeed, while RIG-I agonist treatment induced secretion of 17 of the 

25 cytokines and chemokines analyzed, only 1 was secreted at significant levels 

during WNV infection. CXCR1 transcription was also selectively down-regulated 

during WNV infection. These findings suggest WNV-infected DCs are 

compromised in their ability to induce inflammatory and chemotactic mediators 

important for T cell priming and immune activation. 

 

WNV infected DCs are compromised in T cell priming 

In addition to the secretion of cytokines that modulate T cell behavior, 

engagement of viral associated molecular patterns increases the surface 

expression of T cell co-signaling and MHC molecules on activated DCs (212). 

MetaCore pathway analysis on M5 DEGs following RIG-I agonist treatment 

revealed enrichment for multiple pathways involved in T cell activation and 
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antigen presentation (S5A Fig). In contrast, many of these pathways were not 

enriched during WNV infection. Indeed, WNV infection failed to induce multiple 

molecules associated with antigen presentation on MHC (HLA-A, ERAP1), 

LAMP3 (213), proteasome subunits (PSME1, PSMA2, PSMA4, PSMB10), and 

CD1D (214) (Fig 4A). WNV also failed to significantly up-regulate genes involved 

in T cell co-signaling (e.g. CD80, CD86, CD40) and selectively up-regulated 

expression of galectin-9 (LGALS9), a ligand for the T cell inhibitory receptor TIM3 

(29). These findings were biologically validated by flow cytometry, where WNV 

infection did not up-regulate cell surface levels of CD80, CD86, CD40 or MHC 

class II proteins within E protein+ cells at 24hpi (Fig 4C) or 48hpi (S5B Fig). In 

contrast to WNV infection, RIG-I agonist significantly up-regulated transcription of 

multiple molecules involved in antigen presentation and T cell co-signaling, 

corresponding with increased cell surface expression of CD80, CD86, CD40, and 

MHC II proteins. These findings demonstrate that WNV infection fails to up-

regulate multiple molecules involved in antigen presentation and T cell co-

signaling, despite the ability of these cells to induce DC activation upon activation 

of innate immune signaling.  

To determine if the minimal DC activation induced during WNV infection 

impairs T cell priming, we assessed the capacity of WNV-infected moDCs to 

drive an allogeneic T cell response. Uninfected moDCs induced strong 

proliferation of donor mismatched CD4 and CD8 T cells in a DC:T cell ratio 

dependent manner (Fig 4D). In contrast, WNV infected moDCs promoted 

diminished allogeneic CD4 and CD8 T cell proliferation. There was also 
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diminished up-regulation of the T cell activation markers CD38 and HLA-DR on 

allogeneic T cells primed by WNV infected moDCs (S5C Fig). Combined, these 

results suggest that the lack of STAT5 activation during WNV infection 

compromises DC activation to subvert T cell priming. 

 

WNV infection activates antiviral and type I IFN responses 

Given the lack of STAT5 activation and impaired T cell priming ability of 

WNV-infected moDCs, we next asked whether antiviral responses were also 

compromised during WNV infection. Using our defined molecular signature for 

RIG-I signaling as a filter, we identified specific sets of antiviral genes 

corresponding to innate immune sensors, transcription factors, type I IFN 

signaling, and antiviral effectors. In contrast to our findings with DC activation, 

molecules involved in RNA virus sensing (e.g. DDX58, IFIH1, PKR, TLR3) and 

the antiviral transcription factor IRF7 were up-regulated at 24hpi with WNV. This 

corresponded with up-regulation of multiple subtypes of type I IFN (IFNB1, IFNA 

subtypes, and IFNW1), type I IFN signal transducers (STAT1 and STAT2), and 

numerous antiviral effector genes (e.g. IFIT1, IFIT2, IFIT3, RSAD2, OASL) at 

24hpi (Fig 5A). Concordantly, STAT1 and STAT2 were phosphorylated at 24 and 

48hpi and secretion of both IFNβ and IFNα proteins were detected by 48hpi (Fig 

5B and 5C). While RIG-I agonist also induced type I IFN production, minimal to 

no type I IFN secretion was detected in moDCs left uninfected or infected with a 

UV-inactivated WNV. Combined, our data demonstrates that WNV infection of 

human DCs induces notable antiviral gene expression, contrasting with the 
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minimal enrichment of molecules involved in DC activation. Furthermore, 

phosphorylation of STAT1 and STAT2, but not STAT5, suggests that WNV may 

selectively target STAT5 to compromise DC activation. 

 

WNV actively antagonizes STAT5 signaling  

The lack of STAT5 activity during WNV infection strongly suggests that 

WNV actively inhibits STAT5 signaling. To determine if WNV can actively block 

STAT5 phosphorylation, we employed a Vero cell model of WNV infection, which 

allows for synchronous infection of 100% of cells and a lack of endogenous type I 

IFN signaling. Using a system that lacks type I IFN production is important to 

remove confounding interpretations caused by the induction of negative 

regulators that may down-regulate type I IFN signaling independently of viral 

antagonism. When we infected Vero cells with increasing MOIs of WNV (0.1, 1, 

and 5), we did not detected phosphorylation of STAT1, STAT2, or STAT5, 

consistent with the lack of an endogenous type I IFN response (Fig 6A). When 

we pulse treated infected cells with IFNβ, we observed substantial blockade of 

STAT5 phosphorylation, even at an MOI were we expect a mixture of infected 

and uninfected cells (MOI 0.1). STAT1 and STAT2 phosphorylation were also 

blocked, but in contrast to STAT5, the blockade was less pronounced at MOI 0.1. 

This is similar to our observations in moDCs, where STAT5 was not activated 

during WNV infection, but both STAT1 and STAT2 were phosphorylated (Fig 

5B). When we next infected Vero cells with a non-pathogenic strain of WNV 

(WNV-MAD) previously shown to not block STAT1 or STAT2 (123), we found 
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STAT5 phosphorylation was not blocked (S6A Fig). This suggests that STAT5 

antagonism is a feature of pathogenic, but not non-pathogenic WNV strains.  

We next confirmed our findings from Vero cells within primary human 

moDCs. STAT5 phosphorylation was potently blocked following RIG-I agonist 

treatment of WNV-infected moDCs (Fig 6B). Given the secretion of type I IFN at 

48hpi, as well as our findings in Vero cells, we hypothesized that WNV could also 

antagonize type I IFN-mediated STAT5 signaling. Indeed, WNV infection potently 

blocked STAT5 phosphorylation following IFNβ treatment (Fig 6C and S6B Fig). 

Infection with UV-WNV failed to block RIG-I or IFNβ-mediated STAT5 

phosphorylation, suggesting viral replication is required for inhibition of STAT5 

signaling. Next, we asked if WNV blocked STAT5 activation downstream of 

additional cytokine signaling pathways. Common gamma-chain family cytokines, 

such as IL-4, as well as multiple growth factors, including GM-CSF, signal 

through their respective receptors to promote STAT5 phosphorylation (215, 216). 

IL-13 can also activate STAT5 phosphorylation, signaling through the shared 

type II IL-4 receptor complex. Here, WNV infection dampened IL-4 and IL-13 

induced STAT5 phosphorylation in moDCs (Fig 6D and S6C Fig). In contrast, 

WNV failed to antagonize GM-CSF signaling, where the increased STAT5 

protein induced during infection led to increased STAT5 phosphorylation (Fig 

6E). Together, our findings suggest that WNV blocks STAT5 phosphorylation to 

antagonize STAT5-dependent gene induction in human moDCs in a pathway 

specific manner.  
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We next asked whether STAT5 antagonism was unique to WNV, or if 

other related flaviviruses could block STAT5 phosphorylation. Recent work has 

found that infection of human moDCs with ZIKV induced minimal DC activation, 

similar to our findings with WNV (217). Here, ZIKV infection blocked STAT5 

phosphorylation downstream of RIG-I, IFNβ, and IL-4, but not GM-CSF signaling, 

similar to WNV (Fig 6B-E). These findings demonstrate that antagonism of 

STAT5 might be a common strategy used by pathogenic flaviviruses to subvert 

DC activation and T cell immunity. 

 

WNV dampens activation of Tyk2 and JAK1 

The pathway specific inhibition of STAT5 provides insight into the host 

target of viral antagonism. The type I IFN receptor associates with JAK1 and 

Tyk2, which mediate tyrosine phosphorylation of STAT1 and STAT2, while Tyk2 

constitutively associates with STAT5 and mediates its tyrosine phosphorylation 

(209). IL-4 can bind to either the type I receptor (IL-4Rα/γc), activating JAK1 and 

JAK3, while both IL-4 and IL-13 bind the type II receptor (IL-4Rα/IL-13Rα1) to 

activate Tyk2 and JAK1 (215). In contrast, GM-CSF signaling through the GM-

CSF receptor predominately activates JAK2, but not JAK1 or Tyk2 (216, 218). 

The ability of WNV and ZIKV to block type I IFN, IL-4, and IL-13, but not GM-CSF 

signaling suggests Tyk2 and JAK1 may be targeted to block STAT5 

phosphorylation.  

To assess JAK inhibition, we infected Vero cells at MOI 0.1, 1, and 5 with 

WNV. Consistent with the lack of endogenous type I IFN production, WNV 
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infection alone did not induce Tyk2 phosphorylation. Although we did observe 

JAK1 phosphorylation, this is likely explained by the production of other cytokines 

that can activate JAK1. When we IFNβ pulse treated Vero cells infected with 

WNV at MOI 0.1, we observed no blockade of Tyk2 and enhanced JAK1 

phosphorylation (Fig 7A). When we infected with increasing MOIs of 1 and 5, we 

observed a MOI-dependent decrease in Tyk2 and JAK1 phosphorylation. When 

we instead infected Vero cells with a non-pathogenic strain of WNV (WNV-MAD), 

which doesn’t block STAT5 (S6A Fig), we did not observe decreased Tyk2 or 

Jak1 phosphorylation (S7 Fig). Indeed, we observed increased phosphorylation 

of Tyk2 and JAK1 as we infected with higher MOIs. We also observed severely 

diminished, although not completely blocked, Tyk2 and JAK1 phosphorylation 

following IFN treatment of WNV-infected human moDCs (Fig 7B). Combined, 

these findings suggest that WNV can dampen activation of Tyk2 and JAK1, 

which could compromise STAT5 phosphorylation.  

 

2E. Discussion 

In this study, we combined traditional virologic and immunologic measures 

with transcriptomic and computational approaches to define the global antiviral 

response during WNV infection in human primary cells. WNV productively 

infected human moDCs and induced cell death, coinciding with declining viral 

growth kinetics. RIG-I, MDA5, and IFNβ signaling potently restricted viral 

replication, corresponding with strong activation of antiviral defense response 

genes. Using cis-regulatory sequence analysis, STAT5, a transcription factor 
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previously described as a regulator of DC activation, was identified as an 

important regulatory node of antiviral DC responses downstream of innate 

immune signaling. In contrast, STAT5 signaling was not activated during WNV 

infection, corresponding with minimal up-regulation of inflammatory mediators or 

molecules involved in T cell activation. Functionally, WNV-infected moDCs 

primed impaired allogeneic T cell proliferation and activation. Mechanistically, 

WNV blocked STAT5 phosphorylation downstream of RIG-I, IFNβ, IL-4, and IL-

13, but not GM-CSF signaling through diminished Tyk2 and JAK1 activation. 

ZIKV also blocked STAT5 phosphorylation, suggesting STAT5 antagonism is a 

conserved mechanism used by pathogenic flaviviruses to subvert T cell 

immunity.  

Studies in mice have found that RLR and type I IFN signaling are critical 

for viral restriction and host survival during WNV infection, however, the 

contributions of innate immune signaling during infection of human cells remains 

limited (16, 98). Here, we demonstrated that RIG-I, MDA5, and IFNβ signaling 

potently restrict WNV replication through induction of strong antiviral gene 

transcription, suggesting that similar to mice, RLR and type I IFN signaling are 

important for viral control during human WNV infection. RIG-I and MDA5 agonists 

also remained efficient in blocking WNV replication independent of type I IFN 

signaling, consistent with the ability of RLR signaling to induce antiviral gene 

expression in the absence of the type I IFN receptor in mice (98). Combined, our 

results confirm the importance of RLR and type I IFN signaling in induction of 

antiviral responses and restriction of viral replication within primary human DCs.  
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 In addition to promoting antiviral responses, cis-regulatory 

sequence analysis revealed STAT5 as a regulatory node of multiple components 

of DC activation downstream of RLR and type I IFN signaling. Indeed, we 

observed significant enrichment for multiple STAT5 target genes involved in DC 

activation, which corresponded with secretion of pro-inflammatory cytokines and 

up-regulation of proteins involved in T cell activation. While this confirms previous 

studies that have implicated STAT5 in regulation of DC activation, we have also 

revealed a new facet of STAT5 activation during flavivirus infection through 

engagement of innate immune signaling (204, 205). The rapid kinetics of STAT5 

phosphorylation following RIG-I or MDA5 stimulation suggest that RLR signaling 

may directly induce phosphorylation of STAT5 through activation of a tyrosine 

kinase, such as Src or Lyn, both of which are induced by RLR signaling (219-

223). Alternatively, rapid production of type I IFN, which also potently promotes 

STAT5 activation, may mediate STAT5 phosphorylation following RLR signaling. 

However, the similar kinetics of STAT5 and IRF3 phosphorylation argue against 

the later hypothesis, suggesting that STAT5 is phosphorylated before type I IFN 

has had time to be secreted. Combined, our data suggests that STAT5 is an 

important regulatory node of DC activation downstream of RLR and type I IFN 

signaling.  

In contrast to RLR and IFNβ signaling, WNV infection failed to up-regulate 

most predicted STAT5 target genes, and STAT5 was not phosphorylated during 

infection, despite secretion of IFNβ and IFNα. Corresponding with minimal 

STAT5 enrichment, WNV infection failed to promote up-regulation of 
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inflammatory mediators and molecules involved in antigen presentation and T 

cell co-signaling. These findings are similar to previous work, where WNV 

infection also failed to induce inflammatory cytokine secretion (224). Infection of 

moDCs with a non-pathogenic WNV isolate, WNV Kunjin, also induced minimal 

production of IL-12, despite notable up-regulation of both CD86 and CD40 (214). 

This suggests that an inability to induce inflammatory cytokine responses may be 

shared among WNV strains, while pathogenic strains have evolved unique 

mechanisms to subvert antigen presentation and T cell activation. The failure of 

WNV to activate human moDCs is also similar to recent work with ZIKV (217). In 

contrast to WNV and ZIKV, infection of moDCs with the yellow fever virus 

vaccine strain (YFV-17D) up-regulated multiple inflammatory mediators and 

surface expression of CD80 and CD86 (212). The ability of YFV-17D to induce 

strong DC activation may reflect the loss of a viral antagonist during the 

attenuation process, similar to the ability of WNV Kunjin to induce up-regulation 

of CD86 and CD40 (214). Alternatively, the ability of YFV to induce DC activation 

may be an inherent property of certain flaviviruses. Indeed, DENV has also been 

found to activate inflammatory responses and up-regulate co-stimulatory 

molecules following infection (225, 226). It remains unknown whether YFV-17D 

or DENV can block STAT5, but our results suggest that the activation induced 

during YFV-17D or DENV infection may reflect an inability to block STAT5. 

Altogether, we demonstrate that WNV, similar to ZIKV, induces minimal DC 

activation during productive infection, contrasting with both DENV and YFV. 
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The minimal enrichment for STAT5 target genes and failure to induce DC 

activation during WNV infection was explained by viral blockade of STAT5 

phosphorylation downstream of RIG-I, IFNβ, IL-4, IL-13, but not GM-CSF 

signaling. Blockade of STAT5 signaling was found to be multi-frontal, as multiple 

STAT5 signaling cytokines induced downstream of RIG-I signaling (GM-CSF, IL-

4, IL-15) are not produced during infection with WNV. The lack of GM-CSF 

secretion may also overcome the need for WNV to block GM-CSF-induced 

STAT5 phosphorylation. ZIKV was found to similarly block STAT5 activation, 

which is consistent with the lack of DC activation and minimal secretion of 

inflammatory cytokines during ZIKV infection of human moDCs (217). 

Interestingly, we found a non-pathogenic strain of WNV, WNV-MAD, was unable 

to block STAT5 phosphorylation. This is similar to previous work, which found 

WNV-MAD was also unable to block STAT1 and STAT2 phosphorylation. This 

suggests that the ability to antagonize STAT5 signaling may be an important 

feature of pathogenic strains of WNV.  

While STAT5 phosphorylation was not observed during WNV infection of 

human moDCs, both STAT1 and STAT2 were phosphorylated at 24 and 48hpi. 

Similarly, infection of Vero cells at an MOI where we expect to have both infected 

and uninfected cells, MOI 0.1, resulted in more pronounced inhibition of STAT5 

phosphorylation. Indeed, while STAT5 was almost completely blocked at MOI 

0.1, both STAT1 and STAT2 were phosphorylated, likely resulting from intact 

type I IFN signaling in uninfected cells. Importantly, UV-inactivated virus, which 

undergoes cellular binding and entry but is replication incompetent, failed to 
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inhibit STAT5. This suggests that viral replication is required for STAT5 

antagonism, potentially through a secreted viral protein that would affect both 

infected and uninfected cells. Combined, our data suggests that STAT5 is more 

selectively targeted by WNV, and that antagonism of STAT5, but not STAT1 or 

STAT2, may occur in both productively infected and uninfected cells. 

