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Abstract 

The roles of the neonatal Fc receptor and interferons in echovirus pathogenesis 
 

Alexandra Isabella Wells, PhD 
 

University of Pittsburgh, 2022 
 
 
 

Enterovirus infections are major sources of disease in humans. Echoviruses are a major 

subtype of enteroviruses and are especially devastating to neonates and young children. Despite 

the number of infections and potential adverse outcomes, the basic determinants of pathogenesis 

for echoviruses is poorly understood. This dissertation describes the identification of the neonatal 

Fc receptor (FcRn) as the entry receptor for echoviruses and the subsequent development of new 

in vivo models that fully recapitulate echovirus disease as well as establish the role of interferons 

during echovirus infections. Collectively, these studies show (1) that human FcRn is the entry 

receptor for echoviruses, (2) that human FcRn and type I interferons mediate infection in the liver, 

(3) that type I and III interferons play differential roles in infection of the gastrointestinal tract and 

dissemination to other tissues, (4) the meninges of the brain are the main target of echovirus 

infection and (5) that the host interferon stimulated genes that target enteroviruses function in pan-

enterovirus- and enterovirus-species specific manners.  
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1.0 Introduction 

Enteroviruses are a major source of human disease, particularly in neonates and young 

children where infections can range from acute, self-limited febrile illness to meningitis, 

endocarditis, hepatitis, and acute flaccid myelitis. Enteroviruses primarily infect by the fecal-oral 

route and target the gastrointestinal epithelium early during their life cycles. These viruses bind to 

a proteinaceous receptor on the cell surface and begin the process of internalization. Once 

internalized, enteroviruses are detected by intracellular proteins that recognize common viral 

features and trigger antiviral innate immune signaling. These pathways often lead to the production 

of IFNs and interferon stimulated genes (ISGs). ISGs can directly or indirectly inhibit different 

stages of the viral lifecycle. However, co-evolution of enteroviruses with humans has allowed 

them to develop strategies to evade detection and/or to disrupt intracellular signaling. This chapter 

will discuss how enteroviruses infect the gastrointestinal tract, the mechanisms by which cells 

detect enterovirus infections to induce IFNs and ISGs, and the strategies enteroviruses use to 

escape this detection.  

1.1 Interferons at barrier surfaces 

Barrier surfaces such as the epithelium lining the respiratory and gastrointestinal (GI) 

tracts, the endothelium comprising the blood-brain barrier (BBB), and placental trophoblasts 

provide key physical and immunological protection against viruses. These barriers utilize 

nonredundant mechanisms to suppress viral infections including the production of interferons 
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(IFNs), which induce a strong antiviral state following receptor binding. The innate immune 

system is activated by the recognition of ‘non-self’ from ‘self’ through diverse pattern recognition 

receptors. This recognition of a foreign substance induces complex signaling pathways that are 

essential for mounting an immune response to the pathogen and, if necessary, to induce the 

adaptive immune response. Interferons (IFNs) are key cytokines induced during innate immune 

detection of viral infections. IFNs play a primary role in barrier defenses and are important for 

barrier function and integrity in the face of viral infections. However, whereas type I IFNs control 

infection systemically, type III IFNs (IFN-λs) control infection locally at barrier surfaces and are 

often preferentially induced by these cells. In this chapter, we focus on the role of type I and III 

IFNs at barrier surfaces, focusing on the respiratory and GI tracts, the BBB, and the placenta and 

how these IFNs act to suppress viral infections. 

1.1.1 Barrier Surfaces 

Cellular barriers establish both physical and immunological defenses to prevent viruses 

from breaching key entry portals into the human body. These barriers can include the epithelium 

lining the gastrointestinal (GI) and respiratory tracts, the microvasculature that forms the blood 

brain barrier (BBB), and fetal-derived trophoblasts that constitute the placental barrier during 

pregnancy (Figure 1). In addition to forming a physical barrier, these cell types sometimes also 

function as conduits at key cellular interfaces in order to exchange gases, small molecules, and 

nutrients. Thus, cell types that constitute barrier surfaces have evolved unique mechanisms to 

defend against viral infections, while retaining their critical role in maintaining cellular 

homeostasis. Breakdown of these barriers can have far-reaching impacts. For example, disruption 



 3 

of the placental barrier could allow for pathogenic microorganisms to gain access to the fetal 

compartment, which can induce fetal demise and/or congenital malformations in some cases1. 

Each of the barrier cell types mentioned above have evolved unique defense mechanisms 

to limit access by viruses. In addition, these cell types have, in some cases, also co-evolved shared 

defensive strategies despite their disparate locations throughout the body. These shared 

mechanisms include goblet cell-derived mucus secretions in the GI and respiratory tracts, which 

coat the cell surface with a protective barrier, the formation of junctional complexes that limits 

paracellular transport, and the formation of complex apical actin networks that limit direct passage 

across the cell surface, amongst others2,3. Secondary to physical (or natural) protective strategies 

is the innate immune system. The innate immune system is essential for alerting the body to 

pathogen infection and is highly evolutionarily conserved. The innate immune system is activated 

by the recognition of ‘non-self’ from ‘self’ through diverse pattern recognition receptors. This 

recognition of a foreign substance induces complex signaling pathways that are essential for 

mounting an immune response to the pathogen and, if necessary, to induce the adaptive immune 

response. Interferons (IFNs) are key cytokines induced during innate immune detection of viral 

infections. IFNs play a primary role in barrier defenses and are important for barrier function and 

integrity in the face of viral infections. In this review, we discuss disparate barrier surfaces in the 

body and how type III IFNs play a critical role in antiviral defenses at these surfaces. 

 

1.1.2 Interferon discovery 

IFNs are a diverse family of cytokines with potent antiviral activity against many classes 

of viruses4. IFNs consist of three families: type I, type II, and type III IFNs. In this review, we will 
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focus mainly on the antiviral activities of type I and III IFNs given their involvement at the 

interface of barrier surfaces. Type I IFN was discovered in 1957 by Isaacs and Lindenmann, who 

named the factor because of its ability to interfere with viral replication5. This family of IFNs 

includes many different subtypes, including 13 IFN-α subtypes and a single IFN-β subtype. Type 

I IFNs are located on chromosome 9 in humans and on chromosome 4 in mice6. In humans, type I 

IFN is located in an intron-less region of the chromosome where the alpha subtypes are on the 3’ 

end, with IFN-β on the 5’ end of the locus7,8. Type I IFNs signal through the heterodimeric type I 

IFN receptor (IFNAR1/2) complex to induce hundreds of antiviral interferon stimulated genes 

(ISGs). IFNAR is expressed on all nucleated cells, which allows type I IFNs to produce a potent 

systemic antiviral state. 

Type III IFNs are the most recently discovered family of IFNs. This family includes IFN-

λ1, IFN-λ2, and IFN-λ3, also known as interleukin IL-29, IL-28A, and IL-28B9,10. In 2013, a fourth 

type III IFN, IFN-λ4, was discovered11,12. IFN-λ4 has been shown to be antiviral against hepatitis 

C virus in cultured Huh7 liver cells12. However, it is nonfunctional in a large subset of the world’s 

human population due to a single nucleotide polymorphism (SNP) that causes a frameshift in the 

gene11,12. Type III interferons are located on chromosome 19 in humans and on chromosome 7 in 

mice13. Unlike the type I IFN locus, the type III genetic cluster consists of introns and exons within 

each IFN-λ gene13,14. Each IFN-λ gene has 5 exons; this characteristic shares homology to the IL-

10 cytokine family15. Type III IFNs share homology with the IL-10 cytokine family and share the 

IL-10R2 receptor subunit, leading to the speculation that these cytokines might be evolutionarily 

related4,16. The receptor is heterodimeric and includes the other lambda receptor subunit, IFNLR1. 

However, whereas virtually all cells express the functional type I IFN receptor IFNAR, the 

expression of the type III receptor IFNLR complex is most commonly restricted to cells at mucosal 
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and other barrier surfaces17. Although the full repertoire of immune cells that do or do not respond 

to type III IFNs has yet to be fully elucidated, it is becoming clear that some immune cell 

populations may not be responsive to type III IFNs due to their lack of IFNLR expression18. 

Neutrophils are one of the few immune cell that expresses the IFNLR and can respond to IFN-λ 

and represent an important bridge between innate and adaptive immunity19,20. Thus, whereas type 

I IFNs function in a broad systemic manner, type III IFNs produce a more localized antiviral state, 

which may be largely restricted to barrier-associated cell types (Figure 1). 

 

Figure 1 Protective cellular barriers of the human body 

The cell composition of the blood-brain barrier, respiratory tract, gastrointestinal tract, and placenta are shown. The blood-brain 

barrier is made up in part of microvascular endothelial cells which form a physical barrier between the brain and the blood. The 

respiratory epithelium is composed of epithelial cells and goblet cells, which secrete mucus. The respiratory epithelial cells have 

cilia which beat in concert to clear mucus. The gastrointestinal tract contains enterocytes which have microvilli and goblet cells 

which secrete mucus. The human placenta is composed in part by the outermost syncytiotrophoblasts and inner cytotrophoblasts. 

Syncytiotrophoblasts form a dense brush border, but unlike the respiratory and GI epithelium, does not contain junctional 

complexes between cells (as the syncytium is a continuous layer). Figure was made with Biorender.com. 
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1.1.3 Interferon induction and signaling 

Both type I and III IFNs are induced through the recognition of pathogen associated 

molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs) by pattern 

recognition receptors (PRRs). PRRs, such as Toll-like receptors (TLRs), recognize common 

features of microorganisms, which thus provides them with a strategy to detect diverse and 

unrelated pathogens21. When PRRs recognize a PAMP, an intracellular signaling cascade is 

induced, thus altering the transcriptional profile of the cell and leading to the upregulation of 

transcription factors such as Interferon Regulatory Factors (IRFs) and NF-κB, which in turn induce 

IFNs (Figure 2). The induction of each class of IFNs has been shown to require slightly different 

proteins to bind to the promotor of a given gene22. For example, IFN-β induction requires the 

binding of NF-κB, AP-1, and phosphorylated IRF323. IRF7 does not typically bind to the promotor 

of IFN-β in unstimulated cells, largely due to the fact that it is itself an ISG and must be upregulated 

before it can become fully expressed and activated. If IRF7 is present and phosphorylated, it can 

then bind to the IFN-β promoter in the place of IRF322,23. On the other hand, a recent study showed 

that the IFN-λ1 promoter has multiple NF-κB binding sites, suggesting that binding of multiple 

NF-κB proteins can induce expression. This study concluded that IFN-λ1 can be induced by the 

binding of multiple NF-κB proteins to the binding sites within the promoter region, without the 

requirement for IRF3 binding or another factor24. Once IFNs are expressed, they then initiate a 

positive feedback loop that can act in both autocrine and paracrine manners25. 
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Figure 2 Interferon induction pathway 

When the host cell detects a foreign nucleic acid, a signaling cascade begins to induce interferons. Cytoplasmic 

detection includes MDA-5 (left) and RIG-I (center). Endosomal detect includes TLR-7 and TLR-8 (right). MDA-5 

and RIG-I trigger a signaling cascade through MAVS to induce IFNs. The left shows viral RNA detection by TLRs 

within the endosome. A signaling pathway is triggered leading to the induction of interferons. Figure was made with 

biorender.com. 