Activation of STAT1 and STAT2 corresponded with induction of antiviral 

and type I IFN responses, contrasting with the minimal enrichment of molecules 

involved in DC activation. This corresponded with late type I IFN responses 

during WNV infection, with protein secretion not detected until 48hpi. This is 

consistent with previous work that found WNV infection of moDCs at low MOIs (1 

or 10) failed to induce IFNα secretion at 24hpi, while very high MOI infection 

(MOI 100 and 1,000) was required for detectable IFNα production (224). Infection 

of moDCs with WNV Kunjin, a non-pathogenic WNV isolate, also only secreted 

type I IFN proteins at 48hpi (214). Similar studies performed with DENV infection 

observed similarly late secretion of IFNα (225). This work contrasts with ZIKV 

infection, which has been found to block IFNβ and IFNα translation (217). 

Combined, this demonstrates that while WNV-infected moDCs have impaired 

STAT5 signaling and induction of DC activation, antiviral and type I IFN 

responses remain intact. 

Blockade of STAT5 phosphorylation corresponded with impaired 

activation of Tyk2 and JAK1, members of the Janus associated kinase (JAK) 

family that phosphorylate STAT5 downstream of type I IFN, IL-4, IL-13, but not 

GM-CSF signaling. This finding is consistent with previous work with WNV, and 
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closely related Japanese encephalitis virus (JEV), where Tyk2 activation was 

blocked (123, 227). Langat virus, a tickborne flavivirus, has also been found to 

block Tyk2 and Jak1 activation, through the NS5 protein, to subvert JAK/STAT 

signaling (228). Viral antagonism of Tyk2 and JAK1 may explain how GM-CSF 

signaling, which predominately relies on JAK2 for downstream STAT 

phosphorylation, escapes viral blockade of STAT5. Nevertheless, inhibition of 

Tyk2 or JAK1 activation is likely not the only mechanism used by WNV to block 

STAT5 activation. Indeed, while STAT5 phosphorylation was completely blocked 

by WNV, Tyk2 and JAK1 were only partially blocked. STAT5 itself is likely not 

targeted directly, given that GM-CSF induced STAT5 signaling remains intact 

during WNV infection. It remains plausible that WNV may disrupt the interaction 

between STAT5 and Tyk2 or Jak1, providing a further mechanism to selectively 

block STAT5 activation. Another possibility is that WNV infection includes the 

suppressor of cytokine signaling (SOCS) family, which broadly regulate 

JAK/STAT signaling and can be modulated during flavivirus infection (229). The 

observation that a non-pathogenic strain of WNV, WNV-MAD, does not block 

STAT5 phosphorylation provides a valuable tool to further define the viral and 

host factors that mediate STAT5 blockade.  

In summary, our systems biology approach identified STAT5 as a 

regulator of DC activation that is blocked by WNV as a mechanism to subvert DC 

activation and T cell priming. The inability of a non-pathogenic strain of WNV to 

block STAT5 suggests that antagonism of STAT5 signaling may be an important 

adaption of pathogenic strains of WNV. ZIKV also blocked STAT5 signaling, 
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suggesting that viral antagonism of STAT5 may be a common strategy of 

pathogenic flaviviruses to evade the pressures of host immunity. Our study 

advances our understanding of how pathogenic flaviviruses subvert antiviral 

immunity during human infection.  

 

2F. Experimental Procedures 

Ethics statement. Human peripheral blood mononuclear cells were obtained 

from healthy donors in accordance with the Emory University Institutional review 

board protocol IRB00045821. 

 

Cell lines. Vero cells (WHO Reference Cell Banks) and A549 cells (ATCC) were 

maintained in complete DMEM. Complete DMEM was prepared as follows: 

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). Complete RPMI was prepared as follows: 

cRPMI; 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). 

 

Generation of monocyte derived dendritic cells. To generate human moDCs, 

CD14+ monocytes were differentiated in cRPMI supplemented with 100ng/mL of 
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GM-CSF and IL-4 for 5-6 days, as previously described (217). In brief, freshly 

isolated PBMCs obtained from healthy donor peripheral blood (lymphocyte 

separation media; StemCell Technologies) were subjected to CD14+ magnetic 

bead positive selection using the MojoSort Human CD14 Selection Kit 

(BioLegend). Purified CD14+ monocytes were cultured in complete RPMI 

supplemented with 100ng/mL each of recombinant human IL-4 and GM-CSF 

(PeproTech) at a cell density of 2e6 cells/mL. After 24hr of culture, media and 

non-adherent cells were removed and replaced with fresh media and cytokines. 

Suspension cells (“moDCs”) were harvested after 5-6 days of culture and were 

consistently CD14-, CD11c+, HLA-DR+, DC-SIGN+, and CD1a+ by flow 

cytometry. For experimentation, moDCs were maintained in complete RPMI 

without GM-CSF or IL-4. For experiments measuring STAT5 phosphorylation, 

moDCs were rested in cRPMI without GM-CSF or IL-4 for 24hrs prior to 

experimentation. 

 

Viruses. WNV stocks were generated from an infectious clone, WNV isolate TX 

2002-HC, and passaged once in Vero cells, as previously described (196). ZIKV 

strain PRVABC59 was obtained from the Centers for Disease Control and 

Prevention as previously described (230). WNV and ZIKV virus stocks were 

titrated on Vero cells by plaque assay. moDCs were infected with WNV or ZIKV 

at MOI 10 for 1hr at 37°C in cRPMI (without GM-CSF or IL-4). After 1hr, virus 

was washed off, cells were resuspended in fresh cRPMI, and incubated at 37°C 

for 3-72 hours. 
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Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was purified 

(Quick-RNA MiniPrep Kit; Zymo Research) and viral RNA was reverse 

transcribed (High Capacity cDNA Kit; Applied Biosystems) using 1 pmol of a 

GVA tagged (underlined) primer (5’-

TTTGCTAGCTTTAGGACCTACTATATCTACCTGGGTCAGCACGTTTGTCATT

G-3’) directed against the E gene (120, 231). Reverse transcribed viral 

sequences were detected by qRT-PCR (TaqMan Gene Expression Master Mix; 

Applied Biosystems) using 10 pmol of primers (5’-

TTTGCTAGCTTTAGGACCTACTATATCTACCT3’ and 5’-

TCAGCGATCTCTCCACCAAAG-3’) and 2.5 pmol of hydrolysis probe (5’-FAM-

TGCCCGACCATGGGAGAAGCTC-3IABkFQ-3’). All custom primers and probes 

were obtained from Integrated DNA Technologies. All qRT-PCR was normalized 

to the amount of GAPDH (Hs02758991_g1; Applied Biosystems) in each 

respective sample.  

 

Quantitation of infectious virus. Infectious virus was quantitated using a 

plaque assay on Vero cells with a 1% agarose overlay and crystal violet 

counterstain, as previously described (196).  

 

Innate immune agonists. To stimulate RIG-I signaling, 100ng of RIG-I agonist 

derived from the 3’-UTR of hepatitis C virus (197) was transfected per 1e6 cells 

using TransIT-mRNA transfection kit (Mirus). For stimulation of MDA5 signaling, 
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100ng of high molecular weight poly-(I:C) was transfected per 1e6 cells using 

LyoVec transfection reagent (Invivogen). To stimulate type I IFN signaling, cells 

were incubated with 100 IU/mL of human recombinant IFNβ. In select 

experiments, different doses of agonists were used and this is indicated within 

the respective figure legend. To inhibit type I IFN signaling, 5µg/mL anti-human 

Interferon-α/β Receptor Chain 2 (MMHAR-2; EMD Milipore) blocking monoclonal 

antibody was used.  

 

RNA sequencing and bioinformatics. moDCs were generated from 5 donors 

and either treated with innate immune agonists for 12hr (RIG-I, MDA5, or IFNβ) 

or infected with WNV (12hpi and 24hpi). Total RNA was purified (Quick-RNA 

MiniPrep Kit; Zymo Research) and mRNA sequencing libraries were prepared for 

RNA sequencing (Illumina TruSeq chemistry). RNA sequencing was performed 

on a Illumina HiSeq 2500 System (100bp single end reads). Sequencing reads 

were mapped to the human reference genome 38. Weighted gene co-expression 

module analysis was performed on DESeq2 normalized mapped reads (TIBCO 

Spotfire with Integromics Version 7.0) from RIG-I agonist, MDA5 agonist, IFNβ, 

and mock treated samples. First, the datasets were reduced to focus the network 

analysis on the 5446 most variable genes (as determined by variation value 

greater than 1) using the Variance function in R. We constructed a signed 

weighted correlation network by generating a matrix pairwise correlation between 

all annotated gene pairs. The resulting biweight mid-correlation matrix was 

transformed into an adjacency matrix using the soft thresholding power (β1) of 
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12.  The adjacency matrix was used to define the topological overlap matrix 

(TOM) based on a dissimilarity measurement of 1- TO. Genes were hierarchically 

clustered using average linkage and modules were assigned using the dynamic 

tree-cutting algorithm (module eigengenes were merged if the pairwise 

calculation was larger than 0.75). This resulted in the construction of six 

modules. Transcriptional regulators within the M5 module were computationally 

predicted with iRegulon (200), using the top most connected M5 genes using an 

eigengene-based connectivity cutoff of 0.4. Differentially expressed genes within 

the M5 module were identified as having a >2-fold change (significance of 

p<0.01) relative to uninfected and untreated cells. Pathway analysis was 

performed on M5 genes using MetaCore pathway map analysis (version 6.29, 

Thomson Reuters). 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. 

 

Flow cytometry. Cells were prepared for analysis as previously described (217). 

In brief, cells were Fc receptor blocked for 10 min, stained for phenotypic and 

activation markers for 20 min, and viability stained for 20 min (Ghost Dye Violet 

510, Tonbo Biosciences). For intracellular staining of WNV E protein, cells were 

fixed and permeabilized (Transcription Factor Staining Buffer Kit, Tonbo 

Biosciences) and labeled with E16-APC for 20min at room temperature (22). 

Flow cytometry data was analyzed using FlowJo version 10 software. 
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ImageStream data was analyzed using the Amnis IDEAS software. Primary 

antibodies are listed in S1 Table. 

 

T cell proliferation assay. Freshly isolated PBMCs obtained from healthy donor 

peripheral blood (lymphocyte separation media; StemCell Technologies) were 

subjected to CD4 or CD8 T cell magnetic bead negative selection using the 

MojoSort Human CD4 or CD8 Selection Kit (BioLegend). Isolated CD4 or CD8 T 

cells were labeled with CellTrace Violet (CTV) Cell Proliferation Kit 

(ThermoFisher) per the manufacturer’s instructions. In a 96-well U bottom plate, 

CTV labeled CD4 or CD8 T cells (2e5 ells) were mixed with different ratios of 

either uninfected moDCs, or moDCs infected with WNV for 24hr (1:4, 1:8, 1:16, 

1:32, 1:64, and 1:128 DC:T cell ratios). To prevent spreading infection, we added 

anti-E16 neutralizing antibody at 5µg/mL throughout the DC:T cell co-culture 

period (22). After 6 days of co-culture, cells were stained for surface expression 

of CD4 or CD8, CD3, CD38, and HLA-DR and both proliferation, by CTV dilution, 

and T cell activation (CD38+HLA-DR+) were assessed by flow cytometry (232).  

 

Multiplex bead array. Cytokine analysis was performed on supernatants using a 

human 25-plex panel (ThermoScientific) and a custom 2-plex panel with human 

IFNβ and IFNα simplex kits (eBioscience) as described previously (217). 

Cytokines analyzed included: IFN-α, IFNβ, GM-CSF, TNF-α, IL-4, IL-6, MIP-1α, 

IL-8, IL-15, IL-2R, IP-10, MIP-1β, Eotaxin, RANTES, MIG, IL-1RA, IL-12 

(p40⁄p70) IL-13, IFN-γ, MCP-1, IL-7, IL-17, IL-10, IL-5, IL-2, and IL-1β. 
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Western blot. Whole-cell lysates 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 Halt Phosphatase Inhibitor Cocktail 

[ThermoFisher]). Protein lysates were separated by SDS-PAGE and western blot 

analysis was performed using the ChemiDoc XRS+ imaging system (BioRad). 

Western blots were analyzed using Image Lab version 5.2.1 software (BioRad) 

and prepared for publication using Adobe Illustrator. Primary antibodies are listed 

in S1 Table.  

 

Statistics. All statistical analysis was performed using GraphPad Prism version 6 

software. The number of donors varied by experiment and is indicated within the 

figure legends. Statistical significance was determined as P<0.05 using a 

Kruskal-Wallis test (when comparing more than two groups lacking paired 

measurements), a Wilcoxon test (when comparing two groups with paired 

measurements), or a 2way ANOVA (when comparing two groups across multiple 

independent variables). All comparisons were made between treatment or 

infection conditions with a time point matched, uninfected and untreated control.	  
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2G. Figures and legends 
 

 
 
Fig 1. WNV productively infects human moDCs and is restricted by innate 

immune signaling. moDCs were infected with WNV or UV-inactivated WNV 
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(UV-WNV) at MOI 10 (as determined on Vero cells) and analyzed at indicated 

hours post-infection. (A) Viral RNA as quantitated in cell lysates by RT-qPCR. 

Shown as log2 normalized expression after normalization to GAPDH. Data is 

shown for each donor with the mean (n=5-11 donors). (B) Infectious virus release 

into the supernatant as determined by a viral plaque assay on Vero cells. Data is 

shown for each donor with the mean (n=4-17 donors). PFU, plaque-forming unit. 

(C) Percent E protein+ cells as determine by flow cytometry (Left panel). Data is 

shown for each donor with the mean (n=5-31 donors). ImageStream analysis of 

WNV-infected moDCs labeled for viral E protein at 24hpi (Right panel). (D) 

Percent viable cells. Data is shown for each donor with the mean (n=5 donors). 

(E) moDCs were infected with WNV at MOI 10 (as determined on Vero cells) for 

1hr and then treated with RIG-I agonist (100ng/1e6 cells), MDA5 agonist 

(100ng/1e6 cells), IFNβ (1000 IU/mL), or left untreated (“WNV”). Infectious 

virus release into the supernatant (left panel) or viral E protein staining (right 

panel) was assessed at 24hpi. Data is represented as percent inhibition and 

shown for each donor with the mean (n= 5-6 donors). Percent inhibition was 

calculated as: (1 - [WNV + agonist] / [WNV alone]) * 100. Dashed line indicates 

100% inhibition, or complete block of viral infection. (F) moDCs were infected 

with WNV at MOI 10 (as determined on Vero cells) in the presence or absence of 

anti-IFNAR2 blocking antibody (5µg/mL) and viral infection was assessed as in 

E. Representative donor shown with the mean +/- SD of three replicates. (G) 

moDCs treated as in E were incubated with or without anti-IFNAR2 (5µg/mL). 

Data is shown for each donor with the mean (n= 3 donors). Statistical 
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significance was determined as P < 0.05 using a Kruskal-Wallis test. See also S1 

and S2 Fig. 
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Fig 2. Systems biology reveals STAT5 as a regulatory node of antiviral DC 

responses. (A) Topologic overlap matrix showing enriched modules defined by 

WGCNA following 12hr treatment with RIG-I agonist (100ng/1e6 cells), MDA5 
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agonist (100ng/1e6 cells), or IFNβ (1000 IU/mL). Functional annotation was 

performed using the DAVID Bioinformatics Resource version 6.8, with the top 

enriched biological process shown. (B) Heatmap of all module 5 differentially 

expressed genes with the log2 normalized fold change relative to uninfected, 

untreated cells shown. (C) Top enriched MetaCore canonical pathways of 

module 5 differentially expressed genes relative to uninfected and untreated cells 

(>2-fold change, significance of p<0.01). Node size corresponds with the 

pathway enrichment significance score (–log10 p value) for each indicated 

treatment condition. (D) Transcription factor regulatory network of module 5 gene 

expression as predicted by iRegulon (left panel). The top predicted transcriptional 

regulators (large, yellow nodes) are shown with a connecting line to predicted 

target genes (small, orange nodes). The number of predicted target genes and 

the normalized enrichment score (NES) for a given regulator is shown below 

(right panel). (E) Heatmap of predicted STAT5 target genes with the log2 

normalized fold change relative to uninfected, untreated cells is shown (>2-fold 

change, significance of p<0.01; bottom panel). For all heatmaps, each column 

within a treatment condition is marked by a unique color and represents a 

different donor (n= 5 donors). See also S2 Fig. 
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Fig 3. STAT5 is a regulator of DC activation not activated during WNV 

infection. (A) STAT5 regulatory node (large, central node) is shown with the 

predicted target genes indicated (small nodes), as determined by iRegulon. 

Genes corresponding to DC activation related processes are highlighted with a 

blue outline. (B) The position weight matrix for the STAT5 binding site from the 

TRANSFAC database is shown (Top panel). Heatmap of predicted STAT5 target 

genes involved in DC activation (as highlighted in A) with the log2 normalized fold 

change relative to uninfected, untreated cells is shown (>2-fold change, 

significance of p<0.01; Bottom panel). Each column within a treatment condition 

is marked by a unique color and represents a different donor (n= 5 donors). (C) 

moDCs were treated with RIG-I agonist for 90min (10, 100, 1,000, and 
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10,000ng/1e6 cells). (D) moDCs were treated with IFNβ for 30min (1,000 IU/mL) 

or infected with WNV (MOI 10, as determined on Vero cells) for 24 and 48hrs. 

For C and D, Western blot analysis was performed for the indicated proteins. 

Representative blots are shown for results obtained from 3-8 donors. See also 

S4 Fig.  
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Fig 4. WNV infected DCs are compromised in T cell priming. (A) Heatmap of 

genes involved in chemotaxis, inflammatory cytokine responses, antigen 

processing and presentation, or T cell co-signaling. The log2 normalized fold 

change relative to uninfected, untreated cells is shown (>2-fold change, 

significance of p<0.01). Each column within a treatment condition is marked by a 

unique color and represents a different donor (n= 5 donors). (B) Secretion of 

inflammatory cytokine or chemokine proteins as assessed by multiplex bead 

array following RIG-I agonist treatment (100ng/1e6 cells), infection with UV-

inactivated WNV (MOI 10, “UV-WNV”), or infection with replication competent 

WNV (MOI 10, “WNV”). Responses were assessed at 24hr following treatment or 

infection. Data for each donor is shown with the mean (n=4-7 donors). (C) Cell 
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surface expression of CD80, CD86, CD40, or MHC II was quantitated by flow 

cytometry following RIG-I agonist treatment (100ng/1e6 cells), infection with UV-

inactivated WNV (MOI 10, “UV-WNV”), or infection with replication competent 

WNV (MOI 10, “WNV”). WNV-infected moDCs were labeled for viral E protein 

and data is shown for the E protein+ population. Responses were assessed at 

24hr following treatment or infection. Data for each donor is shown as median 

fluorescence intensity (MFI) with the mean (n=3-5 donors). Statistical significance 

(p< 0.05) in B and C was determined using a Kruskal-Wallis test with 

comparisons made to time point matched, uninfected and untreated cells. (D) 

moDCs were left uninfected or infected with WNV (MOI 10) for 24hrs. Allogeneic 

CD4 or CD8 T cells were labeled with CellTrace violet (CTV) and incubated with 

uninfected or WNV infected moDCs at the indicated DC:T cell ratios in the 

presence of an anti-E16 WNV blocking antibody to limit spreading infection 

(5µg/mL) for 6 days. Percent proliferation was defined as any cell that diluted 

CTV as compared to a “no DC, T cell only control”. Statistical significance (p< 

0.05) in D was determined using a 2way ANOVA with comparisons made 

between T cells primed with Naïve DCs and T cells primed WNV infected DCs. 

See also S5 Fig. 
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Fig 5. WNV induces antiviral and type I IFN responses. (A) Heatmap of 

differentially expressed genes related to innate immune viral sensing (“innate 

sensors”), antiviral transcription factors (“transcription factors”), type I IFN 

responses (“type I IFN signaling”), or genes with antiviral activity (“antiviral 

effectors”). The log2 normalized fold change relative to uninfected, untreated cells 

is shown (>2-fold change, significance of p<0.01). Each column within a 

treatment condition is marked by a unique color and represents a different donor 
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(n= 5 donors) (C) Secretion of IFNβ and IFNα proteins into the supernatant 

following RIG-I agonist treatment (100ng/1e6 cells), infection with UV-inactivated 

WNV (MOI 10, “UV-WNV”), or infection with replication competent WNV (MOI 10, 

“WNV”). Data is shown for each donor with the mean (n= 4-11 donors). Statistical 

significance (p< 0.05) in C was determined using a Kruskal-Wallis test with 

comparisons made to time point matched, uninfected and untreated cells. 
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Fig 6. WNV and ZIKV actively block STAT5 phosphorylation. (A) Vero cells 

were left uninfected (“Mock”) or infected with WNV (MOI 0.1, 1, or 5 based on 

Vero titer) for 24hrs. Cells were then left untreated, or pulse treated with IFNβ 

(1,000 IU/mL) for 30min. (B-E) Human moDCs were left uninfected (“Mock”) or 

infected with WNV, UV-WNV, or ZIKV (48hrs, MOI 10 based on Vero titer). Cells 

were left untreated or treated with RIG-I agonist (100ng/1e6 cells) for 90mins (B), 

IFNβ (1,000 IU/mL) for 30min (C), IL-4 (10 ng/mL) for 30min (D), or GM-CSF 

(10 ng/mL) for 30min (E). For A-E, Western blot analysis was performed for the 
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indicated proteins. Data in A is representative of results obtained from two 

independent experiments, while data in B-E is representative of results obtained 

from 3-8 donors. See also S6 Fig.   
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Fig 7. WNV impairs Tyk2 and JAK1 activation to compromise STAT5 

phosphorylation. (A) Vero cells were left uninfected (“Mock”) or infected with 

WNV (MOI 0.1, 1, or 5 based on Vero titer) for 24hrs. Cells were then left 

untreated, or pulse treated with IFNβ (1,000 IU/mL) for 30min. (B) Human 

moDCs were left uninfected (“Mock”) or infected with WNV, UV-WNV, or ZIKV 

(48hrs, MOI 10 based on Vero titer). Cells were left untreated or pulse treated 

with IFNβ  (1,000 IU/mL) for 30min. For A-E, Western blot analysis was 

performed for the indicated proteins. Data in A is representative of results 

obtained from two independent experiments, while data in B is representative of 

results obtained from 2-3 donors. See also S7 Fig.  
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S1 Fig. WNV productively infects human moDCs. moDCs were infected with 

WNV or UV-inactivated WNV (UV-WNV) at MOI 10 (as determined on Vero cells) 

and analyzed at indicated hours post-infection (hpi). (A) Viral RNA quantitated in 

cell lysates. Shown as non-normalized Ct values for each donor (n=5-11 donors). 

A Ct value of 40 represents the assay limit of detection and indicates a lack of 

detectable viral RNA/cDNA amplification. (B) Representative flow plots from a 
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single donor showing the gating of viral E protein+ cells (C) Percent E protein+ 

cells at 12hpi for each donor with the mean +/- SD (n=12 donors). 
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S2 Fig. Innate immune signaling restricts WNV replication. (A) Overview of 

approach used in Figure 1E-G. (B) moDCs were infected with WNV at MOI 10 

(as determined on Vero cells) for 1hr and then treated with TransIT transfection 

reagent alone, LyoVec transfection reagent alone, or left untreated (“WNV”). 

Infectious virus release into the supernatant was assessed at 24hpi. (C) moDCs 

were pre-incubated with different doses of anti-IFNAR2 blocking antibody and 

then treated with IFNβ for 24hr. Cell surface expression of CD40 and CD86 was 

evaluated and shown as the median fluorescence intensity from a single donor.  
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S3 Fig. Systems biology approach to define the global antiviral response. 

(A) Overview of systems biology approach used in this study. (B) qRT-PCR of 

antiviral gene expression was performed on cell lysates following 12hr of 

indicated agonist treatment. Shown as log2 normalized expression after 

normalization to GAPDH for a single donor.  
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S4 Fig. STAT5 signaling is activated by innate immune signaling, but not 

during WNV infection. (A) Heatmap of predicted STAT5 target genes involved 

in DC activation (as highlighted in A) with the log2 normalized fold change relative 

to uninfected, untreated cells is shown (>2-fold change, significance of p<0.01; 

Bottom panel). Each column within a treatment condition is marked by a unique 

color and represents a different donor (n= 5 donors). (B) moDCs were treated 
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with MDA5 agonist for 90min (10, 100, 1,000, and 10,000ng/1e6 cells). (C) 

moDCs were treated with RIG-I agonist (10 or 100ng/1e6 cells) for 90 minutes or 

18hrs. For B and C, Western blot analysis was performed for the indicated 

proteins. Western blots are representative of data obtained from 3-8 donors. (D) 

Secretion of IL-4 or GM-CSF as assessed by multiplex bead array following RIG-

I agonist treatment (100ng/1e6 cells), infection with UV-inactivated WNV (MOI 

10, “UV-WNV”), or infection with replication competent WNV (MOI 10, “WNV”). 

Data for each donor is shown with the mean (n=4-7 donors). (E) Left panel, A549 

cells were infected with WNV at MOI 5 (as determined on Vero cells) for 48hrs 

and stained for viral E protein. Right panel, A549 cells were infected with WNV 

(MOI 5) and western blot analysis was performed on the indicated proteins at 

6hpi, 12hpi, 24hpi, and 48hpi. Data is representative of 3 independent 

experiments.   



	102 

 

S5 Fig. WNV induces minimal DC activation and compromises T cell 

priming. (A) Top enriched MetaCore canonical pathways of module 5 

differentially expressed genes that correspond to processes associated with DC 

function or activation. The pathway enrichment significance score (–log10 p value) 

for each indicated treatment condition is depicted as a spider plot. (B) Cell 

surface expression of CD80, CD86, CD40, or MHC II was quantitated by flow 
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cytometry following RIG-I agonist treatment (100ng/1e6 cells), infection with UV-

inactivated WNV (MOI 10, “UV-WNV”), or infection with replication competent 

WNV (MOI 10, “WNV”). WNV-infected moDCs were labeled for viral E protein 

and data is shown for the E protein+ population. Responses were assessed at 

48hr following treatment or infection. Data for each donor is shown as median 

fluorescence intensity (MFI) with the mean (n=3-5 donors). Statistical significance 

(p< 0.05) in B and C was determined using a Kruskal-Wallis test with 

comparisons made to time point matched, uninfected and untreated cells. (C) 

moDCs were left uninfected or infected with WNV (MOI 10) for 24hrs. Allogeneic 

CD4 or CD8 T cells were incubated with uninfected or WNV infected moDCs at 

the indicated DC:T cell ratios in the presence of an anti-E16 WNV blocking 

antibody to limit spreading infection (5µg/mL) for 6 days. The percentage of cells 

expressing both CD38 and HLA-DR was determined by flow cytometry. 

Statistical significance (p< 0.05) in D was determined using a 2way ANOVA with 

comparisons made between T cells primed with Naïve DCs and T cells primed 

WNV infected DCs. 
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S6 Fig. Pathogenic WNV, but not a non-pathogenic strain, blocks STAT5 

signaling. (A) Vero cells were left uninfected (“Mock”) or infected with WNV-

MAD (MOI 0.1, 1, or 5 based on Vero titer), a non-pathogenic WNV strain, for 

24hrs. Cells were then left untreated, or pulse treated with IFNβ (1,000 IU/mL) for 

30min. (B, C) Human moDCs were left uninfected (“Mock”) or infected with WNV, 

UV-WNV, or ZIKV (48hrs, MOI 10 based on Vero titer). Cells were left untreated 

or treated with IFNβ (1,000 IU/mL), IL-4 (10 ng/mL), or IL-13 (10ng/mL) for 

30min. For A-C, Western blot analysis was performed for the indicated proteins. 

Data in A is representative of results obtained from two independent 

experiments, while data in B and C is representative of results obtained from 2-3 

donors. 
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S7 Fig. Non-pathogenic WNV does not block Tyk2 or JAK1. Vero cells were 

left uninfected (“Mock”) or infected with WNV-MAD (MOI 0.1, 1, or 5 based on 

Vero titer), a non-pathogenic WNV strain, for 24hrs. Cells were then left 

untreated, or pulse treated with IFNβ (1,000 IU/mL) for 30min. Western blot 

analysis was performed for the indicated proteins. Data is representative of 

results obtained from two independent experiments. 
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2H. Tables and legends 

 

S1 Table. Primary antibodies used in this study 

 

Primary antibody Source Catalog number 
Rabbit anti-human phospho-STAT1 (Tyr701; clone D4A7) Cell Signaling Technologies 7649 
Rabbit anti-human STAT1 (clone 9172) Cell Signaling Technologies 9172 
Rabbit anti-human phospho-STAT2 (Tyr689; Upstate) EMD Milipore 07-224 
Rabbit anti-human STAT2 (clone D9J7L) Cell Signaling Technologies 72604 
Rabbit anti-human phospho-STAT5 (Tyr694; clone D47E7) Cell Signaling Technologies 4322 
Rabbit anti-human STAT5 (clone 9363) Cell Signaling Technologies 9363 
Rabbit anti-human phospho-IRF3 (Ser396; clone 4D4G) Cell Signaling Technologies 4947 
Rabbit anti-human total IRF3 (clone D83B9) Cell Signaling Technologies 4302 
Rabbit anti-human total Tyk2 (clone D4I5T) Cell Signaling Technologies 14193 
Rabbit anti-human phospho-Tyk2 (Tyr1054/1055; clone D7T8A) Cell Signaling Technologies 68790 
Rabbit anti-human total JAK1 (clone 6G4) Cell Signaling Technologies 3344 
Rabbit anti-human phospho-JAK1 (Tyr1034/1035; clone D7N4Z) Cell Signaling Technologies 74129 
Rabbit anti-human GAPDH (clone D16H11) Cell Signaling Technologies 5174 
Mouse anti-human CD11c (BV710, clone B-Ly6) BD Biosciences 563130 
Mouse anti-human HLA-DR (PE-CF594, clone G46-6) BD Biosciences 562304 
Mouse anti-human CD1a (BV421, clone HI149) BioLegend 300128 
Mouse anti-human CD209 (PE, clone 9E9A8) BioLegend 330106 
Mouse anti-human CD14 (PE, clone M5E2) BioLegend 301806 
Mouse anti-human CD80 (AF488, clone 2D10) BioLegend 305214 
Mouse anti-human CD86 (BV605, clone IT2.2) BioLegend 305430 
Mouse anti-human CD40 (PE-Cy7, clone 5C3) BioLegend 334322 
Mouse anti-human CD3 (BUV496, clone UCHT1) BD Biosciences 564809 
Mouse anti-human CD4 (FITC, clone A161A1) BioLegend 357406 
Mouse anti-human CD8 (FITC, clone HIT8a) BioLegend 300906 
Mouse anti-human HLA-DR (AF700, clone L243) BioLegend 307626 
Mouse anti-human CD38 (BUV395, clone HIT2) BD Biosciences 740294 
Unconjugated monoclonal humanized E16 antibody Oliphant et al., 2005 N/A 
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CHAPTER 3. 
 

 

Zika virus antagonizes type I interferon responses 

during infection of human dendritic cells 

 

The work presented in this chapter was published in PLoS Pathogens as: 

 

Bowen JR*, Quicke KM*, Maddur MS, O'Neal JT, McDonald CE, Fedorova NB, 

Puri V, Shabman RS, Pulendran B, Suthar MS. Zika Virus Antagonizes Type I 

Interferon Responses during Infection of Human Dendritic Cells. PLoS Pathog. 

2017;13(2):e1006164. doi: 10.1371/journal.ppat.1006164. PubMed PMID: 

28152048. 

 

 

*James R. Bowen and Kendra M. Quicke contributed equally to this work. 

The content is reproduced here in whole with permission from the publisher. 

Data not generated by the PhD candidate is indicated in the figure legends. 
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3A. Abstract 

 Zika virus (ZIKV) is an emerging mosquito-borne flavivirus that is causally 

linked to severe neonatal birth defects, including microcephaly, and is associated 

with Guillain-Barre syndrome in adults. Dendritic cells (DCs) are an important cell 

type during infection by multiple mosquito-borne flaviviruses, including dengue 

virus, West Nile virus, Japanese encephalitis virus, and yellow fever virus. 

Despite this, the interplay between ZIKV and DCs remains poorly defined. Here, 

we found human DCs supported productive infection by a contemporary Puerto 

Rican isolate with considerable variability in viral replication, but not viral binding, 

between DCs from different donors. Historic isolates from Africa and Asia also 

infected DCs with distinct viral replication kinetics between strains. African 

lineage viruses displayed more rapid replication kinetics and infection magnitude 

as compared to Asian lineage viruses, and uniquely induced cell death. Infection 

of DCs with both contemporary and historic ZIKV isolates led to minimal up-

regulation of T cell co-stimulatory and MHC molecules, along with limited 

secretion of inflammatory cytokines. Inhibition of type I interferon (IFN) protein 

translation was observed during ZIKV infection, despite strong induction at the 

RNA transcript level and up-regulation of other host antiviral proteins. Treatment 

of human DCs with RIG-I agonist potently restricted ZIKV replication, while type I 

IFN had only modest effects. Mechanistically, we found all strains of ZIKV 

antagonized type I IFN-mediated phosphorylation of STAT1 and STAT2. 

Combined, our findings show that ZIKV subverts DC immunogenicity during 

infection, in part through evasion of type I IFN responses, but that the RLR 
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signaling pathway is still capable of inducing an antiviral state, and therefore may 

serve as an antiviral therapeutic target. 

 

3B. Author Summary 

Zika virus (ZIKV) is an emerging mosquito-borne flavivirus that, upon congenital 

infection, can cause severe neonatal birth defects. To better understand the early 

innate immune response to ZIKV, we compared infection of human dendritic cells 

(DCs) between a contemporary Puerto Rican isolate and historic isolates from 

Africa and Asia. Human DCs supported productive replication following infection 

with the contemporary strain and exhibited donor variability in viral replication, 

but not viral binding. While contemporary and historic Asian lineage viruses 

replicated similarly, the African strains displayed more rapid replication kinetics 

with higher infection magnitude and uniquely induced cell death. Minimal DC 

activation and antagonism of type I interferon (IFN) translation was observed 

during ZIKV infection, despite strong induction of IFNB1 transcription and 

translation of other antiviral effector proteins. Treatment with a RIG-I agonist 

potently blocked ZIKV replication in human DCs, while type I IFN treatment was 

significantly less effective. Mechanistically, all ZIKV strains inhibited type I IFN 

receptor signaling through blockade of STAT1 and STAT2 phosphorylation. 