 

As discussed above, type I IFNs signal through the heterodimeric IFN-α/β receptor 

(IFNAR1/2) whereas type III IFNs signal through the heterodimeric IFN-λ receptor 

(IFNLR1/IL10R2)26. However, despite their distinct induction differences and usage of receptor 

complexes, once type I or III IFNs bind to their respective receptors, the downstream signaling 

process is almost identical and leads to the induction of hundreds of ISGs through the canonical 

signaling pathway (Figure 3)26,27. However, the kinetics of ISG induction have been shown to 

differ in some cell types. For example, hepatocytes express IFNLR and are able to respond to type 

III IFN, however, type I and III IFNs vary in the magnitude and induction pattern of ISGs they 

induce in these cells28. Another group showed that both whereas both type I and III IFNs induce a 
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similar number of ISGs, type III IFN induced a slightly different subset of ISGs in a polarized 

murine intestinal epithelial cell line29. Other studies have indicated that human stem cell-derived 

enteroids treated with either IFN-β or IFN-λ induce ISGs in a similar manner30. These results 

indicate that ISG induction by type I and III IFN is dependent on many factors, such as IFN 

concentration, cell and tissue type, and time points assessed. Together, these studies show that the 

presence of IFN and ISGs trigger a state of antiviral immune response in cells.  

 

Figure 3 ISG induction pathway 

Once secreted, IFNs bind to their respective receptors on the cell surface of the cell. This triggers a signaling cascade 

through the Jak/Stat pathway leading to the induction of antiviral ISGs. Figure was made with biorender.com. 
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1.1.4 Antiviral activity of IFN-λs at epithelial and endothelial barriers 

1.1.4.1 Respiratory Tract 

The respiratory tract is a pseudostratified columnar epithelium composed of ciliated 

epithelial cells, mucus-secreting goblet cells, and basal cells (Figure 1). The epithelium forms a 

physical barrier in part due to the presence of tripartite junctional complexes (composed of tight 

and adherens junctions, and desmosomes) that form between neighboring cells to restrict the free 

flow of ions and solutes31. Two mechanical defense mechanisms that the respiratory tract utilizes 

to defend against viral invasion are the beating of cilia on the apical surface of all ciliated cells and 

mucus secretion from goblet cells. Cilia beat in a synchronized motion to move mucus out of the 

respiratory tract in order to clear pathogens32. In contrast, junctional complexes form a belt-like 

structure along the apical-most domains of the paracellular cell surface to restrict virus access to 

the subcellular domains3. Collectively, these defensive strategies work in concert to directly clear 

viruses from the lungs or to prevent their penetration into the bloodstream should they bypass other 

physical defenses. However, if these physical barriers are breached or weakened, which can occur 

in the context of both normal and abnormal physiologic states, IFNs form a key antiviral defense.  

The respiratory epithelium secretes type III IFNs as an antiviral response to viruses that 

might damaging  this barrier33–35. Studies have shown that primary murine tracheal respiratory 

epithelial cells and murine lung epithelial cell lines are able to respond to both type I and III 

IFN36,37. Although these cells can respond to both types of IFNs, they preferentially induce type 

III IFNs in response to influenza A virus (IAV), respiratory syncytial virus (RSV), M. tuberculosis, 

and other viral infections38–41. In primary cultures of human airway epithelium grown at an air 

liquid interface (ALI), type III IFNs are preferentially secreted into both the apical and basolateral 

compartments in response to IAV infection37,39. Additionally, when ALI cultures were pretreated 
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with recombinant IFN-λ, IAV replication was reduced36. Although recombinant type I IFN can 

restrict IAV replication, it is not typically secreted by these cells during a natural infection36,42. In 

mice, type III IFNs are also preferentially induced by IAV infection33 and mice deficient in 

IL28RA exhibit higher levels of IAV replication compared to wild type controls43. Similar findings 

have been shown in the context of RSV infection41. Collectively, these studies show that IFN-λ is 

an important mediator of antiviral defenses in the respiratory tract. 

1.1.4.2 Gastrointestinal tract 

The GI tract is a complex surface that acts as a protective and immunological barrier in a 

diverse microbial environment. The GI epithelium is composed of at least seven distinct cell types, 

including Paneth cells, goblet cells, enterocytes, and enteroendocrine cells, amongst others (Figure 

1). The physical barriers that comprise the respiratory epithelial barrier (described above) are 

largely shared by the GI epithelium, with the exception of beating cilia. In contrast to beating cilia, 

the GI epithelium contains a dense brush border at the apical surface of the epithelium, which is 

supported by a dense cortical actin network that acts to prevent viral access to the cytosol3.  

Historically, the role of IFNs in the GI tract has mostly been studied in the context of cell 

lines44. These cell line-based studies have shown that both type I and III IFNs can be rapidly 

induced upon the recognition of PAMPs and that these cells are able to mount an antiviral response 

against enteric viruses29,45. Type III IFNs have been shown to induce ISGs in intestinal-derived 

cell culture models in response to many important enteric viruses, including rotavirus, reovirus, 

norovirus and enteroviruses in the GI tract46–49. These studies have shown that IFN-λ has an 

important role at the GI epithelium, however, immortalized cell lines are often derived from 
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malignancies, in which native healthy cell signaling pathways are inherently altered and that these 

lines do not recapitulate the diversity of cell types present in the epithelium. 

Recently, new advances in primary intestinal stem cell-derived in vitro enteroid and 

organoid models have provided new systems to study enteric virus infections in the setting of a 

multicellular GI epithelium. Several studies have shown the ability of human intestinal enteroids 

and organoids to respond to both type I and III IFNs and to induce IFNs and/or ISGs in response 

to enteric viral infections47–51. However, although human intestinal organoids induce the 

expression of  both type I and III IFNs at the transcript level in response to rotavirus infections, 

only type III IFNs are secreted from infected cells52,53, suggesting that the GI epithelial cells are 

preferentially secreting type III IFNs over type I IFNs. When intestinal enteroids or organoids are 

pretreated with either type I or III IFN, rotavirus replication is decreased, indicating that type I and 

III may induce similar antiviral states46,51,54. In mice, IFN-λ restricts norovirus and reovirus 

replication in the intestine47,48,53. Thus, a growing body of work in cell lines, primary stem cell-

derived organoids, and in vivo demonstrate the prominent role of type III IFNs in restricting enteric 

virus infections.  

1.1.4.3 Blood brain barrier 

The BBB is composed of microvascular endothelial cells, pericytes, and astrocytes and is 

a selective transport membrane that serves as the protective barrier surrounding the brain (Figure 

1). The BBB protects the central nervous system from a wide variety of toxins and microorganisms 

in the blood, while allowing for the selective exchange of ions and solutes. Similar to polarized 

epithelial cells, the microvascular endothelial cells that comprise the BBB are connected by 

junctional complexes between adjacent cells. In addition to its barrier properties, the BBB 

microvasculature is important for the exchange of signals between the brain and the circulatory 
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system. Beneath the endothelium is a continuous basement membrane that connects the 

microvasculature to the pericytes and endfoot astrocytes that further limit permeability of the 

barrier55. Disruption of the BBB is induced by infection by several neurotropic viruses, such as 

West Nile Virus (WNV), and is caused by both host and viral factors56,57. 

Type III IFNs play important roles in antiviral defenses at the BBB56,58. However, the 

mechanisms by which type III IFNs restrict viral infections at this barrier site may be unique. 

Unlike the canonical mechanism of IFN-induced antiviral defenses through ISG induction, type 

III IFNs also function to protect mice from WNV infection through non-ISG-dependent 

mechanisms. Mice lacking functional type III IFN signaling (Ifnlr1-/-) exhibit increased BBB 

permeability and higher viral titers after WNV infection relative to wild type controls56. However, 

unlike the canonical pathway of ISG induction, IFN-λ appears to exert its antiviral activity at least 

in part from a direct increase in endothelial barrier properties. Treatment of cultured brain 

microvascular cells with recombinant IFN-λ increases transendothelial resistance values (TEER) 

in vitro, a measure of the ability of the endothelium to resist ion flow, through a transcription-

independent mechanism56. This study suggests that these IFNs may defend against viral infection 

of barrier cell types through ISG-independent mechanisms, however, whether this property is 

shared amongst other barrier cell types has yet to be determined.   

The role of type III IFNs in the human BBB are less clear, owing in part to the difficulties 

of modeling this complex system ex vivo. Studies utilizing cultured human BBB microvascular 

endothelial cells suggests that type III IFNs also play a key role in human BBB endothelial cells 

and respond to synthetic ligands of viral RNA or to viral infections by potently inducing type III 

IFNs59. When immortalized human BBB microvascular endothelial cells are stimulated with the 

synthetic vRNA ligand poly(I:C), they respond by secreting high concentrations of IFN-λ 
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compared to mock-treated cells. At low doses of poly(I:C), these cells also secrete higher 

concentrations of IFN-λ than IFN-β compared to mock-treated cells, suggesting that type III IFNs 

are preferentially released in these cells similar to epithelial-derived cell types59.  

 

1.1.5 Concluding remarks on interferons at barrier surfaces 

In addition to their role as a physical barrier, it is becoming clear that the cell types that 

comprise the barriers in the human body are also dynamic and highly reactive chemical barriers 

that use type III IFNs to protect these sites from viral infections. The role of IFN-λ in the protection 

of the BBB and the GI and respiratory tracts have clearly established these molecules as essential 

in antiviral defenses in these critical tissues. 
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1.2 Enterovirus Biology 

The enterovirus genus includes poliovirus, coxsackieviruses, echoviruses, enterovirus 71, 

and enterovirus D68. Enteroviruses primarily infect by the fecal-oral route and target the 

gastrointestinal epithelium early during their life cycles. In addition, spread via the respiratory tract 

is possible and some enteroviruses such as enterovirus D68 are preferentially spread via this route. 

Following infection in the primary site of infection, enteroviruses disseminate to secondary target 

sites in the body where these viruses cause clinical disease. 

1.2.1 Enterovirus infections in humans 

According to the Centers for Disease Control and Prevention, enteroviruses cause at least 

10-15 million symptomatic infections in the United States each year60. These viruses belong to the 

Picornaviridae family and are small, non-enveloped viruses that have a single stranded positive 

sense RNA genome. The enterovirus genus includes poliovirus (PV), coxsackieviruses, 

echoviruses, enterovirus 71 (EV71), enterovirus D68 (EV-D68) and rhinoviruses. These viruses 

are spread primarily through the fecal-oral route, but some species can be spread through 

respiratory secretions (e.g. EV-D68 and rhinovirus). Nonpolio enteroviruses are typically 

asymptomatic or cause minor clinical symptoms which include hand-foot-and-mouth disease and 

respiratory illness. In some cases, enteroviruses can cause severe complications which include 

acute flaccid myelitis, myocarditis, encephalitis, pancreatitis, hepatitis, and even death61–64. 