Altogether, we found that while ZIKV efficiently evades type I IFN responses 

during infection of human DCs, RIG-I signaling remains capable of inducing a 

strong antiviral state.  
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3C. Introduction 

Zika virus (ZIKV) is an emerging mosquito-borne flavivirus that is causally 

linked to severe neonatal birth defects upon congenital infection, including 

microcephaly and spontaneous abortion (52, 54, 55, 58, 59), and is associated 

with Guillain-Barre syndrome (233) and severe thrombocytopenia (51) in adults. 

ZIKV was first isolated in Uganda in 1947 from a Rhesus macaque (34) and later 

isolated from the mosquito Aedes africanus (234). 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 (32). Humoral immunity generated against one genotype 

of ZIKV provides cross-protection against heterologous strains, suggesting the 

existence of a single ZIKV serotype (33).  

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 (235). 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 20th, 2016 (39, 

236). 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 (42). Recent human cases and 
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studies in mice have highlighted the role of sexual transmission in spreading 

ZIKV (45-48), and concerns of transmission through blood transfusions (237) 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. 

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 (193), as well as human Langerhans cells, dermal DCs, and monocyte 

derived-DCs are important cells of dengue virus replication (175). Moreover, a 

selective loss of type I IFN signaling in DCs ablates host restriction of West Nile 

virus (WNV), resulting in lethality in a murine infection model (16). Tick-borne 

encephalitis virus also interferes with DC maturation through degradation of IRF-

1 (238), while Japanese encephalitis virus impairs CD8 T cell immunity through 

depletion of cross-presenting CD8α+ DCs and impaired up-regulation of MHC 

class II and the T cell co-stimulatory molecule CD40 (239). Despite these studies 

with closely related flaviviruses, the interplay between ZIKV and DCs remains 

poorly defined.  

The retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) and type I 

IFN signaling axis is essential for inducing an antiviral response during flavivirus 

infection (98). 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 
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host (86). RIG-I and MDA5, 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 (16, 98, 99, 102, 121). Recent work has shown 

evolutionarily distinct ZIKV strains antagonize innate immunity by targeting 

STAT2 for degradation, an essential signal transducer downstream of the type I 

IFN receptor (126). However, the contributions of the RLR signaling pathway in 

restriction of ZIKV replication remains unknown.  

 In this study, we demonstrate that human DCs are permissive to 

productive infection by a contemporary Puerto Rican ZIKV. We observed 

variation in virus replication between individuals, despite similar levels of viral 

binding to cells. Historic ZIKV isolates from Africa and Asian also infected human 

DCs, wherein African lineage viruses replicated more rapidly and reached a 

higher infection magnitude, while also uniquely inducing 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 I 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-I agonist, but not type I IFN, strongly 

restricted ZIKV replication in human DCs. The impaired ability of type I IFN to 

block infection reflected viral antagonism of type I IFN-mediated phosphorylation 
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of STAT1 and STAT2. Altogether, we show that human DCs have limited 

immunogenicity following ZIKV infection, in part due to viral antagonism of type I 

IFN responses.  

 

3D. Results  

Contemporary Puerto Rican ZIKV isolate productively infects human DCs 

To understand viral replication in human DCs, we generated monocyte 

derived-DCs (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 (32, 38). 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 (Fig 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 (Fig 1B). Together, our findings show that human 

moDCs support productive ZIKV replication with a contemporary Puerto Rican 

strain. 
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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 a structural protein found within the virus envelope (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%), increasing in 

percentage and staining intensity over the next 36 hours (Fig 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 (S1A Fig). 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 (Fig 1D). 

This staining pattern is consistent with our recent observations of ZIKV E protein 

staining in placental macrophages, where viral protein localized to perinuclear 

regions within the cytoplasm and likely within an endoplasmic reticulum-derived 

network (2, 61). 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 (Fig 1A and 1B). When we directly 
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compared infectious virus release and viral E protein staining, the same 4 donors 

with the lowest amount of 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%) (S1B 

Fig). 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 qRT-PCR-based viral binding assay (S1C Fig) (23, 240). To 

verify we were measuring bound virus, we compared viral RNA levels with and 

without washing, as well as after trypsin treatment, which should cleave 

proteinaceous 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 in the “+Wash, -Trypsin” condition (Fig 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-1947”), West Africa (DakAr 41524, “Dak-1984”), and 

Asia (P6-740, “P6-1966”) (31, 32). The MR-1947 strain was isolated in 1947 from 
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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. 

Each viral isolate has different laboratory passage histories, including multiple 

passages in suckling mouse brains in the case of MR-1947 and P6-1966, which 

must also be taken into consideration (S1 Table). We independently sequenced 

each of the four ZIKV strains and performed nucleotide sequence alignments 

(see S1 Table 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 (S1 Table). This corresponded to 1.1%, 3.2%, and 3.0% 

differences in amino acids between PR-2015 and P6-1966, MR-1947, and Dak-

1984, 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 (Fig 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 (S2A Fig). 

MR-1947 exhibited rapid replication kinetics with increased infectious virus 

release and viral RNA synthesis occurring between 12 and 24hpi (Fig 2A, 2B, 

and S2B Fig). The percentage of infected cells peaked at 24hpi (Fig 2C and 2D). 
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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 

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 (S1 Table). Of note, 

P6-1966 was found to produce smaller viral plaques and foci on Vero cells as 

compared to the other three strains (S2C Fig). Given recent studies linking ZIKV 

to cell death of neural progenitor cells, we evaluated cell viability during ZIKV 

infection of human moDCs (68, 69, 71). 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 (Fig 

2E). Together, our data suggest that evolutionarily distinct ZIKV strains exhibit 

varying replicative and cell death capacities during infection of human DCs.  

 

Differential susceptibility of human DCs to ancestral and circulating ZIKV 

strains  
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Given our findings that moDCs generated from different donors have 

differential susceptibilities to PR-2015 infection (Fig 1), we next compared 

replication between the four 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 between donors (Fig 2B and 2D and S1B Fig). The Dak-1984 

strain also replicated well in most donors, albeit to modestly diminished peak 

levels in donors with lower levels of PR-2015 replication. In contrast, P6-1966 

replicated similarly to PR-2015 for a given donor, likely representing their shared 

ancestry. Together, these data suggest both viral factors, as found between 

different 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 (241). To determine the ability of 

ZIKV infection to program DCs, we measured cell surface expression of co-

stimulatory (CD80, CD86, and CD40) and MHC class II 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 and E 

protein+, infected cells). Following infection with PR-2015, we observed 
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significant but modest activation in E protein+ cells only, while infection of 

moDCs with P6-1966 or Dak-1984 induced minimal activation (Fig 3A). In 

comparison, MR-1947 induced modest activation, but primarily within the E 

protein- cell population. This is in contrast to strong activation induced by RIG-I 

agonist treatment of moDCs (S3A Fig). 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 failed to induce up-regulation of co-

stimulatory or MHC molecules (S3B-D Fig).  

We next asked whether the donor variability in viral replication with PR-

2015 (Fig 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 (S1B Fig). We found no differences in the up-regulation of CD80 

and CD86 when we stratified by viral replication (Fig 3B). In contrast, both CD40 

and MHC class II 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 as a consequence, 

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 
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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, 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 (Fig 4A and S2 Table). 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 (Fig 4B and S3 Table), myeloid DCs (Fig 4C and 

S4 Table), and plasmacytoid DCs (Fig 4D and S5 Table) isolated from healthy 

human blood 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 I and III IFNs 

During viral infection, early innate immune signaling triggers the 

production of type I and III IFNs and antiviral effector molecules that block viral 
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replication (242). In particular, RLR and type I IFN signaling are essential for host 

restriction of flavivirus replication and ultimate control of infection (16, 98, 243). 

Specific to ZIKV, mice with intact type I IFN responses support only limited and 

low level viral replication, while genetic ablation or antibody blockade of type I 

IFN signaling shifts the balance towards sustained, high level ZIKV replication 

and pathology, including neuroinvasive disease (85, 124, 125). Moreover, mice 

deficient in their ability to produce type I IFN are similarly compromised in their 

ability to restrict viral replication (46, 85).  

To determine the potential of human DCs to trigger type I IFN responses 

during ZIKV infection, we measured the secretion of type I IFN proteins into the 

supernatant by infected populations of moDCs at 48hpi. Surprisingly, all four 

ZIKV strains failed to induce detectable IFNβ secretion and induced only minimal 

secretion of IFNα (Fig 5A). Given this intriguing finding and the recently 

appreciated role of type III IFNs in antiviral immunity, we next measured the 

secretion of IFNλ1 (129). Similar to type I IFNs, ZIKV infection induced minimal 

secretion of type III IFN protein (Fig 5B). 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 I and type III IFNs. Similar to moDCs, 

pDCs produced low amounts of IFNα following ZIKV infection (S5 Table).  

Next, as a complementary measurement of type I 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 
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infected cells (Fig 5C). Despite 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 human 

DCs secrete type I IFN at near undetectable levels during ZIKV infection.  

 

ZIKV infection of human DCs induces type I IFN transcription, but not 

translation 

Given that multiple pathogenic human viruses have involved mechanisms 

to interfere with type I IFN transcription (92, 244-246), 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 (Fig 5D). 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 (S4A Fig). 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 

I IFN protein secretion, but strong induction at the transcript level during ZIKV 

infection(61). 

Given that RIG-I agonist induced IFNβ secretion, we directly compared 

IFNB1 transcript levels in matched moDCs treated with RIG-I agonist or infected 
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with ZIKV PR-2015. RIG-I agonist treatment induced modestly higher, but overall 

similar levels of IFNB1 transcription as compared to during ZIKV PR-2015 

infection (Fig 5E). Next, to determine if there was impairment in type I IFN protein 

translation or secretion, we measured type I IFN protein in the supernatant and 

whole cell lysate from matched samples following RIG-I agonist treatment or 

infection with ZIKV PR-2015. We hypothesized that if ZIKV blocked protein 

secretion, but not translation, we would find an accumulation of type I IFN protein 

in the whole cell lysate. We did not detect IFNβ or IFNα protein in either the 

supernatants or whole cell lysates above mock levels at either low or high MOI 

infection (MOI 1 or 10) with ZIKV (Fig 5F). In contrast, both IFNβ and IFNα 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 IFNβ protein production. ZIKV infection resulted in an average 2-fold 

decrease in the induction of IFNβ protein translation as compared to RIG-I 

agonist alone (Fig 5G). Altogether, our data suggests that ZIKV antagonizes type 

I IFN translation during infection of human DCs.  

Of relevance to our findings, protein kinase R (PKR) is important for 

maintaining mRNA stability of type I IFN transcripts during infection with certain 

RNA viruses (247). In these studies, EMCV infected cells were found to strongly 

induce Ifnb1 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 
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human DCs, we compared IFNB1 transcript levels after performing cDNA 

synthesis with random hexamers, which will prime all RNA species, or Olido(dT), 

which will only prime polyadenylated transcripts. We found no differences in 

IFNB1 transcript levels between the two methods, suggesting ZIKV does not 

influence IFNB1 transcript stability as a mechanism to inhibit protein translation 

(S4B Fig). 

  

ZIKV infection induces an antiviral state within human DCs 

Given the minimal secretion of type I and type III IFNs, we evaluated gene 

expression of the RLRs and host antiviral effectors. We observed up-regulation 

of RIG-I (DDX58), MDA5 (IFIH1), and LGP2 (DHX58) in response to PR-2015 

and P6-1966 at 24hpi, consistent with increases in virus load (Fig 6A). 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 was 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. 
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We next evaluated expression of the IFIT gene family members, OAS1, 

and viperin (RSAD2), antiviral effectors with known activity against flaviviruses 

(248). 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 

(Fig 6B). 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 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 (S1B 

Fig). For all of our 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 I IFN, 

and antiviral effector genes as compared to donors with high infection (S5 Fig). 
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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 human DCs, 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 I 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) (Fig 6C). Notably, we observed no induction 

of IFIT1, IFIT3, or viperin in untreated cells. In contrast to impaired translation of 

type I IFN proteins, infection of moDCs for 48hrs with ZIKV PR-2015 or MR-1947 

induced strong up-regulation 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 MOIs of 1 and 10. Similar to what was observed at the 

transcript level, MR-1947 infection resulted in stronger induction of antiviral 

proteins as compared to PR-2015 when comparing infections at MOI of 1. This is 

likely explained by the higher magnitude of infection seen with MR-1947. 

Together, these findings suggest that ZIKV selectively inhibits in type I IFN 

protein translation, while translation of other antiviral host proteins remains intact.  
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ZIKV replication is blocked by RIG-I, but not type I IFN signaling 

Given our findings that ZIKV infection of moDCs induced an antiviral state, 

and the importance of RLR and type I IFN signaling in restriction of flavivirus 

replication (16, 98, 99, 102), 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 (Fig 7A). To trigger RLR signaling, moDCs were transfected 

with a highly specific RIG-I agonist, derived from the 3’ UTR of hepatitis C virus 

(197, 249). To trigger type I IFN signaling, we treated moDCs with 100 IU/mL of 

recombinant human IFNβ. RIG-I agonist treatment potently blocked ZIKV 

replication, significantly lowering infectious virus release to levels at or near the 

assay limit of detection (Fig 7B). Notably, the amount of infectious virus 

remaining after RIG-I agonist treatment was similar to levels found at 3 and 12hpi 

(Fig. 2A), prior to the log phase viral growth, and may represent residual input 

virus rather than replicated virus. Importantly, RIG-I agonist treatment restricted 

replication of all four ZIKV strains. In contrast, type I IFN treatment resulted in 

only modest, and non-significant decreases in viral replication. Altogether, RLR 

signaling, but not type I IFN signaling, potently blocks replication of four 

evolutionarily distinct ZIKV strains. 

 

ZIKV antagonizes type I IFN signaling by targeting STAT1 and STAT2 

phosphorylation  
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Secreted type I IFN binds to the type I IFN receptor, a heterodimeric 

complex found on the cell surface of almost all nucleated cells, triggering 

activation of the receptor associated kinases JAK1 and TYK2 (242). 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 I IFN responses through antagonism of 

JAK/STAT signaling (123, 228, 250, 251). Given our finding that type I 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 (78) and have been employed to study antiviral innate immune 

signaling (123, 196, 252). We pulse treated uninfected or ZIKV-infected cells 

(48hpi, MOIs of 0.1 and 1) for 30 minutes with IFNβ (1000 IU/mL) and evaluated 

phosphorylation of STAT1 (Tyr701) and STAT2 (Tyr689) 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 (Figs 8A and 8B, 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 

phosphorylation status (Figs 8A and 8B, bottom panels). Indeed, even in 

instances where ZIKV infection increased total STAT protein levels, the majority 
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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 MOIs of 1 as compared to 

MOIs of 0.1, a finding 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 (S6 Fig). Of note, we observed higher cytopathic effects and cell death at 

MO of 1 as compared to MOI of 0.1 when preparing cells for staining. Given the 

presence of uninfected cells, even at MOI of 1, it remains possible that the 

STAT1 and STAT2 phosphorylation observed during infection is from uninfected 

cells. Nevertheless, this confirms that the majority of cells were ZIKV-infected at 

the time of pulse treatment with IFNβ and inhibition of type I IFN signaling can be 

attributed to ZIKV infection.  

We next determined whether ZIKV infection antagonizes type I IFN 

signaling within human DCs. ZIKV PR-2015-infected moDCs (48hpi, MOI 10) 

were left untreated or pulse treated with IFNβ for 30 minutes and evaluated for 

STAT1 and STAT2 phosphorylation. Infection with ZIKV PR-2015 in the absence 

of IFNβ treatment induced minimal STAT1 phosphorylation and low levels of 

STAT2 phosphorylation, despite notable up-regulation of STAT1 and STAT2 total 

proteins (Fig 8C, left panel). Treatment of ZIKV infected cells with IFNβ increased 

phosphorylation of STAT2, and to a lesser extent STAT1, but to notably lower 

levels than treatment of uninfected cells when accounting for total STAT1 and 
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STAT2 protein levels (Fig 8C, right panel). Combined, this shows that, similar to 

A549 cells, ZIKV antagonizes the phosphorylation of STAT1 and STAT2 in 

human DCs.  

 
3E. Discussion 

In our study, we show a contemporary Puerto Rican ZIKV strain, PR-2015, 

productively infects human DCs with notable donor variation in viral replication, 

despite no differences in viral binding. Ancestral ZIKV strains of the African (MR-

1947 and Dak-1984) and Asian (P6-1966) lineages also infected human DCs. 

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 I 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-I agonist treatment potently restricted ZIKV replication, 

while type I IFN was significantly less effective due to ZIKV antagonism of STAT1 

and STAT2 phosphorylation.  

Despite their evolutionary distance (32), 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 
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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 (31, 253), in vitro replication of multiple RNA 

viruses (253, 254), and in vivo pathogenesis of hepatitis C virus (255). In support 

of this, MR-1947, which has undergone a multitude of passages in suckling 

mouse brains (S1 Table), 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 not explain their unique features. 