The pediatric and neonatal populations can develop severe symptoms and grave clinical 

outcomes of enterovirus infections65–67. In fact, enteroviruses are one of the top viral pathogens 

that cause outbreaks in neonatal intensive care units (NICUs) across the United States each 
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year68,69 and infections in infants and neonates are associated with high morbidity and mortality. 

Additionally, enterovirus infections particularly impact young children during outbreaks, as seen 

in the EV71 outbreak in China from 2008 to 2012. This outbreak was responsible for over 7 million 

infections with a majority of infections in children under the age of five70. In addition to EV71 

outbreaks, EV-D68 outbreaks have been intensifying throughout the world with outbreaks in 2014, 

2016, and 201871. EV-D68 outbreaks also typically impact neonates and children and have caused 

many cases of acute flaccid myelitis (AFM) in the United States including 120 confirmed cases 

across 34 states in 201472,73. Although these severe outcomes are the focus of many studies, most 

individuals infected with enteroviruses are asymptomatic. Overall, enteroviruses are a significant 

public health concern, particularly in the pediatric population, due to severe complications from 

infection in children and neonates. 

The immune response to enteroviruses is imperative for successful host clearance. A 

sufficient immune response to clear enterovirus infection includes the activation of innate immune 

signaling and a strong B cell response. The antibody response can be extremely important to clear 

an enterovirus infection. Previous studies have shown that about 50% of adults and older children 

have neutralizing antibodies against at least two non-polio enteroviruses and over 75% of adults 

and children have neutralizing antibodies to PV serotypes74,75. Neutralizing antibodies to PV arise 

from vaccination-induced long lived memory B cells and neutralizing antibodies that are protective 

against infection76,77. This suggests that neutralizing antibodies are important for protection from 

re-exposure and may explain why children and neonates are most likely to experience severe 

infection since they likely lack these antibodies74. Consistent with this, individuals with X-linked 

agammaglobulinemia, where the patient has little to no B cells, are highly susceptible to 

enterovirus infection78,79. In addition, mice deficient in B cells have high coxsackievirus B (CVB) 
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titers in their tissues and experience chronic infection and an inability to clear the virus80. Thus, 

the concerted actions of the innate and adaptive immune response allow for the clearance of 

enteroviruses. 

1.2.2 Enterovirus infections of the gastrointestinal tract 

Enteroviruses are primarily transmitted through the fecal-oral route and target the GI 

epithelium. Enteroviruses are typically ingested through contact with contaminated surfaces, food, 

and/or water. These viruses are not thought to cause gastrointestinal illness such as severe vomiting 

or diarrhea, but GI-associated complications may occur81. However, most cases of enterovirus 

infection are asymptomatic82. Once they infect the GI epithelium, enteroviruses can disseminate 

into secondary target tissues and can cause clinical disease in some cases. Enteroviruses have 

specific secondary tissue tropism that vary between enterovirus species. EV71 has been shown to 

disseminate into the skin and brain causing hand, foot and mouth disease and aseptic meningitis 

or acute flaccid myelitis, respectively83. On the other hand, coxsackievirus B (CVB) can 

disseminate to the heart and pancreas to cause myocarditis and pancreatitis64,84,85. Additionally, 

echoviruses target the liver as well as the brain causing acute liver failure and aseptic 

meningitis63,86. Despite these differences in secondary target tissues, most enteroviruses, with the 

exception of rhinoviruses and EV-D68, replicate in the GI epithelium. Enteroviruses target the 

epithelium for replication and therefore this barrier surface is an important defense mechanism for 

preventing the dissemination of these viruses into secondary target tissues. 
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1.2.2.1 The gastrointestinal tract 

The gastrointestinal (GI) tract is a key defensive barrier against pathogenic bacteria and 

viruses. The GI tract is divided into different subsections: the duodenum, jejunum, ileum, which 

make up the small intestine, large intestine and colon. The GI tract is composed of an epithelial 

layer that forms a physical cellular barrier as well as a lamina propria that contains immune cells87. 

The lamina propria is essential to elicit an adaptive immune response to pathogens that breach the 

epithelium. This region contains dendritic cells and macrophages that are able to present viral 

antigens well as many other immune cells which are important for initiating a cellular immune 

response (Figure 4A). In addition to these two compartments, specialized subsections of the 

epithelium and the lamina propria contain Peyer’s patches. Peyer’s patches contain organized 

lymphoid structures that sample the intestinal lumen to initiate mucosal immune responses. The 

formation and role of Peyer’s patches in mucosal immunity have been extensively reviewed 

elsewhere88–90. 

The GI tract, like many barrier surfaces, has important defense mechanisms to prevent 

microbial invasion. The cells that comprise the epithelium are polarized, meaning they have a 

distinct apical and basolateral surfaces that contain distinct lipid and protein components. The 

apical surface of enterocytes, which make up a high proportion of the epithelium, contain 

microvilli that create a dense brush border. The GI epithelium forms a physical barrier due to 

junctional complexes composed of tight and adherens junctions as well as desmosomes (Figure 

4B)91. These junctional complexes are important for restricting the free flow of ions and solutes92. 

In addition, differentiated enterocytes have a dense cortical actin network that is critical for 

preventing pathogens from gaining access to the subcellular domain3. Finally, the epithelium 

utilizes chemical defenses and secretes type I and III interferons (IFNs) to trigger an antiviral state 
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during viral infections45,93,94. The concerted actions of the epithelium and the cells that comprise 

the lamina propria are essential in the defense against enteric pathogens. 

The GI epithelium has villus and crypt structures that influence the morphology of the 

intestine (Figure 4A). The villi project into the intestinal lumen and are mainly composed of 

enterocytes with other cell types scattered throughout the villi. The base of the crypts contain stem 

cells that are responsible for the renewal of all the cell types of the GI epithelium95,96. The LGR5+ 

stem cells at the base of the crypt are lined by Paneth cells, which are critical for maintaining stem 

cell homeostasis (growth factor production) and the secretion of antimicrobial peptides97,98. Other 

cell types are also critical for stem cell differentiation, including crypt-specific fibroblasts99. In 

addition to stem cells and Paneth cells, the epithelium is composed of at least six distinct cell types 

that help execute the barrier’s essential functions. The cell types can be broken into two main 

subgroups: those of absorptive and secretory lineages. The absorptive lineage is comprised mainly 

of enterocytes and microfold (M) cells. M cells are grouped into the absorptive lineage due to their 

role as conduits between luminal contents and immune cells in the lamina propria and Peyer’s 

patches100. The secretory lineage includes enteroendocrine cells, Paneth cells, and goblet cells101. 

As the name suggests, cells comprising the secretory lineage mainly secrete proteins into the lumen 

of the GI tract. Goblet cells produce and secrete mucus which covers the epithelium and has a 

protective function against pathogens2. On the other hand, enteroendocrine cells produce hormones 

that are thought to provide signals to stem cells. Each cell type is responsible for separate functions 

to maintain homeostasis of the GI epithelium. Without each cell type, the delicate balancing act of 

protecting against pathogens, maintaining correct equilibrium with the microbiome, and the 

absorption of nutrients would be disrupted. 
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Figure 4 The gastorintestinal tract defenses 

(A) The gastrointestinal tract is composed of numerous cell types which are important for immune activation and barrier surface 

defenses. The gastrointestinal epithelium is composed of enterocytes, goblet cells, Paneth cells, enteroendocrine cells, tuft cells, 

and stem cells. In contrast, the lamina propria is composed of immune cells such as dendric cells, T cells, and macrophages. (B) 

Polarized intestinal epithelial cells have distinct apical and basolateral domains. The apical domain contains microvilli and is closely 

associated with the actin cytoskeletal network. Figure was made with Biorender.com. 

1.2.2.2 Enterovirus entry and replication 

Enteroviruses initiate entry into a host cell by binding to cell surface receptors and 

undergoing receptor-mediated endocytosis. Entry receptors vary between enteroviruses and 

include scavenger receptor B2 (SCARB2) and P-selectin glycoprotein ligand 1 (PSGL-1) for 

EV71102–104, the coxsackievirus and adenovirus receptor (CAR) for CVB105–107, the poliovirus 

receptor (PVR/CD155) for PV108, and the neonatal Fc receptor (FcRn) for echoviruses109, amongst 

others (Table 1). In some cases, enteroviruses bind to additional attachment factors, the most 

common of which is decay accelerating factor (DAF)/CD55110,111. Despite differences in cellular 

receptors, enteroviruses have generally well-conserved life cycles (Figure 5). In intestinal 

epithelial cell lines, CVB binding to DAF has been proposed to facilitate the induction of cell 
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signaling from the apical domain, which in turn facilitates delivery of viral particles to their 

primary receptors112. Similarly, echovirus binding to DAF has also been proposed to facilitate 

entry into intestinal epithelial cell lines, although the role of intracellular cell signaling and the 

primary echovirus receptor in this process remains unclear113.  

After binding and entry, enteroviruses undergo uncoating in order to release the viral 

genome. Uncoating occurs either after the virus binds to the cell receptor or is initiated through a 

pH change in the endosome. This uncoating process allows the RNA genome to be released from 

the protective capsid into the cytoplasm or endosome. Several studies have investigated the speed 

at which PV virions uncoat in nonpolarized cells using either fluorescently labeled capsids and 

viral RNA (vRNA) or neutral red incorporated vRNA. These studies reveled that vRNA is released 

from the capsid within 30 minutes of entry114,115. However, other studies using polarized cells of 

the blood brain barrier with apical and basolateral domains suggest that uncoating is a slower 

process that requires actin cytoskeleton remodeling116. Additionally, the speed of uncoating may 

differ between enteroviruses based on the requirements of attachment factors, such as DAF, or 

other cellular proteins required for entry112. 

Once viral RNA has entered the cytoplasm it is translated by host ribosomes (Figure 5). 

Historically, it was thought that the viral RNA was translated into a single polyprotein. However, 

a recent study discovered a second open reading frame (ORF) in some enterovirus genomes117. 

This study found a small ORF that is located in the 5’ end of the untranslated region and is 

suggested to be important in replication in intestinal epithelial cells117. Regardless of whether it is 

a single polyprotein or two proteins, the resulting product is then proteolytically cleaved by the 

viral proteases 2A and 3C. The resulting proteins include 10 proteins such as capsid proteins and 

other replication proteins including the RNA-dependent RNA polymerase 3D (3Dpol). 3Dpol 
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initiates the synthesis of the negative-stranded copy of the genome making a dsRNA intermediate 

which becomes the template to generate new positive-stranded genomes. Replication of viral RNA 

occurs in replication organelles that derive from host membranes that are induced upon viral 

infection118. These replication organelles can protect the RNA and replication intermediates from 

cytosolic localized innate immune pattern recognition receptors (PRRs) that are important for the 

detection of foreign RNA118. The newly synthesized positive-stranded genome is packaged into 

virions for release out of the cell. The virions are assembled into protomers and pentamers using 

the capsid proteins VP0, VP1 and VP3. After the RNA is packaged into the virion, VP0 is 

processed into VP2 and VP4 which results in mature enterovirus virions82,119. 