Future studies comparing low passaged African and Asian lineage viruses or 

infectious clone derived viruses (256) 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 (79). 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 dengue virus and 

other flaviviruses, but also included sequence-specific detection of ZIKV RNA to 

verify infection.   
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 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 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 
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cross, a mouse model of genetic diversity, has recently revealed the importance 

of host genetics in influencing susceptibility to WNV infection (19). Similar donor 

variability in viral replication has also been observed during HIV infection of 

human monocyte derived macrophages (257). Although some donor variability in 

HIV infection was found to correspond with the presence of the CCR5 Δ32 

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 (258). 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 (238). Diminished up-regulation of MHC 

class II and CD40 molecules on splenic CD8α+ DCs was also observed following 

Japanese encephalitis virus infection in mice (239). In contrast to our findings 

with ZIKV, infection of human moDCs with the yellow fever virus vaccine strain, 

YF-17D, promotes DC maturation (212). 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 of certain flaviviruses. Indeed, 
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infection of human moDCs with a pathogenic dengue virus serotype 2 strain also 

promotes the up-regulation of co-stimulatory and MHC molecules, along with pro-

inflammatory cytokine secretion (259). 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 I IFN mRNA 

transcription, we detected minimal translation of type I or III IFN proteins. This 

was in contrast to RIG-I agonist treatment, which induced translation of both type 

I and III IFN proteins, despite similar levels of IFNB1 transcription as observed 

during ZIKV infection. Indeed, ZIKV infection diminished RIG-I agonist-induced 

type I IFN production, suggesting ZIKV directly antagonizes type I IFN 

translation. We also observed a minor 2-3 fold enhancement in viral infection 

when type I IFN signaling was inhibited by antibody-mediated receptor blockade, 

further indicating type I IFN is secreted at minimal levels during ZIKV infection. 

Previous work with dengue virus observed secretion of IFNα protein during 

infection of human moDCs, suggesting our findings might be unique to ZIKV 

infection. Despite the antagonism of type I or III 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 I IFN signaling. Indeed, in the context of WNV infection, 
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multiple antiviral effector genes are induced through an IFN-independent, RLR 

signaling-dependent manner (98).  

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 (75). 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 IFNβ secretion, further suggesting cells other than DCs 

may be responsible for inducing inflammatory responses during ZIKV infection 

(78). 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 (79). In regards to congenital ZIKV 

infection, recent work has found both human fetal neural progenitor cells and 

placental Hofbauer cells are poorly immunogenic, similar to our findings with 

adult DCs (61, 70). In contrast, human embryonic cranial neural crest cells 

secrete cytokines following ZIKV infection at levels that were found to be harmful 

for neurodevelopment (80). 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.  
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 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 I IFN signaling downstream of the type I IFN 

receptor (126). In agreement with this work, we found that while RIG-I agonist 

treatment potently restricted viral replication, type I 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 I 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 (126). 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 between the studies. Grant et al performed studies in Vero and HEK 293 

cells, while we conducted experiments in A549 cells and primary human DCs. 

We also used lower MOIs (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 HEK 293 cells and such 

differences in cell infectivity could also explain our differing findings. 

Nevertheless, we find that ZIKV antagonizes the type I 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 
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(98, 243). Our observations that ZIKV infection induces an antiviral state in 

moDCs, despite viral antagonism of type I IFN responses, further suggests IFN-

independent signaling pathways, such as RLR signaling through MAVS, are 

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 (260, 261) and for use in broad-spectrum antiviral therapy, 

including proof-of-principle studies showing potent activity against multiple 

flaviviruses (243, 262).  

 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 during infection. We observed minimal 

DC activation or secretion of inflammatory cytokines, as well as viral antagonism 

of type I 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 I IFN treatment had 

minimal effects. Mechanistically, all strains of ZIKV antagonized type I IFN-
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mediated phosphorylation of STAT1 and STAT2. Combined, our findings show 

that ZIKV efficiently evades type I IFN responses, but RLR signaling remains 

functional and may be a target for antiviral therapy in humans. 

 

3F. Materials and 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. Viral stocks were 

titrated by plaque assay on Vero cells as previously described (61) and stored at 

-80°C in MEM with 20% FBS.  

 

Viral stock sequencing and genome annotation.  The Zika virus isolates in 

this study were subjected to whole genome sequencing using previously 

described methods (263). Briefly, total viral RNA was subjected to next 

generation sequencing library construction with random hexamer-based priming 

methods. Libraries were sequenced on the Illumina MiSeq platform and genome 

assembly was performed with CLC Bio (clc_ref_assemble_long v. 3.22.55705). 
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Viral genome annotation was performed with VIGOR (264). 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]). 

 

Primary cell isolation. PBMCs were isolated from freshly obtained healthy 

donor peripheral blood using lymphocyte separation media (MP Biomedicals or 

StemCell Technologies) per manufacturers instructions. CD14+ monocytes were 

magnetically purified by positive selection using the EasySep Human CD14 

Positive Selection Kit (Stem Cell Technologies) per manufacturers instructions. 

CD14+ monocytes were resuspended in complete RPMI medium with 100ng/mL 
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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 CD1a+ by flow cytometry. To obtain mDCs and 

pDCs, monocytes were removed by positive selection using CD14 microbeads 

(Miltenyi Biotech) and the CD14- fraction was enriched for DCs using a human 

Pan-DC Enrichment Kit (Miltenyi Biotech). Enriched cells were surface stained to 

identify mDCs and pDCs for fluorescence activated cell sorting (FACS). 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). pDC 

were cultured in the presence of human IL-3 (10 ng/ml). 

 

Cell culture infections. moDCs were harvested after 5-6 days of differentiation 

and resuspended 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 at MOIs of 1 or 10 (based on 

Vero cell titer) for 1hr at 37°C. After 1hr, virus inoculum was washed off and cells 

were resuspended in 200µL fresh media and incubated at 37°C for 3-72hr. 
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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 quantitated by qRT-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-I agonist 

derived from the 3’-UTR of hepatitis C virus (197) was transfected per 1e5 cells 

using an mRNA transfection kit (Mirus). To stimulate type I IFN signaling, 1e5 

cells were cultured in 200µL complete RPMI media in the presence of 100 IU/mL 

of human recombinant IFNβ (PBL Assay Science). To inhibit endogenous type I 

IFN signaling, 1e5 cells were cultured in 200µL complete RPMI media in the 

presence of 1.25µg/mL anti-human Interferon-α/β Receptor Chain 2 (clone 

MMHAR-2, EMD Milipore) blocking monoclonal antibody. 

 

Focus forming assay (FFA). 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. 
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Cells were blocked with 5% milk in PBS at RT for 20min. Cells were incubated 

with primary antibody (mouse 4G2 monoclonal antibody) at 1µg/mL in 5% milk in 

PBS for 2hr at RT. Cells were incubated with secondary antibody (HRP-

conjugated goat anti-mouse IgG) 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 quantitation of viral RNA and host gene expression, qRT-PCR 

was performed as previously described (61). 

 

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), 
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CD86 (IT2.2), and CD40 (5C3). Unconjugated monoclonal 4G2 antibody was 

kindly provided by Dr. Jens Wrammert (Emory University) 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 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 II and data was 

analyzed using FlowJo version 10. ImageStream data acquisition was performed 

on an ImageStream X Mark II 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 II 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 IFNβ, IFNα, and IFNλ1 (eBioscience) per the manufacturer’s 

instructions, and read on a Luminex 100 Analyzer. For cytokine analysis within 
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whole cell lysates, 1e5 moDCs 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 diluted 1:5 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) per the manufacturers instructions. Cytokines 

analyzed included: GM-CSF, TNF-α, IL-4, IL-6, MIP-1α, IL-8, IL-15, IL-2R, IP-10, 

MIP-1β, Eotaxin, RANTES, MIG, IL-1RA, IL-12 (p40⁄p70) IL-13, IFN-γ, MCP-1, 

IL-7, IL-17, IL-10, IL-5, IL-2, IL-1β, IFNα, IFNβ, and IFNλ1. 

 

Western blot analysis. STAT1 and STAT2 signaling was studied in A549 cells 

as previously described (196). 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 IU/mL of recombinant human IFNβ (PBL Assay 

Science) for 30 minutes and whole-cell lysates were collected in modified 

radioimmunoprecipitation assay buffer supplemented with Halt Protease Inhibitor 

Cocktail (ThermoFisher) and phosphatase inhibitor cocktail II (Calbiochem). 

Western blot analysis was performed to detect STAT1 phosphotyrosine residue 

701 (Cell Signaling), total STAT1 (Cell Signaling), STAT2 phosphotyrosine 

residue 689 (Upstate, EMD Milipore), total STAT2 (Cell Signaling), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell Signaling). Protein 

expression levels were quantified using Image Lab software. For analysis of 
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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.  
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3G) Figures and legends 
 

 
Fig 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 qRT-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 (FFA; 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-
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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 

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 qRT-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 6-9 donors. See also S1 Fig. 
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Fig 2. 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 release into the supernatant was determined by FFA. Shown 
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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 S1 Table. 
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Fig 3. 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 
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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 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 on the basis of 

viral E protein staining. MFIs are shown as the mean +/- SD. See also S3 Fig. 
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Fig 4. ZIKV infection induces minimal pro-inflammatory cytokine 

production by DCs. (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 µg/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 
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using a Kruskal-Wallis test with comparisons made to untreated (“Mock”) cells. 

See also S2, S3, S4, and S5 Tables. Data in B-D was generated by Dr. Mohan 

S. Maddur and the graphs were generated by James R. Bowen. 
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Fig 5. ZIKV infection induces type I 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 
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(ZIKV infection) later and IFNβ and IFNα (A) or IFNλ1 (B) production was 

assessed via multiplex bead array. Values for each individual donor are shown 

with the mean +/- SD (n=7 donors). Statistical 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). A 

dashed indicates no change relative to infection in the absence of anti-IFNAR2 

blocking antibody. (D) RNA was harvested from cells treated the same as for 

cytokine analysis and IFNB1 mRNA expression was determined by qRT-PCR. 

Gene expression was normalized to GAPDH transcript levels in each respective 

sample and represented as the log2 normalized 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) IFNβ and IFNα 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 



	156 

PR-2015-infected moDCs (MOI 10, 48hpi) were treated with RIG-I agonist 

(10ng/1e5 cells, 18hrs) and IFNβ and IFNα 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. See also S4 Fig.  
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Fig 6. 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 hours post-infection and 

antiviral gene expression was determined by qRT-PCR. Gene expression was 



	158 

normalized to GAPDH transcript levels in each respective sample and 

represented as the averaged log2 normalized fold increase above donor and 

time-point matched uninfected cells. The averaged log10 normalized levels of 

infectious virus (FFU/mL) at each time point is depicted beneath the 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 (MOIs of 1 and 10) or MR-1947 

(MOI 1). After 18hrs of agonist treatment or at 48hpi with ZIKV, whole-cell lysates 

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. See also S5 Figure. 
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Fig 7. Innate immune signaling restricts ZIKV viral 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), human IFNβ (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. The 

assay limit of detection is indicated with a dashed line.  
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Fig 8. ZIKV antagonizes type I IFN signaling. (A, B) A549 cells were infected 

with PR-2015, P6-1966, MR-1947, or Dak-1984 at MOIs of 0.1 and 1. At 48hpi, 

cells were pulse treated with 1000 IU/mL of recombinant human IFNβ for 30 

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

phospho-STAT1 (Tyr701), phospho-STAT2 (Tyr689), STAT1, STAT2, and 

GAPDH. Representative blots are shown from one of two independent 
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experiments. Quantitation is shown below the representative blots, where 

intensity values are represented as the ratio of pSTAT:total STAT protein. (C) 

moDCs were infected with PR-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, where intensity values are represented as the ratio of pSTAT:total STAT 

protein.  
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S1 Fig. Related to Fig 1, ZIKV PR-2015 productively infects moDCs. (A) 

moDCs were mock-infected, infected with ZIKV PR-2015, or UV-inactivated PR-

2015 (“UV ZIKV”) at MOI of 1 and the percentage of infected cells was assessed 

by ZIKV E protein staining. ZIKV PR-2015 was inactivated by exposure to 
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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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S2 Fig. Related to Fig 2-7, ZIKV strains used in this study. (A) Experimental 

outline used to obtain data in Fig 2. 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 
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each of these samples. (B) Viral RNA was detected by qRT-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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S3 Fig. Related to Fig 3, ZIKV PR-2015 does not induce activation of human 

blood monocytes or DC subsets. (A) moDCs were left untreated (“Mock”) or 

treated with RIG-I agonist (10ng/1e5 cells) for 24hrs. Cells were labeled for 

indicated DC activation markers and surface expression was quantitated by flow 

cytometry. Values are represented as the average median fluorescence intensity 

(MFI) of three technical replicates. Error bars represent the SD. Statistical 
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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. Data in B-D was 

generated by Dr. Mohan S. Maddur and the graphs were generated by James R. 

Bowen. 
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S4 Fig. Related to Fig 5, ZIKV induces type I 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 qRT-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 qRT-PCR. All gene expression was normalized to GAPDH 

transcript levels in each respective sample and represented as the log2 
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normalized fold increase above donor- and time point-matched uninfected cells. 

Error bars represent the mean +/- SD. 
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S5 Fig. Related to Fig 5 and 6, 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 

Fig 1C). 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 log2 normalized fold increase above 

donor- and time point-matched uninfected cells. Error bars represent the mean 

+/- SD. 
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S6 Fig. Related to Fig 8, ZIKV antagonizes type I IFN signaling. 

Representative flow plots of A549 cells infected with indicated ZIKV strain at MOI 

of 0.1 or 1 for 48hrs and labeled for the presence of viral E protein. Data is 

representative of two independent experiments.   
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3H. Tables and legends 
 

 

S1 Table. Related to Fig 1 and 2, ZIKV isolates used in this study. 

Information about the ZIKV strains used throughout these studies, nucleotide 

similarity between coding regions of ZIKV strain genomes, and amino acid 

differences between viral proteins of ZIKV strains. CDS- coding DNA sequence, 

S1 Table 
 
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 88.6 
P6-1966 95.5 100 89.9 89.9 
MR-1947 88.6 89.9 100 93.4 
Dak-1984 88.6 89.9 93.4 100 

 
 
Amino acid changes as compared to PR-2015 
 

  P6-1966 MR-1947 Dak-1984 

Protein 
Total 
AAs 

# of 
changes 

% 
changes 

# of 
changes 

% 
changes 

# of 
changes 

% 
changes 

ancC 122 1 0.8% 6 4.9% 5 4.1% 
C 104 1 1.0% 4 3.8% 4 3.8% 
anc 18 0 0.0% 2 11.1% 1 5.6% 
preM 168 2 1.2% 10 6.0% 10 6.0% 
pr 93 2 2.2% 7 7.5% 7 7.5% 
M 75 0 0.0% 3 4.0% 3 4.0% 
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 3.6% 
NS5 903 16 1.8% 35 3.9% 35 3.9% 
Structural 794 9 1.1% 35 4.4% 26 3.3% 
Non-
structural 2629 30 1.1% 76 2.9% 78 3.0% 

Polyprotein 3423 39 1.1% 111 3.2% 104 3.0% 
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V- Vero cell, SM- suckling mouse brain, Ap61- Aedes pseudoscutellaris cell line, 

C6- Aedes albopictus clone C6/36 cell line. 
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S2 Table. Related to Fig 4, Cytokine production by monocyte derived DCs 

(moDCs). moDCs were left untreated (“Mock”), transfected with RIG-I agonist 

(10ng/1e5 cells), or infected with ZIKV PR-2015, P6-1966, MR-1947, or Dak-

1984 at MOI of 1 (n=7 donors). Cytokine levels in the supernatants were 

determined by multiplex bead array at 24hrs post-agonist transfection or 48hrs 

post-infection. All values are represented in “pg/mL”. Cytokine levels that were 

below the lower limit of detection are indicated as not detected or “ND”. LLOQ, 

lower limit of quantitation. 

 

	  

S2 Table 
!

moDCs 

 LLOQ Mock RIG-I Agonist PR-2015 P6-1966 MR-1947 Dak-1984 

  Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
IL-1β 5 ND ND ND ND ND ND ND ND ND ND ND ND 
IL-10 1 ND ND 11.1 6.7 ND ND 7.1 5.8 6.5 6.9 5.4 5.9 
IL-13 0.5 3.2 0.7 2.5 0.7 3.5 0.6 1.7 0.4 1.9 0.3 1.5 0.4 
IL-6 0.5 16.3 10.8 263.3 162.6 24.8 12.0 142.5 69.3 51.4 44.7 47.8 40.9 
IL-12 5 11.1 12.2 45.9 6.8 32.2 69.0 50.8 60.7 27.7 31.4 24.0 25.3 
RANTES 10 8.7 1.0 338.8 148.2 8.9 1.0 10.4 4.1 8.8 1.2 8.6 1.2 
Eotaxin 0.5 ND ND ND ND ND ND ND ND ND ND ND ND 
IL-17 5 ND ND ND ND ND ND ND ND ND ND ND ND 
MIP-1α 5 215.4 273.0 4505.2 1515.9 156.4 178.4 230.8 191.1 231.4 283.5 211.5 250.2 
GM-CSF 0.5 ND ND 1145.0 692.9 ND ND ND ND ND ND ND ND 
MIP-1β 5 227.2 136.1 3776.5 2074.6 158.6 68.2 164.1 84.4 161.5 79.7 150.3 75.8 
MCP-1 5 1541.7 1153.6 9969.7 2321.0 2004.9 1688.8 4044.3 3278.8 2944.3 2552.6 3112.2 2872.8 
IL-15 40 ND ND 89.4 15.3 ND ND ND ND ND ND ND ND 
IL-5 5 ND ND ND ND ND ND ND ND ND ND ND ND 
IFNγ 1 3.5 1.7 9.3 2.7 3.2 1.4 5.6 1.6 5.7 2.8 5.3 2.8 
IL-1RA 15 4988.8 1702.6 6498.4 2015.5 4952.7 862.0 8166.8 1551.7 7774.8 883.4 7571.7 1193.6 
TNFα 0.5 ND ND 49.8 36.7 ND ND ND ND ND ND ND ND 
IL-2 1 ND ND ND ND ND ND ND ND ND ND ND ND 
IL-7 10 27.4 5.0 52.2 9.1 25.9 6.2 20.2 6.1 17.4 9.3 14.5 5.7 
IP-10 0.5 4.3 1.0 1257.5 381.9 10.0 10.1 108.8 91.5 112.8 109.4 101.5 100.3 
IL-2R 20 15.6 8.7 77.1 8.0 14.8 8.0 16.2 6.6 18.4 9.4 13.6 10.1 
MIG 5 ND ND 27.2 10.2 13.0 25.5 27.7 56.9 30.1 70.2 31.0 69.5 
IL-4 1 ND ND 1689.3 923.3 ND ND ND ND ND ND ND ND 
IL-8 5 1003.6 1019.8 2183.9 1754.0 1188.1 1086.5 3057.1 2267.7 1915.4 1251.7 1891.9 1312.2 
IFNα 5 25.5 11.8 153.0 28.3 28.7 14.6 44.7 16.9 46.1 33.5 46.6 29.6 
IFNβ 11 ND ND 36.7 9.2 ND ND ND ND 1.8 4.8 ND ND 
IL-29 57 56.9 8.6 618.3 84.3 64.9 7.5 76.4 13.3 106.1 46.3 76.4 13.3 
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S3 Table. Related to Fig 4, Cytokine production by human blood 

monocytes. Monocytes were left untreated (“Mock”), treated with LPS 

(100ng/mL), or infected with ZIKV PR-2015 at MOI of 1 (n=4-5 donors). Cytokine 

levels in the supernatants were determined by multiplex bead array 24hrs later. 

Cytokines that were not assayed are indicated as “-“. Data was generated by Dr. 

Mohan S. Maddur and the table was generated by James R. Bowen. 

 

	  

S3 Table 
!
   Monocytes 

   Mock LPS PR-2015 
 Limit of 

detection 
(pg/ml) 

Unit of 
expression 

Mean SD Mean SD Mean SD 

IL-1b 7.2 pg/ml 100.5 76.4 2372.7 1367.5 49.9 21.9 

IL-6 2.5 ng/ml 2.3 0.6 23.1 6.3 2.7 0.8 

IL-10 3.3 pg/ml 29.1 20.0 2077.7 1172.2 26.3 20.4 

IL-12p70 1.9 pg/ml 1.5 0.7 33.2 55.9 1.3 2.0 

TNF 3.7 pg/ml 12.0 8.3 2227.1 1416.5 15.5 12.4 

IFN-a 1.5 pg/ml - - - - - - 

MCP-1 2.7 ng/ml 26.3 16.1 23.8 12.6 33.5 12.2 

Rantes 1.0 pg/ml 57.6 63.9 399.2 299.7 51.9 47.8 

IL-8 0.2 ng/ml 67.3 44.1 172.4 27.0 81.4 37.4 

MIG-1 2.5 pg/ml 133.2 156.2 473.8 409.8 591.9 681.0 

IP-10 2.8 pg/ml 58.7 32.5 22.1 40.7 21.0 10.7 
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S4 Table. Related to Fig 4, Cytokine production by human blood myeloid 

DCs (mDCs). mDCs were left untreated (“Mock”), treated with LPS (100ng/mL), 

or infected with ZIKV PR-2015 at MOI of 1 (n=4-5 donors). Cytokine levels in the 

supernatants were determined by multiplex bead array 24hrs later. Cytokines 

that were not assayed are indicated as “-“. Data was generated by Dr. Mohan S. 

Maddur and the table was generated by James R. Bowen. 

 

	  

S4 Table 
!
   Myeloid DCs 

   Mock LPS PR-2015 
 Limit of 

detection 
(pg/ml) 

Unit of 
expression 

Mean SD Mean SD Mean SD 

IL-1b 7.2 pg/ml 5.0 5.1 19.8 5.3 10.5 9.5 
IL-6 2.5 ng/ml 0.0 0.0 1.4 1.1 0.2 0.3 
IL-10 3.3 pg/ml 1.9 2.5 20.5 10.6 6.0 12.0 
IL-12p70 1.9 pg/ml 1.9 2.0 15.7 9.2 2.2 0.9 
TNF 3.7 pg/ml 9.7 4.8 62.4 28.9 19.6 6.8 
IFN-a 1.5 pg/ml - - - - - - 
MCP-1 2.7 ng/ml 6.0 4.8 6.7 3.5 17.6 16.0 
Rantes 1.0 pg/ml 7.6 4.1 108.8 103.7 17.1 13.9 
IL-8 0.2 ng/ml 3.3 1.8 13.4 6.8 7.3 2.9 
MIG-1 2.5 pg/ml 77.7 99.8 361.9 368.1 369.2 470.4 
IP-10 2.8 pg/ml 4.8 4.4 32.9 22.9 78.1 58.0 
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S5 Table. Related to Fig 4. Cytokine production by human blood 

plasmacytoid DCs (pDCs). pDCs were left untreated (“Mock”), treated with 

R848 (1µg/mL) or infected with ZIKV PR-2015 at MOI of 1 (n=4-5 donors). 

Cytokine levels in the supernatants were determined by multiplex bead array 

24hrs later. Data was generated by Dr. Mohan S. Maddur and the table was 

generated by James R. Bowen.  

S5 Table 
!
   Plasmacytoid DCs 

   Mock R848 PR-2015 
 Limit of 

detection 
(pg/ml) 

Unit of 
expression 

Mean SD Mean SD Mean SD 

IL-1b 7.2 pg/ml 4.7 5.9 3.0 1.7 24.6 25.6 
IL-6 2.5 ng/ml 4.2 4.1 271.6 141.1 273.3 351.1 
IL-10 3.3 pg/ml 3.4 5.2 0.2 0.3 16.6 7.6 
IL-12p70 1.9 pg/ml 2.8 2.9 5.0 3.4 6.3 6.6 
TNF 3.7 pg/ml 31.2 19.0 1087.4 885.7 53.2 38.8 
IFN-a 1.5 pg/ml 6.9 2.8 13059.4 8911.5 76.6 59.6 
MCP-1 2.7 ng/ml 3.2 2.8 9.5 7.2 28.8 30.4 
Rantes 1.0 pg/ml 3.3 3.3 260.9 170.6 7.9 3.9 
IL-8 0.2 ng/ml 0.3 0.3 2.3 1.7 0.4 0.2 
MIG-1 2.5 pg/ml 103.2 82.5 1479.1 1977.1 238.3 298.8 
IP-10 2.8 pg/ml 4.1 3.2 1136.1 877.8 51.2 55.3 
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CHAPTER 4. 
 

 

Zika virus infects human placental macrophages  
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R, Suthar MS. Zika Virus Infects Human Placental Macrophages. Cell host & 

microbe. 2016;20(1):83-90. Epub 2016/06/02. doi: 10.1016/j.chom.2016.05.015. 

PubMed PMID: 27247001; PubMed Central PMCID: PMC5166429. 
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4A. Abstract 
The recent Zika virus (ZIKV) outbreak in Brazil has been directly linked to 

increased cases of microcephaly in newborns. Current evidence indicates that 

ZIKV is transmitted vertically from mother to fetus. However, the mechanism of 

intrauterine transmission and the cell types involved remain unknown. We 

demonstrate that the contemporary ZIKV strain PRVABC59 (PR 2015) infects 

and replicates in primary human placental macrophages, called Hofbauer cells, 

and to a lesser extent cytotrophoblasts, isolated from villous tissue of full-term 

placentae. Viral replication coincides with induction of type I interferon (IFN), pro-

inflammatory cytokines, and antiviral gene expression but with minimal cell 

death. Our results suggest a mechanism for intrauterine transmission in which 

ZIKV directly infects placental cells to cross the placental barrier. 

 

4B. Introduction 

Zika virus (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 (235, 265). ZIKV is transmitted through 

several routes, including mosquito bites, sexual contact, and blood transfusion 

(265). 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 (266). The mechanism by which ZIKV crosses the 

placenta to establish infection in the developing fetus is not well understood. 
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Recent studies have identified ZIKV RNA in amniotic fluid, and fetal and newborn 

brain tissue (52, 53, 267) and ZIKV-specific IgM antibodies have been detected 

in newborn cerebrospinal fluid (268). 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 (267, 269). Finally, a recent study detected ZIKV antigen in 

placental tissue from a mother diagnosed with ZIKV disease (270). 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, cytomegalovirus, herpes simplex, HIV-1, hepatitis B and C virus, and 

parvovirus B19 (271). The placenta is characterized by contact between the 

maternal blood and fetal chorionic villi. Each villus is lined by trophoblasts, which 

encase the fetal blood supply and placental macrophages (Hofbauer cells [HCs]). 

Several studies have confirmed HCs are targets of viral infection in vivo (272) 

and in vitro (273). In contrast, syncytiotrophoblasts (differentiated 

cytotrophoblasts [CTBs]) have been shown to be resistant to infection by a wide 

range of viruses (274). A recent study showed that syncytiotrophoblasts also 

appear to be resistant to infection by phylogenetically-related, historic ZIKV 

strains at early times following infection (24 and 48hpi) (275). 
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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-α and other pro-inflammatory cytokines. 

Analysis of antiviral gene expression shows up-regulation of retinoic acid-

inducible gene I (RIG-I)-like receptor (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. 

 

4C. 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 (38). Through multiple virologic 

assays, we demonstrate that HCs, and to a lesser extent CTBs, are permissive 

to productive ZIKV infection (Fig. 1). Following infection of HCs, we performed a 

focus forming assay (FFA) on Vero cells and observed a steady decline in viral 
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titers from 3hpi through 24hpi that was immediately followed by log phase virus 

growth through 72hpi (Fig. 1A). Notably, we observed donor-to-donor variation in 

viral kinetics and magnitude amongst HCs isolated from five donors. Fordonor 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 (Fig. 1B) and immunofluorescence microscopy (Fig. 1C-E). In HCs, viral 

RNA substantially increased in all donors between 48 - 72hpi, reflecting an 

increase in virus release into the supernatant (Fig. 1A). Furthermore, we 

detected viral envelope (E) protein within infected HCs which localized to distinct, 

perinuclear regions within the cell (Fig. 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 (2). Finally, we observed 

between 4.9 - 7.2% infected cells by immunofluorescence staining using a pan-

flavivirus antibody (Fig. 1E). 

In contrast, we observed minimal viral replication in CTBs at early times 

post-infection (3-72hpi; Fig. S1A). 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 (Fig. S1B). 

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 
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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 (Fig. 1), we detected between 

0.8 - 6.8% and 0.4 - 3.0% infected HCs at 48 and 72hpi, respectively (Fig. 2A). 

Minimal background staining was observed in donor- and time-matched 

uninfected cells and in ZIKV-infected cells stained with an IgG isotype control 

(Fig. S2B). 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 (Fig. 1E). In contrast to recent studies with 

neuronal progenitor cells (276, 277), we did not observe a significant loss of 

viability during ZIKV infection through 96hpi (Fig. S2C), 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 (Fig. 1 and Fig. 2A). 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 
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replication within HCs from donor 2, noted by an early increase in viral RNA at 

24hpi in donor 2, but not donor 1 (Fig. 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 (Fig. 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 (Fig. 2B and C). Consistent with enhanced 

virus replication, ZIKV infection of HCs from donor 2 led to up-regulation of both 

CD80 and CD86 by 72hpi. Additionally, significant up-regulation of MHC II was 

only observed with donor 2 between 48 - 72hpi (Fig. 2D). Overall, there appears 
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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 I 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 I interferons 

(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 IFNα secretion, but not IFNβ or IFNλ1 (IL-29; 

Fig. 3 and Table S1). 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 (Fig. 1A), tended to exhibit the highest overall levels of IFN-α, IL-6, MCP-1 

and IP-10, however, donor 2 was not consistently the lead producer of cytokines 
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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 controls at 72hpi. No discernable 

patterns could be confidently drawn with CXCL-8, MIP-1α, MIP-1β or IL-1RA. In 

contrast to HCs, we observed limited induction of type I IFN, IL-6 and IP-10, and 

no detectable type III IFN in CTBs at the time points assessed (Fig. S3A and 

Table S2). Donor 1, while slightly less permissive to viral infection and replication 

(Fig. S1), 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 (Fig. 4A), concordant with increased IFNα 

secretion (Fig. 3). While we did not observe IFNβ secretion, we detected an 

increase in IFNB1 transcripts over time-matched mock cells as early as 24hpi 

(Fig. 4A), suggesting possible discordance between transcript levels and 

translation/secretion of IFNβ (247). In contrast, both IFNA and IFNB1 were 

induced at low levels in CTBs (Fig. S3B). We next measured expression of the 

RIG-I-like receptors (RLRs), a family of PRRs known to recognize flavivirus RNA 
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and induce production of Type I IFNs and pro-inflammatory cytokines (13, 99, 

278, 279). 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 (Fig. 4B). 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 basal levels by 

96hpi, though DDX58 expression remains slightly elevated through 96hpi (Fig. 

S3B). We also evaluated expression of several antiviral genes produced 

downstream of the RLR and type I IFN signaling axes and found that RSAD2, 

IFIT1, IFIT2, IFIT3 and OAS1 were all induced by 72hpi in HCs and remained 

elevated through 96hpi (Fig. 4C). In CTBs, these genes were modestly induced 

through 72hpi (Fig. S3B), likely corresponding to the low level of viral replication 

during this time period (Fig. 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, 
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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 (Fig. 4). 

This may reflect the higher rate of replication and viral output by HCs from this 

donor (Fig. 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. 

 

4D. 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 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 (280, 281). Though 

unlikely given the low number of cell passages PR 2015 has undergone, it is 

possible that minor cell culture adaptations or quasi 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 
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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 (282). 

A recent study reported that primary syncytiotrophoblasts isolated from 

full-term placentae are resistant to ZIKV infection through a potential mechanism 

involving type III IFN-mediated antiviral immunity (275). 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-λ (Type III IFN) 

in the supernatant of uninfected syncytiotrophoblasts, we did not detect the 

presence of IFN-λ in the supernatants of ZIKV-infected HCs or CTBs. The 

discordance between these two studies may be attributed to differences in time 

points 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-
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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 (267). 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 mother-infant dyad and 

the incidence of adverse pregnancy outcomes and fetal abnormalities. 
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4E. Experimental procedures 

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. 

 

Isolation of primary placental cells. Hofbauer cells (HCs) and cytotrophoblasts 

(CTBs), were dissected from membrane-free villous placenta, as previously 

described (273). HCs were isolated and purified by positive selection with anti-

CD14 magnetic beads per the manufacturer’s instructions. The purity of the HC 

population was assessed by CD14 staining and was on average greater than 

97% (Fig. S2A). CTBs were isolated and purified by negative selection with 

magnetic beads (Miltenyi Biotech). The purity of the CTB population was 

assessed by cytokeratin-7 staining and was on average greater than 97% (283). 

HCs were maintained in complete RPMI medium and CTBs were maintained in 

complete DMEM medium. A detailed protocol can be found in Supplemental 

Experimental Procedures. 
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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 

plaque 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 

resuspended 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 (79). 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 (2x105 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, qRT-PCR was performed 

using TaqMan Gene Expression Master Mix (Applied Biosystems) per the 

manufactures instructions. For quantitation of viral RNA, each 12.5µl reaction 
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contained 2.5pmol of TaqMan probe directed against the amplified ZIKV E gene 

region. Host gene expression was performed using SYBR green with appropriate 

primer sets (Supplemental Experimental Procedures). All qRT-PCR results were 

normalized to GAPDH. 

 

Flow cytometry. The following mouse anti-human antibodies were purchased 

from BioLegend or Becton Dickinson: CD14 (M5E2), 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). 2x105 HCs or CTBs were used per condition. Cells were stained 

for surface markers and permeablized to stain for ZIKV E protein. A detailed 

protocol can be found in Supplemental Experimental Procedures. 

 

Multiplex bead array. Cytokine analysis was performed on supernatants from 

mock- or ZIKV-infected HCs or CTBs (2x105 cells per condition) using a human 

cytokine 25-plex panel (ThermoScientific), and a custom 2-plex panel with 

human IFNβ and IFNλ1 (eBioscience) per the manufacturer’s instructions, and 

read on a Luminex 100 Analyzer. 