Classically, enteroviruses have been thought to exit the cell through a lytic form of cell 

death where the cell undergoes lysis and releases the progeny virions to infect neighboring cells82 

(Figure 5). Recently, new studies have suggested that enteroviruses can also exit the host cell 

through non-lytic pathways120–122. These studies showed that during infection of PV and a related 

Picornavirus, hepatitis A virus, progeny virions are able to acquire host cell membranes to exit the 

cell in a vesicle in order to infect new cells120,121. These studies have shifted how enterovirus 

release is considered, but more work is needed to establish whether all enterovirus species are able 

to undergo non-lytic release and whether GI-derived cells permit this form of release. 
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Table 1 Enterovirus receptors and attachment factors 

Host Protein EV Serotype Role Reference 
PVR 

(CD155) PV Uncoating 108 

CAR CVB1, CVB2, CVB3, CVB4, CVB5 & 
CVB6 Uncoating 105–107 

DAF 
CVA21, CVB1, CVB3, CVB5, E3, E6, 

E7, E11, E12, E13, E19, E19, E20, E21, 
E25, E29 & E30 

Attachment 110,111 

SCARB2 EV71, CVA7, CVA14 & CVA16 Uncoating 102 

PSGL1 EV71, CVA2, CVA7, CVA10, CVA14 
& CVA16 Attachment 103,123 

KREMEN1 CVA10 Binding, entry, 
uncoating (?) 

124 

Sialic acid EV71 Attachment 125 

ICAM5 EV-D68 Binding, entry, 
uncoating (?) 

126 

Integrin ⍺2β1 
(VLA-2) E1 Uncoating 127 

FcRn E5, E6, E7, E9, E11, E13 & E30, others Binding, entry, 
uncoating (?) 

109,128 
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Figure 5 Enterovirus life cycle 

Enteroviruses enter the cell through receptor mediated endocytosis (1). Following endocytosis, uncoating of the virion occurs in 

the endosome and the positive stranded RNA along with the covalently linked VPg protein is released into the cytoplasm (2 & 3). 

Viral RNA is translated by host ribosomes making a single polyprotein that is catalytically cleaved by enterovirus proteases 2Apro 

and 3Cpro (4, 5, 6). After production and accumulation of non-structural proteins, including the viral polymerase, viral RNA is then 

replicated using the virally encoded RNA dependent RNA polymerase to generate a double stranded RNA (8 & 9). The negative 

sense RNA serves as the template to make more positive sense RNA. This newly produced RNA can be the template to produce 

more positive sense RNAs or serve as the genome for progeny viruses (10). Capsid proteins assemble and newly synthesized 

positive strand viral RNA is packaged into virion (11). Finally, new progeny virions are released either by non-lytic release where 

virions are released in vesicles (not shown) or are released when the cell undergoes lysis (lytic release) (12). 
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1.2.3 Detection of Enteroviruses by pattern recognition receptors 

Detection of pathogens by the host immune system is an important first step in the 

clearance of viral pathogens. Previous studies have shown that echovirus 11 (E11), EV71 and CVB 

induce a robust innate immune response in intestinal epithelial cell lines and primary cells49,129,130. 

Viruses can be detected by the innate immune system in a variety of ways. PRRs are imperative 

in the detection and response to viral pathogens and are germ line encoded. PRRs detect pathogen 

associated molecular patterns (PAMPs) and respond by inducing an antiviral state.  

1.2.3.1 Detection by TLRs 

One class of PRRs is Toll-like receptors (TLRs). TLRs are a class of 10 transmembrane 

PRRs that recognize a variety of PAMPs. Within the TLR family, two additional categories exist, 

which are TLRs that are localized to the cell surface as well as TLRs that are localized to the 

endosome131. Generally, TLRs have a PAMP binding domain on the N terminal region of the 

protein that is either on the extracellular domain or in the endosomal lumen and an intracellular 

signaling region on the C terminal end132. Here we will only discuss TLRs which detect RNA 

viruses but note other TLRs exist to sense DNA virus and bacterial derived PAMPs, such as TLR5 

(flagellin), which have been extensively reviewed elsewhere132–134. 

TLR3 is primarily expressed on the endosome and recognizes dsRNA135. TLR3 is 

expressed under basal conditions in most cells and is not typically induced by interferon (IFN) or 

enterovirus infection (Figure 6)136. TLR3 mediates an IFN response through Toll/IL-1 receptor 

domain-containing adaptor inducing interferon-beta (TRIF) and interferon regulatory factor (IRF)-

3. The antiviral response mediated through TLR3 has been shown to be important in controlling 

PV, coxsackievirus A16 (CVA16) and coxsackievirus B3 (CVB3)137–139. In fact, the interferon 
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stimulated genes (ISGs) that are produced by the induction of type I IFNs downstream of TLR3 

are directly antiviral against CVA16. When expression of TLR3 is knocked out in mice, these 

animals have a more severe CVA16 infection compared to wild type control animals and develop 

severe paralysis and death138. Others have shown that TLR3 is also imperative for antiviral 

signaling during PV infection in mice140. Additionally, in vitro studies have shown that when cells 

are depleted of TRIF, a downstream adaptor molecule of TLR3, EV71 replication increases141. 

Although a rare polymorphism in TLR3 was identified in a patient who developed CVB-associated 

myocarditis, genetic variants in TLR3 or other IFN-associated factors are not commonly found in 

patients with viral-associated myocarditis142,143. Instead, these patients often express variants in 

genes associated with inherited cardiomyopathies, suggesting that TLR3 signaling is not the sole 

determinant of CVB-induced myocarditis.  Nonetheless, in vitro and in vivo studies provide strong 

evidence that TLR3 is important for the detection and antiviral control of many enterovirus species. 

Several studies provide support that TLR3 is an essential TLR in enterovirus infection. 

However, other TLRs can also play significant roles. Although, TLR4 is thought to be key during 

bacterial infection since it mainly senses lipopolysaccharide (LPS), a protein found on gram 

negative bacteria, TLR4 plays an important role in secondary target tissues (tissues other than the 

route of entry) of enterovirus infection. TLR4 is localized to the cell surface where it can detect 

extracellular bacterial pathogens and has been shown to be important in myocarditis associated 

with CVB3 infection144,145. Studies have shown the TLR4 activation induces proinflammatory 

cytokines which is seen in dilated cardiomyopathy and a positive correlation between TLR4 and 

enterovirus RNA in endomyocardial biopsy tissues145. Furthermore, coxsackievirus B4 (CVB4) 

has been shown to induce proinflammatory cytokines through TLR4 in the pancreas which leads 

to the progression of type I diabetes146. It is still unclear how TLR4 detects enterovirus infection, 
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however evidence points to a role of TLR4 in the induction of proinflammatory cytokines and 

clinical pathology during infection. 

Both TLR7 and TLR8 sense ssRNA and are localized to the endosome147. Typically, these 

TLRs are not thought to be ISGs and therefore their expression is independent of IFN induction. 

However, a number of studies have demonstrated that TLR7 and TLR8 can be induced upon 

enteroviral infection. CVB3 can induce TLR7 and TLR8 expression after 48hrs of infection at a 

low multiplicity of infection (MOI)136. Additionally, EV71 induces expression of TLR8 in cell 

lines and expression of TLR7 and TLR8 are increased in lung and brain tissues from children who 

died from EV71 infection129,148. Although the role of TLR7 and TLR8 have not been extensively 

studied during enterovirus infection, it is becoming clear that these PRRs may play key roles in 

the induction of proinflammatory cytokines. In fact, CVB is known to cause myocarditis due to 

chronic inflammation of the myocardium. This release of inflammatory cytokines has been linked 

to TLR8 and TLR4149,150. These studies suggest that TLR7 and TLR8 play a significant role in 

enterovirus infection. 

1.2.3.2 Detection by RLRs 

TLRs play a key role in the detection of extracellular and endosomal localized pathogens, 

but RIG-I like receptors (RLRs) are arguably the crucial sensors for the detection of enteroviruses 

due to their localization to the cytoplasm. RLRs that are able to detect RNA virus infection are 

Retinoic acid-inducible gene I (RIG-I) and Melanoma differentiation-associated antigen 5 

(MDA5). Both MDA5 and RIG-I have two caspase recruitment domains (CARD-like domains) at 

the N terminus as well as a DExD box RNA helicase, which is important for the detection of viral 

PAMPs151. RIG-I is a cytosolic PRR that recognizes RNA ligands such as 5’ triphosphate RNA 

(5’ pppRNA) (Figure 6)152. In vitro data suggests that RIG-I is not always activated by enterovirus 
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infection due to the VPg protein binding to the free 5’ triphosphate RNA, which would normally 

activate RIG-I82. However, recent studies have suggested a role of RIG-I in CVB3 infection153,154. 

Feng et al suggests that the 5’ clover leaf of CVB3 is able to activate RIG-I since it contains 

triphosphate containing RNA154. However, this may be specific to CVB3 in cell line models since 

mice that are deficient in RIG-I have no difference in susceptibility to enterovirus infection 

compared to WT controls155. 

MDA5 detects long cytoplasmic dsRNA156–158. Several studies have indicated that MDA5 

specifically interacts with enterovirus dsRNA, a replication intermediate, during CVA, CVB, 

EV71 and other enteroviruses159–162.  Moreover, a polymorphism in MDA5 has been suggested to 

be a risk factor for more severe EV71 infection163. Children with this polymorphism exhibited 

more severe symptoms during EV71 infection compared to children without the polymorphism, 

suggesting a role of MDA5 in the detection of enterovirus infection. Furthermore, mice that are 

deficient in MDA5 are more susceptible to enterovirus infection and succumb to disease much 

more rapidly161,164. In addition to this increase in susceptibility, MDA5 deficient animals infected 

with CVB3 display severe hepatic necrosis of the liver161. Collectively, these studies point to the 

essential role of MDA5 in the detection of enteroviruses. 

The adaptor protein for both RIG-I and MDA5 is the mitochondrial antiviral-signaling 

protein (MAVS) which is localized to the mitochondria and peroxisomes. When RIG-I or MDA5 

are activated by dsRNA, the CARD domains become ubiquitinated165,166, leading to the formation 

of MAVS aggregates in the mitochondrial membrane167. Aggregation of MAVS leads to the 

activation of NF-κB and IRF3, which then induce IFN168. In vitro studies have concluded that 

overexpression of MAVS can inhibit CVB3 replication by increasing the amount of IFN 

induction169. Although some studies have showed that MAVS deficient mice do not have an 
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increased CVB3 viral load compared to WT controls, these animals succumb to infection much 

earlier than WT animals, suggesting that MAVS signaling and MDA5 dependent activation of IFN 

is imperative to host response to infection161. Overall, these PRRs and adaptor molecules have 

been shown to be imperative for sensing enterovirus infections. 

 

Figure 6 Cellular localization of pattern recognition receptors 

Cellular pattern recognition receptors have different localizations to detect pathogen products. PRRs that detect 

enterovirus products are localized to the cytosol or endosome. Cytosolic PRRs include MDA5, which senses long 

dsRNA, and RIG-I, which detects 5’ ppp-dsRNA, shown on the left. Endosomal localized PRRs include TLR-3, TLR-

7, and TLR-8, shown on the right. Figure was made with Biorender.com. 

1.2.4 Evasion of innate immunity by enteroviruses 

Viruses have evolved mechanisms to evade the induction of the antiviral state of the cell. 

Viral protease-mediated cleavage of PRRs allow enteroviruses to impact downstream signaling 

cascades resulting in loss or reduced induction of IFN or interferon stimulated genes (ISGs). Table 
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2 summarizes these specific events and will be detailed below. As a result of these cleavage events, 

viruses are able to replicate more efficiently in the cell. Each species of enterovirus has developed 

its own set of mechanisms of evasion. Here, we will discuss current knowledge of evasion 

mechanisms of enteroviruses and how they antagonize host innate immune signaling. 

1.2.4.1 Evasion of TLRs by enteroviruses 

Enteroviruses are very efficient at disrupting downstream innate immune signaling (Figure 

7) We have previously shown that in human embryonic kidney cells (HEK293), CVB3 3C protease 

(3Cpro) cleaves TRIF, a downstream adaptor molecule of TLR3170. Cleavage of TRIF results in loss 

of TLR3 dependent induction of IFN and NF-κB. Other groups have shown that EV-D68 and 

EV71 3Cpro can also cleave TRIF resulting in decreased signaling downstream of TLR3171,172. 

These studies, which include many different enterovirus species, show that TLR3 dependent IFN 

induction is antiviral against enteroviruses and is a key evasion target for these viruses (Figure 7). 

In addition to TLR3, TLR7 has been shown to be targeted by some enterovirus species, but the 

mechanisms that they use to target it are not well understood. As discussed previously, some 

enteroviruses such as CVB3 can induce expression of TLR7 during infection. However, other 

enteroviruses seem to target TLR7. The detection of vRNA by TLR7 has been shown to increase 

autophagic flux173. In fact, one study showed that in human bronchial epithelial cells (16HBE), 

TLR7 dependent type I IFN induction is reduced by EV71 and CVA16174. This study concluded 

that autophagy induced by these viruses reduces endosome formation, resulting in the decreased 

expression of TLR7 to evade TLR7 dependent induction of autophagic flux in this cell type. This 

finding potentially demonstrates that some enterovirus species evade detection by TLR7, but 

others benefit from the induction of proinflammatory cytokines by TLR7. 



 30 

1.2.4.2 Evasion of RLRs by enteroviruses 

In addition to TLRs, enteroviruses also target members of the RLR family for cleavage to 

evade innate immune signaling (Figure 7 and Table 2). MDA5, which is important for the sensing 

of enteroviruses in the host cell, is a target of viral proteases in many different studies. CVB3 2Apro 

has been shown to cleave MDA5 in HeLa cells175. However, this study does not determine whether 

the cleavage products are still able to induce IFN signaling or whether cleavage of MDA5 hinders 

MDA5-depedent IFN induction. Similar studies using CVA16, CVA6, and EV-D68 have indicated 

that 3Cpro cleaves MDA5176. Although the authors show that IFN signaling is disrupted when cells 

were transfected with 3Cpro, they do not specifically show that the cleavage products are not 

functional in inducing an IFN response. Additionally, MDA5 has been shown to be cleaved in PV 

infected HeLa cells177. However, unlike the prior studies, this study concluded that the cleavage 

was not dependent on viral proteases but was instead mediated by cellular caspases activated 

during infection177. Furthermore, EV71 is able to cleave MDA5, but the mechanism is less clear160. 

Apart from the different mechanisms enteroviruses use to disrupt MDA5 signaling, infected cell 

lines have been shown to have cleavage products resulting in the inhibition of IFN induction. 

RIG-I has also been shown to be cleaved in cells infected with different enteroviruses. 

Since RIG-I mainly detects 5’ pppRNA, the reason why enteroviruses would target this RLR is 

not well understood but as discussed before, new evidence suggests that RIG-I may detect 

enteroviruses. PV 3Cpro is able to cleave RIG-I in infected HeLa cells by 6 hours post infection178. 

In addition to viral protease-mediated cleavage of these sensors, EV71 alters IFN induction by 

targeting the ubiquitination of RIG-I179, which is critical for downstream signaling179,180. Previous 

studies have shown that CYLD (cylindromatosis), a deubiquitinating enzyme, is a negative 

regulator of RIG-I181. During viral infection, a cellular microRNA, miR-526a, is upregulated and 
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induces the downregulation of negative regulator, CYLD, leading to enhanced signaling of RIG-

I. However, EV71 is able to downregulate miR-526a resulting in normal levels of CYLD182. As a 

result, RIG-I ubiquitination decreases inhibiting IFN induction. Further research to delineate the 

specific enterovirus PAMP that RIG-I is able to detect to induce IFN and the mechanisms 

enteroviruses use to target RIG-I will be needed to understand this aspect of enterovirus infection. 

Numerous studies have investigated the viral protease mediated cleavage of MAVS. 

Targeting MAVS, the adaptor protein of RIG-I and MDA5, ablates IFN induction of both RIG-I 

and MDA5 making this protein an essential target of many enteroviruses. CVB3 2Apro and 3Cpro 

cleave MAVS in various cell lines170,175. The resulting cleavage products are nonfunctional and 

are deficient in NF-κB and IFN signaling170. EV71 2Apro is able to cleave MAVS in HeLa 

cells175,183. These studies showed that, similar to CVB infection, the products of MAVS in EV71 

infected cells are deficient in NF-κB and IFN signaling175,183. However, since these studies are 

mainly performed in cell lines, further research is needed to determine if enteroviruses behave 

similarly in primary cells such as those of the GI tract. 

Table 2 Enterovirus targets of PRRs 

Host Protein EV Serotype Mechanism of Cleavage Reference 
TRIF CVB3 3Cpro 170 

 EV-D68 3Cpro 172 
 EV71 3Cpro 171 

RIG-I EV71 Decreases ubiquitination of RIG-I inhibiting 
recruitment to MAVS 

179,180 

 PV 3Cpro 178 
MDA5 CVA6 3Cpro 176 

 CVA16 3Cpro 176 
 CVB3 2Apro 175 
 EV-D68 3Cpro 176 
 EV71 Unknown 160 
 PV Caspase Dependent 177 

MAVS CVB3 2Apro, 3Cpro 170,175 
 EV71 2Apro 175,183 
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Figure 7 Enterovirus evasion strategies of PRR-mediated signaling 

Enteroviruses target innate immune signaling proteins through cleavage by the viral proteases 2A and 3C. Shown are the targets 

for the CVB (blue), EV-D68 (green) and EV71 (red) proteases. All three viral proteases target MDA5 and the TLR adaptor protein, 

TRIF as mechanisms to halt antiviral innate immune signaling in infected cells. 

1.2.5 Existing models to study enteroviruses in the gastrointestinal tract 

1.2.5.1 in vitro and ex vivo models to study enterovirus infection 

Many different models to study enteroviruses in the GI tract exist. These include cell lines, 

three-dimensional cell culture-based models, mouse models, and non-human primate models. Cell 

lines that model the GI tract and have been applied to enterovirus research include Caco-2, HT-

29, T84, MODE-K (murine), and IEC-6 (rat) cells. The main cell line that has historically been 
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used to model enteroviral infections of the human intestinal epithelium is Caco-2 cells. Caco-2 

cells have characteristics of enterocytes, which includes a brush border and tight junctions44. In 

addition to standard culture systems that utilize Caco-2 cells, we have also developed a three-

dimensional culture model using Caco-2 cells grown on beads in a rotating wall vessel bioreactor 

that exhibit the properties of the intestinal epithelium and have applied this system to model 

enterovirus infections in the GI tract184.  

Other 3-D culture model systems include organoids. Organoids are 3-D enterospheres that are 

derived from pluripotent stem cells or embryonic stem cells 185. Organoids are spherical structures 

that are hollow in the middle, have apical and basolateral polarity, and form a spherical layer of 

epithelium186,187. Pluripotent stem cells are differentiated into ectoderm, then hindgut ectoderm, 

and finally form spheroids with the addition of correct growth factors 54,185. In addition, organoids 

contain a mesenchymal cell layer that develops under the organoid. Studies have shown that 

organoids are able to differentiate into the absorptive and secretory lineages of the GI 

epithelium185. However, this culture model has not yet been applied to enterovirus research. 

In addition to organoids, enteroids are used as another 3D system to model the GI epithelium. 

Enteroids are formed through the isolation of intestinal crypts from whole human and murine 

intestinal tissues188, which contain LGR5+ stem cells96. The crypts can be isolated and plated in 

Matrigel, where they from 3D spherical enteroids, or on transwells, where they form 2D 

monolayers that exhibit barrier function (Figure 8)49,130,189. Enteroids that are plated in matrigel 

have an ‘inside out’ phenotype, where the apical surface is facing into the lumen and the basolateral 

surface is on the outside of the structure130. This makes the Matrigel model a difficult model for 

studying viruses that use receptors that are localized to the apical surface since the apical surface 

is not accessible without disruption of the 3-D nature of these structures. To overcome this 
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limitation, we and others have developed a transwell-based model system in order to gain access 

to both the apical and basolateral surfaces130,190,191. These transwell models allow for infection at 

either the apical or basolateral surfaces and for collection of growth medium from these distinct 

compartments. We have applied both Matrigel- and transwell-based enteroid models to study 

enterovirus-GI interactions (Figure 8). Using these systems, we have identified differences in the 

cell-type specificity by which enterovirus target the GI epithelium. For example, whereas E11 

preferentially infects enterocytes and enteroendocrine cells, EV71 replication is largely restricted 

to goblet cells49,130. In addition, using a transwell-based model, we have shown that enteroviruses 

also exhibit differences in the polarity by which they enter into and egress from the epithelium, 

with E11 exhibiting a basolateral polarity of entry and a bidirectional manner of egress whereas 

EV71 both enter and is released preferentially from the apical domain130. Perhaps most striking in 

these models is the robust antiviral response elicited in response to enterovirus infections. In 

contrast to most cell lines, which induce little to no IFN signaling, primary human enteroid models 

potently induce an antiviral response to enteroviral infections130. Perhaps not surprisingly given 

their role in barrier defenses, these models almost exclusively induce antiviral type III IFNs in 

response to infection. Collectively, these data highlight the potential relevance of primary-based 

intestinal cell systems to model enterovirus infections. Although these in vitro models recapitulate 

the multicellular complexity of the small intestine making them a more physiologically relevant 

model compared to cell lines, however they lack bacterial interactions, which can impact 

enteroviral infection. In vitro studies have shown that PV virions can bind to bacteria and that 

some bacterial strains can facilitate enterovirus infection192. In fact, bacteria can aid in co-infection 

of different enteroviruses, which allows for genetic recombination192. Other studies have shown 

that certain species of bacteria can increase thermal stabilization of PV and CVB193. This leads to 
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the question of whether other enteroviruses are also impacted by bacterial co-infection and what 

impact this has on pathogenesis in vivo. Studies investigating the role of the microbiome on 

enteroviruses are imperative to understand in vivo pathogenesis. 