 

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). Experiments with CTBs were repeated once (3 donors in 
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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. 
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4F. Figures and legends 

 

 

Figure 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 1x106ffu/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 qRT-PCR in HCs infected with ZIKV (PR 2015). Data are relative to 
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GAPDH control and mock-infected cells (ΔΔCT). (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. See also Figure S2. Data in C-E was generated by Dr. Huailiang 

Ma.  
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Figure 2. 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 II was determined by flow cytometry. Data are represented as 

median fluorescence intensity (MFI). Horizontal bars indicate the mean of four 
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technical replicates. Representative histograms are provided (right panels). hpi, 

hours post-infection. See also Figure S2. 
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Figure 3. ZIKV infection of HCs induces type I 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. See also Table S1. 
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Figure 4. 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 

fold change relative to time-matched mock-infected controls (gene expression 

normalized to GAPDH - ΔΔCT method). Individual donors are depicted as 

separate bars, organized from donor 1 to donor 5, within each time point block. 

Viral titers determined in Fig. 1 are represented as a separate heat map below 
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each group of genes. (A) Type I IFNs. (B) RIG-I-like receptors. (C) Antiviral 

effector genes. hpi, hours post-infection. 
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Figure S1. Related to Figure 1. 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 (ΔΔCT). (C) Confocal microscopy of mock- and ZIKV (PR 

2015)-infected CTBs at 72hpi. Data in C was generated by Dr. Huailiang Ma. 
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Figure S2. Related to Figures 1-4. 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 0hpi, 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 
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determined by Ghost Dye Red 780 staining. Data are represented as the mean 

+/- SD. 
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Figure S3. Related to Figures 3 and 4. ZIKV infection of CTBs induces 

limited type I IFN and proinflammatory cytokine response. (A) CTBs isolated 

Donor 1
Donor 2
Donor 3
Donor 4
Donor 5

Donor 1
Donor 2
Donor 3
Donor 4
Donor 5
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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 mock-infected samples. See also Table S2, (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 - 

ΔΔCT method). 
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4G. Tables and legends 

 

Table S1, related to Figures 3 and S3 | Cytokine analysis of Hofbauer cells at 48 and 72 hours post infection with ZIKV (PR 2015)a 
 Mock 48hpi ZIKV (PR 2015) 
 Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 

IL-1β ND ND ND ND ND ND ND ND ND ND 

IL-10 ND ND ND ND ND ND ND ND ND ND 

IL-13 ND ND ND ND ND ND ND ND ND ND 

IL-6 17 83 74 25 46 40 119 110 66 41 

IL-12 ND ND ND ND ND ND ND ND ND ND 

RANTES ND ND ND ND ND ND ND ND ND ND 

Eotaxin ND ND ND ND ND ND ND ND ND ND 

IL-17 ND ND ND ND ND ND ND ND ND ND 

MIP-1α ND 87 473 123 ND ND 166 349 117 ND 

GM-CSF ND ND ND ND ND ND ND ND ND ND 

MIP-1β 481 1333 3218 864 490 630 1646 1962 798 278 

MCP-1 3005 9691 7852 927 3173 6340 16624 10744 2711 3621 

IL-15 ND ND ND ND ND ND ND ND ND ND 

IL-5 ND ND ND ND ND ND ND ND ND ND 

IFNγ ND ND ND ND ND ND ND ND ND ND 

IL-1RA 372 5437 2249 465 1915 666 6029 1268 776 1721 

TNFα ND ND ND ND ND ND ND ND ND ND 

IL-2 ND ND ND ND ND ND ND ND ND ND 

IL-7 ND ND ND ND ND ND ND ND ND ND 

IP-10 ND ND 36 ND ND 59 177 71 33 16 

IL-2R ND ND 56 ND ND ND 41 22 ND ND 

MIG ND ND ND 4 ND ND ND ND 4 ND 

IL-4 ND ND ND ND ND ND ND ND ND ND 

IL-8 20060 27644 37556 37510 38402 24535 28257 35014 36993 28748 

IFNα 42 92 73 ND 13 66 122 101 59 40 

IFNβ ND ND ND ND ND ND ND ND ND ND 

IFNλ1 ND ND ND ND ND ND ND ND ND ND 

Mock 72hpi ZIKV (PR 2015) 
 Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 

IL-1β ND ND ND ND ND ND ND ND ND ND 

IL-10 ND ND ND ND ND ND ND ND ND ND 

IL-13 ND ND ND ND ND ND ND ND ND ND 

IL-6 25 192 117 90 46 121 287 286 215 126 

IL-12 ND ND ND ND ND ND ND ND ND ND 

RANTES ND ND ND ND ND ND ND ND ND ND 

Eotaxin ND ND ND ND ND ND ND ND ND ND 

IL-17 ND ND ND ND ND ND ND ND ND ND 

MIP-1α ND 52 206 129 ND ND 161 314 132 ND 

GM-CSF ND ND ND ND ND ND ND ND ND ND 

MIP-1β 302 1267 3613 3269 334 421 2028 3076 1297 182 

MCP-1 3826 32675 16101 5078 4644 11758 38672 23022 9512 7399 

IL-15 ND ND ND ND ND ND ND ND ND ND 

IL-5 ND ND ND ND ND ND ND ND ND ND 

IFNγ ND 4 ND ND ND ND 4 ND ND ND 

IL-1RA 1105 11027 3983 2745 3563 1565 17634 5120 1818 3575 

TNFα ND ND ND ND ND ND ND ND ND ND 

IL-2 ND ND ND ND ND ND ND ND ND ND 

IL-7 ND ND ND ND ND ND ND ND ND ND 
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Table S1. Related to Figures 3 and S3. Cytokine analysis of Hofbauer cells 

at 48 and 72 hours post infection with ZIKV (PR 2015). Cytokine levels in the 

supernatants of mock or ZIKV (PR 2015) infected HCs at 48 and 72 hours post 

infection as determined by multiplex bead array. All values are represented in 

“pg/mL”. Cytokine levels that were below the lower limit of detection are indicated 

as not detected or “ND”. hpi, hours post-infection. 

 
 
  

IP-10 4 ND 12 ND ND 95 394 215 137 72 

IL-2R ND ND ND 22 22 ND 56 ND ND ND 

MIG ND ND ND 23 ND ND 4 ND 4 ND 

IL-4 ND ND ND ND ND ND ND ND ND ND 

IL-8 22801 35633 38583 39257 36938 28784 33427 33837 31804 29587 

IFNα 40 111 101 66 70 93 169 131 91 85 

IFNβ ND ND ND ND ND ND ND ND ND ND 

IFNλ1 ND ND ND ND ND ND ND ND ND ND 
aCytokine levels in the supernatants of mock or ZIKV (PR 2015) infected HCs at 48 and 72 hours post infection as determined by multiplex bead array. All values are 
represented in “pg/mL”. Cytokine levels that were below the lower limit of detection are indicated as not detected or “ND”. hpi, hours post-infection. 
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Table S2, related to Figures 3 and S3 | Cytokine analysis of cytotrophoblasts at 48 and 72 hours post infection with ZIKV (PR 2015)a 
 Mock 48hpi ZIKV (PR 2015) 
 Donor 1 Donor 2 Donor 3 Donor 1 Donor 2 Donor 3 

IL-1β ND ND ND ND ND ND 

IL-10 ND ND 2 ND ND ND 

IL-13 ND ND ND ND ND ND 

IL-6 4 66 209 35 41 99 

IL-12 ND ND ND ND ND ND 

RANTES ND ND ND ND ND ND 

Eotaxin ND ND ND ND ND ND 

IL-17 ND ND ND ND ND ND 

MIP-1α ND 26 ND ND ND ND 

GM-CSF ND ND ND ND ND ND 

MIP-1β 28 285 83 53 108 48 

MCP-1 2505 7234 6766 3256 3103 3273 

IL-15 ND ND ND ND ND ND 

IL-5 ND ND ND ND ND ND 

IFNγ ND ND ND ND ND ND 

IL-1RA 733 1815 1459 1157 1102 1397 

TNFα ND ND ND ND ND ND 

IL-2 ND ND ND ND ND ND 

IL-7 ND ND ND ND ND ND 

IP-10 ND 11 80 ND 7 73 

IL-2R ND ND ND ND ND ND 

MIG ND ND 56 ND ND 37 

IL-4 ND ND ND ND ND ND 

IL-8 1663 25899 33972 5729 9672 25122 

IFNα ND 73 70 25 33 45 

IFNβ ND ND ND ND ND ND 

IFNλ1 ND ND ND ND ND ND 

 Mock 72hpi ZIKV (PR 2015) 
 Donor 1 Donor 2 Donor 3 Donor 1 Donor 2 Donor 3 

IL-1β ND ND ND ND ND ND 

IL-10 ND 2 5 ND ND 14 

IL-13 ND ND ND ND ND ND 

IL-6 138 38 60 141 94 294 

IL-12 ND ND ND ND ND ND 

RANTES ND ND ND ND ND ND 

Eotaxin ND ND ND ND ND ND 

IL-17 ND ND ND ND ND ND 

MIP-1α 207 67 ND 50 78 ND 

GM-CSF ND ND ND ND ND ND 

MIP-1β 329 404 105 123 245 58 

MCP-1 17312 14016 6359 12257 11117 10534 

IL-15 ND ND ND ND ND ND 

IL-5 ND ND ND ND ND ND 

IFNγ ND ND ND ND ND ND 

IL-1RA 3833 4162 2461 3837 3623 2264 

TNFα ND ND ND ND ND ND 

IL-2 ND ND ND ND ND ND 

IL-7 ND ND ND ND ND ND 

IP-10 ND ND 87 ND 58 132 

IL-2R ND ND 22 ND ND ND 

MIG ND ND 82 ND ND 94 

IL-4 ND ND ND ND ND ND 

IL-8 24157 16535 29035 17273 25173 34423 

IFNα 111 93 81 88 91 104 

IFNβ ND ND ND ND ND ND 

IFNλ1 ND ND ND ND ND ND 
aCytokine levels in the supernatants of mock or ZIKV (PR 2015) infected CTBs at 48 and 72 hours post infection as determined by multiplex bead array. All values are 
represented in “pg/mL”. Cytokine levels that were below the lower limit of detection are indicated as not detected or “ND”. hpi, hours post-infection. 
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Table S2. Related to Figures 3 and S3. Cytokine analysis of 

cytotrophoblasts at 48 and 72 hours post infection with ZIKV (PR 2015). 

Cytokine levels in the supernatants of mock or ZIKV (PR 2015) infected CTBs at 

48 and 72 hours post infection as determined by multiplex bead array. All values 

are represented in “pg/mL”. Cytokine levels that were below the lower limit of 

detection are indicated as not detected or “ND”. hpi, hours post-infection. 
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CHAPTER 5.  

 

General discussion and future directions 

 

Vaccines against WNV and ZIKV are in various stages of clinical 

development for use in humans, but currently lack FDA-approval (40, 284). 

Despite vaccine efforts, little progress has been made in the development of 

specific antivirals that target flaviviruses. The lack of approved vaccines and 

specific antivirals underpins the need to better understand the human immune 

response during WNV and ZIKV infection. While the use of murine infection 

models have provided valuable insight into critical aspects of immunity during 

WNV and ZIKV infection, studies in mice don’t accurately reflect human 

pathogenesis or immunity. Furthermore, efficient viral replication of ZIKV in mice 

requires deficiency in type I IFN signaling, limiting our understanding of how 

innate immunity restricts viral replication during ZIKV infection. The use of human 

primary cells offers many opportunities to overcome the limitations of murine 

models, without the difficulty of studying infection directly within humans. 

Through infection of primary human myeloid cells, the work presented in this 

dissertation has contributed to our understanding of how WNV and ZIKV evade 

innate immune barriers of infection. In Chapter 2, we employed a systems 

biology approach to reveal that WNV and ZIKV antagonize phosphorylation of 

STAT5 to subvert DC activation. In Chapter 3, we revealed that ZIKV 

antagonizes type I IFN responses to subvert antiviral immunity by blocking type I 
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IFN translation and downstream JAK/STAT signaling. In Chapter 4, we revealed 

that placental macrophages, known as Hofbauer cells, are susceptible to 

productive viral replication, providing support for a model of transplacental 

transmission where ZIKV crosses the placental barrier through direct infection of 

placental myeloid cells. Combined, the work presented in Chapters 2, 3, and 4 

have advanced our understanding of how WNV and ZIKV evade host antiviral 

responses and barriers to promote viral replication and spread.  

 

Human DCs are targeted by WNV and ZIKV for productive viral replication 

 Studies in mice have suggested that DCs are critical targets of viral 

replication during WNV infection (16, 99, 111). The most compelling evidence 

comes from work demonstrating that a selective loss of type I IFN signaling on 

CD11c+ cells, a majority of which are DCs, results in uncontrolled viral replication 

and lethal infection (16). While it has been speculated that WNV also replicates 

within DCs during human WNV infection, this has yet to be formally proven. In 

Chapter 2, we used primary human monocyte-derived DCs (moDCs) to 

demonstrate that human DCs have the capacity to support productive viral 

replication during infection by WNV. Our findings are similar to previous work 

with dengue and yellow fever viruses, both of which productively infect human 

moDCs (175, 225, 285, 286). Our findings suggest that similar to studies in mice, 

human DCs may be important targets of viral replication. To confirm the in vivo 

relevance of human DCs as targets of viral replication, future work will need to 

identify WNV-infected DCs within the blood of acutely infected patients. To verify 
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productive infection, it will be important to recover infectious virus from in vivo DC 

populations. 

Our insights with WNV in Chapter 2 guided our studies in Chapter 3, 

where we next demonstrated that ZIKV also productively infects human moDCs. 

While previous work had shown human moDCs harbor viral antigen upon 

exposure to ZIKV, our work was the first demonstration of productive viral 

replication with human moDCs (79). To determine if replication within DCs was a 

recent adaptation of Asian lineage strains, we infected moDCs with four ZIKV 

strains spanning the evolution of the virus since its first discovery in 1947, 

including two historic African lineage viruses, an ancestral Asian lineage virus, 

and a contemporary Asian lineage virus. All four strains of ZIKV productively 

infected human moDCs, suggesting that the ability to target human DCs for 

infection evolved prior to 1947. Although all four strains could replicate within 

human moDCs, African linage viruses replicated to a higher magnitude than 

Asian lineage viruses. Differences in replication may also explain why we 

observed cell death following moDC infection with African, but not Asian lineage 

viruses. This raises the possibility that following their divergence from the African 

lineage, the Asian lineage viruses have evolved to replicate less efficiently in 

DCs, potentially to evade immune detection. Identification of specific mutations 

that may have altered the infectivity or replicative capacity of Asian lineage 

viruses is required to better understand the relevance of these findings. 
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WNV and ZIKV differentially induce type I IFN responses during infection of 

human DCs 

Systemic type I IFN responses are associated with viral control during 

human WNV infection, although the cellular sources of type I IFN remains 

unclear (287). In Chapter 2, we demonstrated that WNV infection of human 

moDCs induces type I IFN secretion and antiviral responses. These findings are 

consistent with previous work where exposure of different human DC subsets to 

WNV induced IFNα secretion, and also similar to studies with DENV (224, 225). 

While it remains difficult to speculate on the relative contributions of human DCs 

during in vivo infection, our findings suggest that infected DCs may be important 

producers of type I IFN during human WNV infection (287). 

Our findings in Chapter 3 revealed that ZIKV differs from WNV and DENV, 

inducing notable type I IFN gene transcription, but selectively blocking protein 

translation. While blockade of type I IFN transcription has been described as a 

mechanism used by DENV to evade type I IFN responses, selective blockade of 

type I IFN protein translation has not been previously described during flavivirus 

infection (225). The mechanism used by ZIKV to selectively block type I IFN 

protein translation remains unknown, but several possibilities exist. While type I 

IFN mRNA may be transcribed, the transcripts may exhibit decreased stability 

due to a impaired polyadenylation or the presence of microRNAs. Decreased 

transcript stability resulting from defective polyadenylation seems unlikely, given 

our findings that there were no differences between the quantity of total IFNB1 

and poly-adenylated IFNB1 mRNA transcripts. It remains possible that miRNAs 
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that target type I IFN transcripts may alter mRNA stability after polyadenylation. 

Another possibility is that there is a block in nuclear export or sequestration of 

type I IFN transcripts away from the host translation machinery. Future studies 

will be focused on addressing these possibilities to fully elucidate the mechanism 

of selective inhibition of type I IFN protein translation by ZIKV. 

 

Innate immune signaling restricts WNV and ZIKV replication 

While studies in mice have found that both RLR and type I IFN signaling 

are critical for restricting WNV replication, the contributions of these pathways 

during human infection is less clear. In addition, the lack of an immune 

competent murine model of ZIKV infection has limited our understanding of the 

role of innate immune signaling during ZIKV infection, within mice or humans. In 

Chapters 2 and 3, we utilized a primary human moDC infection system and 

specific innate immune agonist treatment to demonstrate that activation of RLR 

signaling potently blocks replication of both WNV and ZIKV. In contrast, while 

IFNβ signaling strongly blocked WNV replication, ZIKV was notably more 

resistant. When we compared the ability of IFNβ treatment to restrict WNV or 

ZIKV replication using moDCs generated from the same donor, notably higher 

doses of IFNβ were required to restrict ZIKV than WNV (Fig. 1). While we found 

that WNV and ZIKV differed in their ability to induce type I IFN protein translation, 

this does not explain why ZIKV is more resistant to IFNβ treatment. We also 

found that both WNV and ZIKV block STAT1 and STAT2 phosphorylation to 

evade type I IFN signaling, suggesting that differential antagonism of type I IFN 
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signaling likely does not explain why ZIKV is more resistant to IFNβ treatment. 