 

Figure 8 Primary intestinal models to study enterovirus infection 

Intestinal crypts are isolated from the small intestine and plated either in Matrigel or on transwells. Crypts plated in Matrigel form 

a 3D structure called enteroids. When plated in Matrigel, enteroids have an ‘inside-out’ structure, where the apical domain faces 

inward, and the basolateral domain is facing outward. When crypts are plated on transwells, they form a monolayer that has apical 

and basolateral polarity. Images shown are from crypts that were plated in Matrigel (top) or on a transwell (bottom) and stained 

with DAF (green) and CAR (red), which are involved in CVB attachment, uncoating, and entry. Figure was made in biorender.com. 

1.2.5.2 in vivo models to study enterovirus infection 

While the above-described in vitro models have provided many insights into various 

aspects of enterovirus infections of the GI tract, in vivo models are also needed to understand 

complex interactions that occur during enteroviral infections, such as the interaction of viral 

particles with bacteria or the complex interaction with the immune system. One of the first mouse 

models to study enterovirus infection was the transgenic PV receptor mouse. The authors 

demonstrated that mice expressing the human homologue of the poliovirus receptor (PVR) were 

able to be infected with PV through intracerebral injection, where they displayed signs of paralysis 

similar to human disease194. Due to the route of infection, animals did not need to be 
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immunosuppressed such as blocking and depleting type I interferon receptor (IFNAR). Since this 

model was established, others have developed models for other enterovirus infection using a 

variety of different methods. Many mouse models of enterovirus infection use ‘humanized’ mice 

that express the human form of the viral receptor. Since mice are not the natural host of 

enteroviruses, the mouse homologs of the entry receptors are often not sufficient for infection or 

the affinity of viruses much less. Several groups have used this strategy, including generating 

‘knock in’ animals expressing human SCARB2 for EV71 infection195. Very commonly, ablation 

of IFNAR or oral infection at high viral doses is required to generate in vivo mouse models of 

enteroviruses196–198. These strategies allow the infection of enteroviruses in mice, which normally 

do not support robust replication. However, many of these models are based on IP injection or 

other non-oral infection routes. However, this route of administration bypasses the primary site of 

infection observed in humans. Thus, models that include oral infection are imperative to 

understand how enteroviruses infect the GI tract and disseminate into secondary target tissues 

causing clinical disease.  

Several models of oral infection have been established for a E11, PV, CVB, and EV71, and 

have been shown to recapitulate human disease109,197,199–201. An adult model of oral infection of 

CVB using IFNAR-deficient mice investigated the pathogenesis of a mutant CVB virus which 

emerged after passage through a mouse that exhibited a large plaque phenotype196. In addition to 

adult mouse models of oral infection, several studies have established neonatal infection models 

for a number of enteroviruses. We recently established a neonatal model for E11 infection by the 

enteral route in human transgenic mice expression the human homolog of FcRn109 and showed that 

only transgenic mice exhibited viral replication in the small intestine, liver and blood seven days 

post oral infection109. An oral infection model of PV was established using transgenic animals 
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expressing the human homolog of PVR and using IFNAR deficient mice 197. Neonatal, transgenic, 

IFNAR-deficient mice infected with PV exhibit viral replication in the blood and small intestine 2 

and 3 days post oral infection197. In addition to E11 and PV, multiple neonatal model of oral EV71 

infection have been established200,201. One study established an oral infection model using chimeric 

receptor-expressing transgenic mice, showing that oral infection of clinical isolates of EV71 leads 

to viral replication in the stomach, small intestine, colon and brain seven days post infection200. 

Another model of EV71 infection using outbred mice showed seven day old outbred mice that 

were orally infected with EV71 displayed skin rashes early during infection which progressed to 

hind limb paralysis201. 

In addition to mouse models, several studies have used non-human primate models to study 

EV71, CVB, and PV pathogenesis. One study showed that rhesus monkeys can be infected with 

EV71 through the intravenous, respiratory, and oral routes but had limited viral replication in the 

blood after intracerebral infection202. This study showed that EV71 disseminated to the brain and 

causes neuropathological damage202. Moreover, oral infection models of EV71 have been 

established in cynomolgus monkeys which showed degeneration and necrosis of neurons in the 

central nervous system of infected monkeys203. Additionally, neonatal rhesus monkeys animals 

infected with EV71 show signs of clinical hand, foot, and mouth disease as seen in humans204. 

Furthermore, a model of CVB-induced myocarditis was established using cynomolgus monkeys 

which exhibited viral myocarditis similar to human disease. This study showed that following 

intravenous inoculation with CVB, animals experienced myocardial injury and inflammatory cells 

infiltration in the heart of infected animals205. Another study using patas monkeys showed that 

intravenous CVB infection caused abnormalities in blood glucose as well as impaired insulin 

secretion206. In addition to EV71 and CVB, several models to study PV have been established 
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which include oral, subcutaneous, intravenous, intraspinal, and intracerebral infection207–211. These 

models were incredibly important for understanding the immune response to the PV vaccine76,212. 

One study showed that rhesus, cynomolgus, and bonnet macaques were all susceptible to oral PV 

infection210. When these macaques were fed PV, they developed paralysis210. Other studies have 

shown that infant cynomolgus monkeys that were fed PV developed paralytic poliomyelitis213. 

Together, the use of in vitro models and in vivo models, including mouse models and non-human 

primate models, will aid in our understanding of enterovirus entry, detection by the host immune 

response, and evasion mechanisms these viruses use to subvert the innate immune response. 

1.2.6 Summary of enterovirus biology 

Enteroviruses remain a significant global public health concern. The field has made 

significant progress in determining how enteroviruses are detected by host cells and the 

mechanisms they use to evade this detection. With the continued development of in vitro, ex vivo, 

and in vivo models that fully recapitulate the GI epithelium, we will gain a better understanding of 

the mechanisms used by enteroviruses to breach the intestinal barrier. These models could also 

facilitate the development of novel therapeutic targets and/or strategies to prevent or treat 

enterovirus infections and ultimately alleviate morbidity and mortality caused by these infections. 

1.3 Concluding remarks 

Many previous studies have determined the pathogenesis of enteroviruses such as CVB, 

EV71 and EVD68, however few studies have been able to determine the mechanisms of 
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pathogenesis for echoviruses. Some of these studies have also investigated the role of interferons 

in enterovirus infection, such as many studies have shown that in order to infect mice with various 

enteroviruses, these mice have to be deficient in type I interferon signaling. Additionally, many 

studies using cell lines or intestinal organoid technology have shown that interferons and ISGs 

play an important role in controlling infection. These studies have been limited in terms of 

echoviruses, especially in pathogenesis in a mouse. The work presented here helps progress our 

knowledge on echovirus entry and pathogenesis in mice as well as how the innate immune system 

control infection. First, we identify the viral receptor for echoviruses, the neonatal Fc receptor 

(FcRn). Additionally, we establish two models of echovirus infection by two different routes of 

inoculation, intraperitoneal (IP) or oral gavage (PO) to study echovirus pathogenesis in adult mice 

and suckling pups. Finally, we identify specific ISGs which have the ability to control enterovirus 

infection. 
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2.0 The neonatal Fc receptor is a pan-echovirus receptor 

Echoviruses are amongst the most common causative agents of aseptic meningitis 

worldwide and are particularly devastating in the neonatal population, where they are associated 

with severe hepatitis, neurological disease, including meningitis and encephalitis, and even death. 

Here, we identify the neonatal Fc receptor (FcRn) as a pan-echovirus receptor. We show that loss 

of expression of FcRn or its binding partner beta 2 microglobulin (β2M) renders cells resistant to 

infection by a panel of echoviruses at the stage of virus attachment, and that a blocking antibody 

to β2M inhibits echovirus infection in cell lines and in primary human intestinal epithelial cells. 

We also show that expression of human, but not mouse, FcRn renders non-permissive human and 

mouse cells sensitive to echovirus infection and that the extracellular domain of human FcRn 

directly binds echovirus particles and neutralizes infection. Lastly, we show that neonatal mice 

expressing human FcRn are more susceptible to echovirus infection by the enteral route. Our 

findings thus identify FcRn as a pan-echovirus receptor, which may explain the enhanced 

susceptibility of neonates to echovirus infections. 

2.1 Introduction 

Echoviruses are small (∼30 nm) single-stranded RNA viruses belonging to the 

Picornaviridae family. These viruses make up the largest subgroup of the Enterovirus genus and 

consist of ∼30 serotypes. Enteroviruses are the main causative agents of aseptic meningitis 

worldwide, with echovirus 9 (E9) and echovirus 30 (E30) among the most commonly circulating 
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serotypes214. The neonatal and infant populations are at greatest risk for developing severe 

echovirus-induced disease, and infection within the first few weeks of life can be fatal66,215. In 

neonates, vertical transmission may occur before or at the time of delivery following a maternal 

infection216. Echovirus infections in utero, both at late and earlier stages of pregnancy, have also 

been associated with fetal death217–221. 

Echoviruses are primarily transmitted through the fecal–oral route where they target the 

gastrointestinal (GI) epithelium. In primary human fetal-derived enteroids, echoviruses exhibit a 

cell type specificity of infection and preferentially infect enterocytes49. The basis for this cell type-

specific tropism is unclear. Decay accelerating factor (DAF/CD55) functions as an attachment 

factor for some echoviruses222, but DAF expression does not sensitize nonpermissive cells to 

infection223, suggesting that another cell surface molecule functions as the primary receptor. While 

integrin VLA-2 (α2β1) is a primary receptor for E1127, it does not serve as a receptor for other 

echoviruses. Other work has implicated a role for MHC class I receptors in echovirus infections 

due to inhibition of viral binding, entry, or infection by monoclonal antibodies to MHC class I 

and/or beta 2 microglobulin (β2M)223–225, which is required for efficient cell surface trafficking of 

MHC class I receptors. However, the primary receptor for most echoviruses is unknown.  

Here, we identify the human neonatal Fc receptor (FcRn) as a primary echovirus receptor. 

We show that human cells deficient in FcRn expression are resistant to echovirus infection and 

infection is restored by FcRn expression. Concomitantly, expression of human FcRn renders 

murine-derived cell lines and primary cells permissive to echovirus infection. In contrast, 

expression of the murine homolog of FcRn has little effect on viral infection in either human or 

mouse cells, suggesting a species-specific role for FcRn in echovirus infection. In addition, we 

show that a monoclonal antibody recognizing β2M, which noncovalently associates with FcRn 
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and is required for FcRn cell surface expression, significantly reduces echovirus infection in 

primary intestinal epithelial cells and that recombinant FcRn in complex with β2M neutralizes 

echovirus infection and directly interacts with viral particles. Lastly, we show that neonatal mice 

expressing human FcRn are more susceptible to echovirus infection by the enteral route. Our data 

thus identify FcRn as a primary receptor for echoviruses, which has important implications for 

echovirus pathogenesis.  

2.2 Results 

2.2.1 Human cell deficient in FcRn are nonpermissive to echovirus infection 

We screened a panel of cell lines for their susceptibility to echovirus infection and found 

that human placental choriocarcinoma JEG-3 cells were resistant to infection by seven echoviruses 

(E5, E7, E9, E11, E13, and E30) but were highly permissive to the related enterovirus 

coxsackievirus B3 (CVB) (Figure 9A). Levels of echovirus infection in JEG-3 cells were 

comparable to those observed in mouse embryonic fibroblasts (MEFs), which are resistant to 

echovirus infection, and were significantly less than those observed in permissive cell types, 

including human intestinal Caco-2, HeLa, human brain microvascular endothelial cells 

(HBMECs), and human osteosarcoma U2OS cells (Figure 9A and Figure 40A-C). The resistance 

of JEG-3 cells to echovirus infection occurred at the level of viral binding or entry, as infection 

was restored when cells were transfected with infectious viral RNA (vRNA) (Figure 40D). 

We performed RNAseq-based transcriptomics analyses between nonpermissive JEG-3 

cells and permissive cell types, including Caco-2 cells, HBMECs, and primary human enteroids 
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harvested from fetal small intestines, which are highly sensitive to echovirus infection (10), to 

identify cell surface receptors differentially downregulated in JEG-3 cells. Because JEG-3 cells 

arise from choriocarcinomas and express many placental-specific transcripts, we also included 

JAR cells in our analyses, another human choriocarcinoma line that is more permissive to 

echovirus infection than JEG- 3 cells (Figure 40E). Using this approach, we identified 118 

transcripts differentially down-regulated in JEG-3 cells (P < 0.001, log2 z score less than −2) 

(Figure 9B and C). Of these 118 transcripts, the neonatal Fc receptor (FCGRT, referred to here 

as FcRn), was the most significantly down-regulated cell surface receptor in JEG-3 cells (P < 

0.001, log2 z score less than −2), (Figure 9D and Figure 40F). We confirmed the significantly 

lower levels of expression of FcRn in JEG-3 cells relative to permissive cell lines (HBMEC, HeLa, 

and JAR) and primary human fetal enteroids by RT-qPCR (Figure 40G). In contrast, there were 

no differences in expression of β2M, which is required to traffic FcRn to the cell surface (Figure 

9D and Figure 40G). 

To determine if the lack of FcRn expression was directly responsible for the low levels of 

echovirus infection in JEG-3 cells, we ectopically expressed human FcRn (hFcRn). Expression of 

hFcRn in JEG-3 cells significantly increased their susceptibility to infection by E5, E11, and E30 

(∼10,000-fold) (Figure 9E and Figure 40H). In contrast, expression of the related MHC class I 

or MHC class I-like molecules HLA-A and HLA-C and hemochromatosis protein (HFE), which 

also require β2M for cell surface expression, had no effect on infection (Figure 9E and Figure 40 

H & I). These data show that expression of hFcRn restores echovirus infection in nonpermissive 

human cells. 
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Figure 9 Human Cells Deficient in FcRn Are Nonpermissive to Echovirus Infection  

JEG-3 cells are resistant to echovirus infection due to low FcRn expression. (A) JEG-3 cells (blue bars) or HeLa cells 

(gray bars) were infected with the indicated echovirus (1 pfu/cell) for ∼24 h. Viral titers (log10 TCID50/mL) from 

the indicated cell types are shown as mean ± SD. Significance was determined using a standard t test (*P < 0.05). (B) 

Venn diagram from differential expression analysis using the DeSeq2 package in R between JEG-3 cells and either 

primary human fetal-derived enteroids (blue), HBMEC (green), Caco-2 cells (yellow), or JAR cells (red). There were 

118 shared genes differentially down-regulated between JEG-3 cells and these cell types (red square). (C) Heatmap 

of 118 genes differentially down-regulated in JEG-3 cells and the indicated cell type (at Bottom) based on log2 reads 

per kilobase of transcript, per million mapped reads (RPKM) values. Transcripts with no reads are shown in gray. (D) 

Heatmap of FcRn, B2M, HLA-A, -B, or -C expression in the indicated cell type (based on log2 RPKM values). (E) 

JEG-3 cells were transfected with vector control (pcDNA), human HLA-A, or FcRn for 24 h, and then infected with 

the indicated echovirus for 24 h. Viral titers (log10 TCID50/mL) are shown as mean ± SD with significance 
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determined with a one-way ANOVA with Dunnett’s test for multiple comparisons (***P < 0.001). Data in A and E 

are shown as mean ± SD. Data were generated by Stefanie Morosky and Carolyn Coyne. 

 

2.2.2 Expression of human FcRn restores echovirus infection in mouse cells 

Echoviruses do not infect mouse cells efficiently (Figure 40A and B). Since ectopic 

expression of hFcRn in human cells in which endogenous levels were low restored their 

susceptibility to infection, we next determined whether the murine homolog of FcRn (mFcRn) was 

also sufficient to promote infection. Whereas expression of hFcRn in JEG-3 cells restored infection 

of a panel of echoviruses (E5, E7, E11, E13, and E30) by ∼10,000-fold, expression of mFcRn had 

no significant effect (Figure 10A and Figure 41A and B). Similarly, we found that expression of 

hFcRn, but not mFcRn, rendered MEFs and Chinese hamster ovary (CHO) cells highly susceptible 

to echovirus infection (Figure 10B and Figure 41D). Collectively, these data show that expression 

of human, but not mouse, FcRn is sufficient to confer cellular susceptibility to echovirus infection, 

indicating a species-specific role for FcRn in echovirus infections.  

2.2.3 Loss of FcRn expression renders cell resistant to echovirus infection 

We next determined whether loss of FcRn expression rendered cells expressing FcRn less 

susceptible to infection. For these studies, we used RNAi-mediated silencing or CRISPR/Cas9- 

mediated depletion of FcRn. We found that RNAi-mediated silencing of FcRn expression in 

HBMECs, an immortalized human blood–brain barrier cell line that expresses high levels of FcRn 

by two independent siRNAs, led to significant (∼1,000- to 10,000-fold) decreases in echovirus 
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infection but had no effect on CVB infection (Figure 10C and Figure 42A and B). Similar results 

were obtained in human osteosarcoma U2OS cells (Figure 42C). In addition, silencing of β2M 

expression led to comparable reductions in infection (Figure 10C and Figure 42A-C). In contrast, 

RNAi-mediated silencing of other cell surface molecules that require β2M for trafficking, such as 

HLA-A, HLA-B, HLA-C, and HFE had no significant effect on echovirus infection in HBMECs 

(Figure 42D). Importantly, echovirus replication in β2M- and hFcRn-RNAi transfected cells was 

restored when cells were transfected with infectious vRNA (Figure 42E), supporting that the 

inhibition occurred at the stage of virus binding or entry. Moreover, we found that infection of 

many echoviruses (E5–E7, E9, E11, E13, E25, E29, and E30–E32) was reduced by β2M siRNA 

and FcRn siRNAs using a high content imaging- based screen (Figure 42G).  

Next, we utilized CRISPR/Cas9-mediated gene editing to knock out FcRn expression. We 

found that infection of E5, E11, and E30 was significantly reduced in two clones of U2OS cells in 

which FcRn was knocked out (Figure 10D and Figure 43A and B). In contrast, infection by CVB 

was unchanged (Figure 10D and Figure 43A and B).  

Consistent with a role for FcRn in echovirus infection, blocking antibodies to β2M 

inhibited infection by E5, E7, E9, E11, E13, and E30 in a cell line (U2OS) (Figure 43C) and 

significantly reduced E7, E11, and E30 infection in primary intestinal epithelial cell monolayers 

derived from human fetal small intestines (Figure 10E), where FcRn localizes to the subapical 

domain (Figure 43D). Collectively, these data show that FcRn expression is required for echovirus 

infection. 
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Figure 10 Expression of human FcRn restores echovirus infection in mouse cells while loss of FcRn 

expression renders cells resistant to echovirus infection 

Loss of FcRn expression reduces echovirus infection. (A) JEG-3 cells were transfected with vector control (pcDNA), 

human HLA-A, human FcRn (hFcRn), or mouse FcRn (mFcRn) for 24 h and then infected with the indicated echovirus 

for 24 h (E11G Gregory strain and E11S Silva strain). Viral titers (log10 TCID50/mL) are shown as mean ± SD with 

significance determined with a Kruskal–Wallis test with a Dunn’s test for multiple com- parisons (***P < 0.001). The 

relative expression of HLA-A, hFcRn, and mFcRn is shown in SI Appendix, Fig. S2B. (B) MEFs were transfected 

with pcDNA, human HLA-A, or either hFcRn or mFcRn, respectively, for 24 h and then infected with the indicated 

echovirus for 24 h. Viral titers (log10 TCID50/mL) are shown as mean ± SD with significance determined with a 

Kruskal–Wallis test with Dunn’s test for multiple comparisons (**P < 0.01; ***P < 0.001). The relative expression 

of HLA-A, hFcRn, and mFcRn is shown in S2C Fig. (C) HBMECs were transfected with an siRNA against β2M 
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(orange bar) or two independent siRNAs against FcRn (FcRn-1 and FcRn-2) alone or in combination (FcRn 1+2) 

(blue bars), or scrambled control siRNA (CONsi, gray bars) for 48 h and then infected with CVB or the indicated 

echovirus for an additional 16 h. Shown are viral titers (log10 TCID50/mL) as mean ± SD with significance 

determined with a Kruskal–Wallis test with Dunn’s test for multiple comparisons (*P < 0.05; **P < 0.01; ***P < 

0.001; ns, not significant). (D) At Top, control (WT) U2OS cells or two clones of U2OS cells depleted of FcRn 

expression by CRISPR/Cas9-mediated gene editing (FcRnKO-1, FcRnKO-2) were infected with the indicated 

echoviruses, or with CVB as a control, for ∼20 h. Levels of infection were assessed by immunostaining for double- 

stranded viral RNA and are shown as %positive cells over DAPI-stained nuclei. Significance was determined by a 

one-way ANOVA with a Dunnett’s test for multiple comparisons (***P < 0.001). At Bottom, immunoblotting for 

FcRn in control (Con) or FcRnKO-1 and FcRnKO-2 cells. GAPDH is shown at bottom as a loading control. (E) 

Primary human intestinal epithelial cells were incubated with anti-β2M monoclonal antibody (blue bars) or isotype 

control antibody (gray bars) (2 μg/mL for both) for 30 min before infection with the indicated echovirus in the presence 

of antibody for an additional 24 h. Shown are viral titers (log10TCID50/mL) as mean ± SD from three independent 

HIE preparations with significance determined with a t test (*P < 0.05). Data are shown as mean ± SD. Data were 

generated by Stefanie Morosky and Carolyn Coyne. 

 

2.2.4 FcRn facilitates echovirus attachment and directly interacts with viral particles 

We found that echovirus infection in cells depleted of FcRn could be restored by 

transfection of cells with vRNA, which suggested that this inhibition occurred at the stage of viral 

binding or entry. We therefore determined whether down-regulation of FcRn expression would 

alter echovirus binding. We found that silencing of FcRn expression in HBMECs significantly 

reduced cell surface binding of E5, E7, E9, E11, and E30 to HBMECs (Figure 11A). In contrast, 

this silencing had no effect on CVB binding (Figure 11A). Residual levels of viral binding in 

HBMECs may be mediated by cell surface factors such as DAF that facilitate binding of some 
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echoviruses (11). We also found that echovirus binding to primary mouse fibroblasts isolated from 

transgenic mice expressing human, but not mouse FcRn under the control of the endogenous 

human promoter [B6.Cg-Fcgrttm1Dcr Tg(FCGRT)32Dcr/DcrJ, hereafter referred to as hFcRnTg] 

(Figure 44A)226,227 was significantly higher than in cells isolated from wild-type (WT) (C56Bl/6) 

mice (Figure 11B), indicating that human FcRn facilitates echovirus cell surface attachment.  