Furthermore, the IFNβ treatment occurs at 1hr post infection, before the virus has 

had a chance to replicate and synthesize antagonistic viral proteins. 

Consequently, the ability of ZIKV to resist IFNβ treatment more likely represents 

evasion of the type I IFN-induced antiviral state, rather than direct inhibition of 

type I IFN signal transduction. To do so, ZIKV may uniquely antagonize the 

actions of one or more antiviral effector molecules. Direct evasion of antiviral 

effectors has been described for WNV, DENV, and JEV, all of which encode a 2’-

O-methyltransferase within their NS5 protein that adds a methyl group to the 2’-O 

site within the 5’ guanosine cap, evading protein translation inhibition by the IFIT 

family (288, 289). Whether ZIKV similarly blocks the antiviral activity of the IFITs 

remains to be determined. Nevertheless, ZIKV may block different antiviral 

effectors than WNV, and this could explain their differential susceptibility to IFNβ 

treatment.  

The historic African lineage virus (MR-1947) was more efficient at evading 

the IFNβ-induced antiviral state than a contemporary Asian lineage ZIKV (PR-

2015) (Fig. 1). This suggests that African and Asian lineage viruses may have a 

differential capacity to block antiviral immunity, which may also relate to the more 

rapid replication kinetics and enhanced infection magnitude observed with 

African lineage ZIKVs in Chapter 3. This also suggests that comparing the 

differences between African and Asian lineage viruses may provide clues to the 

mechanisms by which ZIKV blocks the IFNβ-induced antiviral state. Recent 
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development of infectious clones spanning the evolution of ZIKV will be a useful 

tool for these studies (290).  

 

RLR signaling restricts viral replication in a type I IFN independent manner 

Findings in Chapters 2 and 3 suggest that RIG-I signaling is capable of 

programming protective antiviral immunity within DCs in a type I IFN independent 

manner. Despite viral antagonism of type I IFN signaling by WNV (chapter 2) and 

ZIKV (chapter 3), strong antiviral responses are observed during infection of 

human moDCs, including production of multiple antiviral effector molecules. 

Activation of RLR signaling also remained effective in blocking WNV replication, 

even in the presence of an anti-IFNAR blocking antibody. This is consistent with 

previous work that identified multiple antiviral effector genes as direct targets of 

IRF-3, independent of the type I IFN receptor (96, 291, 292). Other work has also 

demonstrated that multiple antiviral effector genes are induced during WNV 

infection of mice that lack type I IFN signaling, and that much of this is lost when 

both RLR and type I IFN signaling are removed (98).  

 

ZIKV antagonizes type I IFN signaling through blockade of STAT1 and 

STAT2 

Our findings in Chapter 3 were the first report of ZIKV antagonizing 

STAT1, and the first description of ZIKV blocking STAT2 phosphorylation. A 

study published shortly before our own had found that the ZIKV NS5 protein 

binds to human STAT2, but not the murine homolog, and promotes STAT2 
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degradation (126). In our study, we did not observe degradation of STAT2 during 

ZIKV infection of either human DCs or A549 cells. Instead, we found up-

regulation of STAT2 total protein levels during ZIKV infection. STAT2 expression 

is up-regulated in a manner that depends on either type I IFN or RLR signaling, 

where it is important to note that RLR signaling alone can induce STAT2 up-

regulation (98). The differences in STAT2 degradation between studies may 

therefore reflect important cell type specific differences in the antiviral response 

during ZIKV infection. The studies in which STAT2 degradation was observed 

were performed in Vero and HEK 293T cells. Vero cells are defective in type I 

IFN production and RLR signaling, explained by defective IRF-3 activity and 

deletion of the type I IFN gene locus, and therefore have a severely diminished 

capacity to up-regulate STAT2 expression during viral infection (293-295). In 

contrast, both moDCs and A549 cells induce rigorous antiviral responses during 

ZIKV infection, resulting in STAT2 up-regulation, likely through both type I IFN 

and RLR signaling. The increased expression of STAT2 protein in systems with 

an intact antiviral response likely masks any degradation that may occur within 

infected cells. Therefore, the consequences of virally induced STAT2 

degradation in systems were STAT2 is up-regulated remains unclear. 

Nevertheless, our work in Chapter 3, combined with current evidence suggests 

that ZIKV antagonizes type I IFN signaling through multiple mechanisms, 

including STAT2 degradation and blockade of STAT1 and STAT2 

phosphorylation.  
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STAT5 is a regulatory node of DC activation 

STAT5 has recently been defined as a regulator of DC activation in both 

murine and human systems, where STAT5 was found to bind to the promoter 

regions of CD80 and CD83 (204, 205). However, while activation of STAT5 by 

type I IFN signaling has been described, the role of innate immune signaling in 

driving STAT5-mediated DC activation is unclear (209, 296). In Chapter 2, using 

cis-regulatory sequence analysis, we identified STAT5 as a regulatory node 

upstream of multiple components of DC activation following RLR and IFNβ 

stimulation. This suggests that STAT5 signaling may play an important role in 

enhancing DC activation downstream of innate immune signaling. Future work 

will need to confirm the role of STAT5 in driving DC activation through the use of 

specific inhibitors and genetic ablation of STAT5.  

Treatment with RIG-I and MDA5 agonists induced STAT5 phosphorylation 

within 90mins, coinciding with IRF3 phosphorylation kinetics. How RLR signaling 

activates STAT5 signaling remains unclear, but multiple possibilities exist. One 

possibility is that RLR agonist treatment induces rapid secretion of type I IFN, 

which then promotes STAT5 phosphorylation. Alternatively, STAT5 might be 

phosphorylated by a tyrosine kinase, such as Src or Lyn, that is activated directly 

downstream of RLR signaling (219, 220). Future studies within murine bone 

marrow derived DCs generated from mice with genetic knockouts of different 

components of innate immune signaling (e.g. Ifnar1-/-, Mavs-/-, Tbk1-/-) will be 

needed to fully parse this out. 
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WNV and ZIKV subvert DC activation through blockade of STAT activation 

In Chapters 2 and 3, we found WNV and ZIKV infection did not activate 

human DCs, as noted by minimal up-regulation of pro-inflammatory cytokines, 

chemokines, or molecules involved in T cell activation. WNV infected DCs were 

also found to dampen allogeneic CD4 and CD8 T cell proliferation, suggesting 

that WNV, and likely ZIKV, subvert DC activation to compromise efficient T cell 

priming. Mechanistically, subversion of DC activation was explained by viral 

antagonism of STAT5, and to a lesser degree STAT1 and STAT2 signaling. 

While multiple groups have described flavivirus antagonism of STAT1 and 

STAT2, including our own work with ZIKV in Chapter 3, our findings in Chapter 2 

are the first description of STAT5 being a target of viral antagonism during 

flavivirus infection. 

Our findings in Chapter 2 of impaired DC activation are consistent with 

previous work, where WNV infection promotes only limited secretion of pro-

inflammatory chemokines (224). Studies with a non-pathogenic subtype of WNV, 

WNV Kunjin, also found minimal secretion of IL-12, although in contrast to our 

work with a pathogenic WNV strain, there was notable up-regulation of CD86 and 

CD40 (214). The ability of pathogenic strains of WNV to antagonize the up-

regulation of T cell co-stimulatory molecules may be a critical determinant for 

viral pathogenesis. Consistent with this idea, the YFV vaccine strain (YFV-17D) 

strongly up-regulates T cell co-stimulatory molecules on human DCs, which 

contributes to its efficacy as a vaccine (212). It would be interesting to compare 

YFV-17D with its non-attenuated parental strain, YFV Asibi (297). Based on our 
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studies with WNV and ZIKV, we would predict that YFV Asibi would not block 

STAT5 phosphorylation and fail to activate human DCs. Similar to our work with 

WNV and ZIKV, tick-borne flaviviruses have also been found to subvert DC 

activation within murine DCs through blockade of both IRF-1 and type I IFN 

signaling (238). In contrast with WNV and ZIKV, DENV activates pro-

inflammatory responses and up-regulates T cell co-stimulatory molecules during 

infection of human DCs (225, 226). This suggests that WNV and ZIKV may have 

evolved unique mechanisms from DENV to evade antiviral immunity. 

 

WNV dampens Tyk2 and JAK1 activation 

The mechanism behind viral antagonism of STAT5, STAT1, and STAT2 

phosphorylation remains unclear, but a few hypotheses can be made from our 

work in Chapter 2. Previous studies with WNV and other flaviviruses has 

implicated members of the Janus associated kinase (JAK) family as targets of 

viral antagonism. The type I IFN receptor associates with JAK1 and Tyk2, which 

mediate tyrosine phosphorylation of STAT1 and STAT2, while Tyk2 mediates 

tyrosine phosphorylation of STAT5 (209). Similar to type I IFN signaling, IL-4 and 

IL-13 can both signal through the shared type II IL-4 receptor, activating JAK1 

and Tyk2 to mediate STAT5 phosphorylation (215). To determine if WNV blocks 

Tyk2 or JAK1 activation, we employed a Vero cell model of infection where we 

can achieve synchronous infection of 100% of cells in the absence of an 

endogenous type I IFN response. Similar to moDCs, WNV infection was able to 

block IFNβ-induced STAT5, as well as STAT1 and STAT2 phosphorylation in a 
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MOI-dependent manner. We did observe differences in STAT inhibition when we 

infected at an MOI of 0.1, where we likely have a mixed population of infected 

and uninfected cells, where STAT5 phosphorylation was more strongly inhibited 

than STAT1 or STAT2. This suggests that STAT5 may be more efficiently 

blocked by WNV than STAT1 or STAT2. Consistent with this, we observed no 

STAT5 phosphorylation during WNV infection of moDCs in Chapter 2, but did 

observe STAT1 and STAT2 phosphorylation. We did observe induction of 

antiviral effector molecules, demonstrating that the STAT blockade is specific. 

Despite the strong blockade in STAT phosphorylation, we observed a less 

pronounced blockade of Tyk2 and JAK1 phosphorylation at high MOI infection 

(MOI 1 and 5), but not at an MOI of 0.1. While previous work with WNV found a 

more profound blockade of Tyk2 phosphorylation than we observed in our own 

study, this previous work employed a cell system (A549 cells) that has an intact 

endogenous type I IFN response, which may explain the observed differences 

(123). Interestingly, work with the tick-borne flavivirus Langat virus (LGTV) differs 

from our own, where LGTV strongly block Tyk2 and JAK1 phosphorylation in 

Vero cells (228). Combined, this suggests that antagonism of JAK/STAT 

signaling is partially explained by inhibition of Tyk2 and JAK1 activation, but that 

further antagonism likely occurs after JAK activation. Furthermore, WNV and 

ZIKV likely differ from other flaviviruses in how they antagonize JAK/STAT 

signaling. 

Our findings in Chapter 2 suggest that while WNV may dampen Tyk2 and 

JAK1 activation, this does not fully explain the potent blockade in STAT 
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phosphorylation. One possible mechanism for STAT blockade is that a viral 

protein may bind to the STAT proteins through a conserved sequence and 

sequester the STATs away from the activated JAKs. A similar phenomenon has 

been described during blue tongue virus infection, where STAT1 is sequestered 

within the cytosol and does not translocate to the nucleus (298). This possibility 

does not seem likely, at least for STAT5, since we found that both WNV and 

ZIKV fail to block GM-CSF induced STAT5 phosphorylation. This finding 

demonstrates that STAT5 itself is likely not targeted. Importantly, GM-CSF 

signaling does not involve activation of Tyk2, contrasting with type I IFN, IL-4, 

and IL-13 signaling. This suggests that WNV and ZIKV may block STAT 

phosphorylation by interfering with the interaction between Tyk2 and downstream 

STAT proteins. A final possibility that cannot be ruled out is that WNV and ZIKV 

may activate the suppressor of cytokine signaling (SOCS) protein family, which 

broadly regulate JAK/STAT signaling through binding to cytokine receptors, 

including IFNAR1, and activated JAKs (299). Indeed, SOCS proteins can be 

modulated during flavivirus infection (229). A better understanding of the 

mechanism used by WNV and ZIKV to block STAT phosphorylation will reveal a 

novel mechanism of immune antagonism during flavivirus infection. 

 
Transplacental transmission of ZIKV 
 

An unexpected and unique feature of ZIKV has been the ability to cross 

the placental barrier and cause perinatal infection. While multiple other human 

pathogens, including several viruses (human cytomegalovirus/CMV, rubella 

virus, and herpes simplex virus/HSV), are known to cause in utero infection, 
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ZIKV is the first flavivirus to exhibit this behavior. These recent findings have led 

to the suggestion by multiple groups that ZIKV should be included as a TORCH 

pathogen, which already includes Toxoplasma gondii, rubella virus, CMV, and 

HSV, and collectively refers to pathogens that can cause congenital infection 

(62). How readily ZIKV can reach the fetal compartment during human in utero 

infection is not clear, but studies in pregnant non-human primates infected with 

ZIKV suggests it may be an efficient process (57, 60). While the primary route of 

transplacental ZIKV transmission remains unclear, recent work, including our 

own work in Chapter 4, has provided valuable insight into potential mechanisms 

underlying transplacental ZIKV transmission. 

Previous work by Carolyn Coyne’s group found that primary STBs resist 

infection by ZIKV through constitutive production of type III IFN. These findings 

raised an important question of whether other placental cell types, including 

myeloid cells, could support viral replication. In Chapter 4 we demonstrated that 

HCs support productive viral replication during ex vivo infection, a finding that 

has since been confirmed by several other groups (65, 300). In addition to HCs, 

progenitor trophoblasts have also been reported as potential targets of ZIKV 

infection (61, 65). This includes our own work in Chapter 4, where we 

demonstrate that CTBs supported delayed and limited viral replication. 

Progenitor trophoblasts are also infected within a murine model of intrauterine 

transmission, while STBs were described as less susceptible (58). To confirm the 

relevance of placental cell types during human in vivo congenital infection, Sherif 

Zaki’s group performed in situ hybridization for ZIKV RNA within placental tissue 
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obtained from pregnant mothers with confirmed ZIKV infection (64). ZIKV plus 

strand genomic RNA and minus strand RNA, a replication intermediate, were 

both detected in placental tissue and were predominately found within HCs. 

These in vivo findings, combined with our own work suggest that HCs, and not 

trophoblasts, are the more important target of ZIKV replication within the placenta 

during congenital infection.  

Identification of HCs as targets of ZIKV infection raises a critical question: 

how does ZIKV cross the placental STB barrier to access the underlying 

susceptible HCs? Given the resistance of STBs to infection, it seem unlikely that 

ZIKV can cross the placenta through direct viral replication within the STB layer. 

There are at least three possible mechanisms by which ZIKV could cross the 

placenta without infecting STBs: 1) antibody mediated transcytosis through the 

neonatal Fc receptor (FcRn); 2) transmigration of infected maternal immune 

cells; or 3) immune-mediated placenta damage, leading to breaks in the STB 

layer. Antibody mediated transcytosis raises the possibility that cross-reacting, 

non-neutralizing anti-DENV antibodies may enhance transplacental transmission 

of ZIKV (66). These cross-reactive anti-DENV antibodies may also promote more 

efficient ZIKV infection of HCs, given their abundant expression of Fc receptors. 

Once ZIKV infects and replicates within HCs, the virus must then reach the 

developing fetus. Amniotic epithelial cells, the cells that make up the 

amniochorionic membrane that surround the fetus, support ZIKV replication 

during ex vivo infection (65). Direct infection of amniotic epithelial cells might 

allow the virus to spread across the amniochorionic membrane after viral 
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amplification within HCs. Despite these insights, including our own in Chapter 4, 

the exact mechanism by which ZIKV crosses the placenta and reaches the 

developing fetus remains an open question. 

 

Conclusion 

 The work presented in Chapters 2, 3, and 4 have contributed to our 

understanding of how WNV and ZIKV evade human antiviral responses and 

barriers to infection. Many questions remain in Chapters 2 and 3, including the 

identity of the virally encoded factors that mediate subversion of DC activation. 

Future work that identifies the viral antagonist of STAT phosphorylation will be 

important to fully understand the mechanisms underlying WNV and ZIKV 

subversion of type I IFN signaling and DC activation. Further elucidation of the 

mechanism used by ZIKV to selectively block type I IFN translation will also be 

important to understanding ZIKV pathogenesis and immunity. Our work in 

Chapter 4 demonstrated that placental macrophages can support productive viral 

replication by ZIKV, however, how ZIKV reaches these susceptible cell types 

during perinatal infection remains unknown. A clearer understanding of how ZIKV 

crosses the placenta will be important for fully elucidating the pathogenesis of 

congenital infection. In conclusion, our work suggests that human DCs may be 

important targets of viral replication and immune subversion during infection by 

WNV and ZIKV, while placental macrophages may be important viral targets 

used by ZIKV during congenital infection. 
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Figure 1. IFNβ treatment is less effective at blocking ZIKV replication than 

WNV. moDCs were infected with ZIKV PR-2015, ZIKV MR-1947, or WNV-TX at 

MOI 10 (as determined on Vero cells) for 1hr and then treated with IFNβ (10, 

100, or 1000 IU/mL), or left untreated (0 IU/mL). Infectious virus release into the 

supernatant was assessed at 24hpi. Data is represented as percent inhibition, 

which was calculated as: (1 - [WNV + agonist] / [WNV alone]) * 100. Dashed line 

indicates 100% inhibition, or complete block of viral infection. 
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