To determine whether FcRn directly interacts with echovirus particles, we used a 

recombinant protein approach with a purified heterodimer containing the extracellular domain of 

FcRn in complex with β2M (rFcRn-β2M). We found that incubation of viral particles with rFcRn-

β2M before infection neutralized both E11 and E30 infection (Figure 11C and D). In contrast, 

incubation with purified β2M alone, or recombinant HLA-A or HLA-C had no effect (Figure 11C 

and D). To determine whether there was a direct interaction between FcRn and echoviral particles, 

we performed in vitro binding assays using rFcRn-β2M. Using this approach, we found that rFcRn-

β2M coprecipitated with purified E11 and E30 in in vitro binding assays, (Figure 11E), 

demonstrating a direct interaction between FcRn and echovirus particles.  
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Figure 11 FcRn facilitates echovirus attachment and directly interacts with viral particles 

FcRn mediates echovirus binding. (A) HBMECs were transfected with an siRNA against FcRn (FcRn-1, blue bars) 

or scrambled control siRNA (CONsi, gray bars) for 48 h and then the extent of viral binding of CVB or the indicated 

echovirus (50 pfu/cell) as assessed by a RT-qPCR–based binding assay. The extent of binding is shown as a fold from 

CONsi control (mean ± SD). Significance was determined using a t test (*P < 0.05; **P < 0.01; ns, not significant). 

(B) The extent of viral binding of CVB or the indicated echovirus (50 pfu/cell) was assessed in primary fibroblasts 

isolated from WT C57BL/6 mice (gray bars) or from hFcRnTg mice using a RT-qPCR–based binding assay. Shown is 

the extent of binding in cells isolated from four mice of each type, which is shown as mean ± SD. Significance was 

determined using a t test (*P < 0.05; **P < 0.01; ns, not significant). (C) E11 or E30 (106 particles) were incubated 

with recombinant β2M (rβ2M, 2.5 μg/mL) or the extracellular domain of FcRn in complex with β2M (rFcRn-β2M, 

2.5 μg/mL) for 1 h at 4 °C, preadsorbed to HBMECs for 1 h at 4 °C, washed, and then cells infected for 16 h. Shown 
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are representative immunofluorescence images for double-stranded viral RNA (a replication intermediate, green). 

DAPI-stained nuclei are shown in blue. (D) E11 or E30 (106 particles) were incubated with rβ2M (2.5 μg/mL), rFcRn-

β2M (2.5 μg/mL), HLA-A (2.5 μg/mL), or HLA-C (2.5 μg/mL) for 1 h at 4 °C, preadsorbed to HBMECs for 1 h at 4 

°C, washed, and then cells infected for 16 h. The level of infection was assessed by immunostaining for vRNA 

normalized to DAPI-stained nuclei. Shown is the percent of infection normalized to rB2M controls from experiments 

performed in triplicate (>1,000 cells total) as mean ± SD. Significance was determined with a Kruskal–Wallis test 

with Dunn’s test for multiple comparisons (***P < 0.001). (E) E11 or E30 (108 particles) were incubated with rβ2M 

(5 μg/mL) or 6x His-tagged extracellular domain of FcRn in complex with β2M (rFcRn-β2M, 5 μg/mL) for 1 h at 4 

°C, then incubated with Ni-NTA agarose beads for 1 h at 4 °C. Following extensive washing, immunoblots were 

performed for the viral capsid protein VP1 (Top) and then membranes were stripped and reprobed with an antibody 

recognizing the extracellular domain of FcRn (Middle). In parallel, level of input virus was immunoblotted with anti-

VP1 antibody (Bottom). Data in A, B, and D are shown as mean±SD. Data were generated by Stefanie Morosky and 

Carolyn Coyne. 

 

2.2.5 FcRn promotes infection in neonatal mice by the enteral route 

We found that exogenously overexpressed hFcRn rendered murine- derived cells sensitive 

to echovirus infection (Figure 10B and Figure 41D). To further define the role of FcRn in 

echovirus infection, we compared echovirus infection in primary fibroblasts isolated from WT 

C57BL/6 and hFcRnTg mice. Primary fibroblasts isolated from WT mice were resistant to 

echovirus infection, as expected (Figure 12A and Figure 44B). In contrast, cells isolated from 

hFcRnTg mice were highly permissive to echovirus infection and exhibited >10,000-fold enhanced 

susceptibility to infection (Figure 12A and Figure 44B).  

To define the role of FcRn in echovirus pathogenesis, we developed an in vivo model of 

E11 infection of WT and hFcRnTg neonatal mice by the enteral route. FcRn is expressed at high 
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levels throughout the intestinal tract, liver, and endothelium in hFcRnTg mice228,229. We infected 

7-d-old WT or hFcRnTg mice with 106 infectious particles of E11 by oral gavage and then collected 

tissues (brain, liver, small intestine, large intestine, and stomach) at 3 or 7 d post inoculation. We 

did not detect any infectious virus as determined by TCID50 assays when tissues were collected 

at 3 d post inoculation (Figure 44C). However, at 7 d post inoculation, we detected significantly 

higher titers of E11 in the blood and livers of hFcRnTg mice compared with WT control mice 

(Figure 12B). In addition, we also detected infectious E11 in the small intestines, large intestines, 

and stomachs of some hFcRnTg, but not WT, mice (Figure 12B). There was no detectable E11 in 

tissue har- vested from WT mice (Figure 12B). We confirmed E11 replication in isolated organs 

by performing immunohistochemistry using an antibody against the VP1 viral capsid protein. E11 

infection was present in the livers of hFcRnTg mice, where viral replication was localized to select 

cell types (Figure 12C), and in the epithelium lining the small intestine (Figure 12D). In addition, 

E11 replication was localized to the muscle of both the colon and stomach, with no detectable 

replication in the epithelium (Figure 45A and B). These data show that expression of hFcRn in 

neonatal mice is sufficient to permit E11 infection by the enteral route.  
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Figure 12 FcRn promotes infection in neonatal mice by the enteral route 

Expression of human FcRn enhances E11 infection in vivo. (A) Primary fibroblasts isolated from WT C57BL/6 mice 

(gray bars) or hFcRnTg mice (red bars) were infected with the indicated echovirus, or with CVB as a control for 24 h. 

Viral titers (log10 TCID50/mL) are shown as mean ± SD from cells isolated from four mice of each type. Nd, not 

detected. Significance was determined using a standard t test (***P < 0.001). (B) E11 titers in the indicated tissues as 

determined by TCID50 assays from WT C57BL/6 mice (10 total) of hFcRnTg mice (9 total) infected for 7 d by oral 

gavage with 106 E11 particles. Titers were normalized to tissue weight (organs, Left y axis) or volume (blood, Right 

y axis). LI, large intestine; SI, small intestine. Data are shown as data points from individual mice as a mean ± SD 

with significance determined by a nonparametric Mann–Whitney U test (*P < 0.05; **P < 0.01; ns, nonsignificant). 

(C and D) Immunohistochemistry for E11 using an antibody recognizing the VP1 capsid protein from WT or hFcRnTg 

infected as indicated in B. Shown are H&E (Left) and IHC (Right) from liver (C) or small intestine (D). Scale bars 

are shown at Bottom Left.  
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2.3 Discussion 

Here, we identify FcRn as a primary receptor for echoviruses. We show that expression of 

FcRn is necessary and sufficient for echovirus infection and that FcRn directly binds echovirus 

particles and facilitates viral binding. We also show that expression of human, but not mouse, 

FcRn restores echovirus infection in nonpermissive mouse and human cells and thereby identify a 

species-specific mechanism of infection. Our data show that a number of clinically relevant 

echoviruses commonly associated with human disease, including E9, E30, and E11, utilize FcRn 

as a receptor, suggesting a pan-echovirus role. In contrast, FcRn plays no role in the infection of 

related enteroviruses, including CVB and poliovirus (PV). Our findings provide important in- 

sights into the cellular receptor used by echoviruses to initiate their infections and into echovirus 

pathogenesis.  

FcRn transports and regulates the circulating half-life of IgG throughout life230. In addition, 

FcRn is responsible for the development of passive immunity through the transfer of maternal-

derived antibodies. In humans, expression of FcRn on the placenta231 is solely responsible for the 

establishment of passive immunity in the fetus due to transport of maternal-derived IgG across the 

placental surface directly into fetal blood232. This differs in rodents, where passive immunity is 

established postnatally from maternal-derived IgG in milk/colostrum233. FcRn is expressed 

throughout life in a variety of cell types, including the small intestine, the microvasculature of the 

blood–brain barrier, myeloid cells, and hepatocytes, among others230. Although echoviruses are 

primarily transmitted via the fecal–oral route, viral-induced disease is associated with infection of 

secondary organs, most notably the liver and brain. Our in vivo studies support a role for FcRn at 

these sites of echovirus infection, as we identified E11 infection in the livers of hFcRnTg neonatal 

mice. However, it is unclear whether the virus preferentially infects hepatocytes or Kupffer cells, 
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the specialized macrophages that line liver sinusoids, which express high levels of FcRn228. In 

addition, we found that E11 infection at other sites such as the colon and stomach was largely 

restricted to the subepithelial muscular layer, which also expresses FcRn234. The expression of 

FcRn on cell types present in the intestine, brain microvasculature, and liver may thus explain the 

tropism of echoviruses for these tissues and the viral mechanism to bypass the barriers presented 

by the cells comprising these sites.  

In addition to IgG, FcRn also binds albumin, which regulates hepatic injury235,236. Of note, 

previous work has shown that albumin inhibits E7 infection at the stage of viral uncoating237, 

suggesting that the interaction between echoviruses and FcRn may occur at the interface of 

albumin–FcRn binding. Although FcRn binds to albumin and IgG at distinct sites238, both of these 

interactions occur within the low pH (≤6.5) environment of endosomes, with release occurring in 

the basic pH (≤7.5) of the bloodstream. In contrast, our findings suggest a direct interaction 

between echoviruses and FcRn that occurs at the neutral pH of the cell surface before viral entry, 

although it is unclear whether different echoviruses exhibit differences in affinity for the receptor. 

Indeed, our in vitro pulldown assays suggest that E11 might exhibit higher affinity for the receptor 

than E30. However, it is possible that differences in the ratio of infectious to noninfectious particles 

between echovirus preparations accounts for these differences. Once internalized, it is possible 

that the interaction between FcRn and echoviruses is altered by the low pH of endosomes, which 

may facilitate subsequent genome release and/or endosomal escape. We have shown that E11 

preferentially infects enterocytes49, with enhanced infection from the basolateral surface of human 

intestinal epithelial (HIE) cells130. This polarity of infection is consistent with the enhanced 

expression of FcRn in enterocytes in the intestine and its enrichment to the basolateral surface. 

Following replication, E11 is released bidirectionally from HIE from both the apical and 
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basolateral domains130. Given that FcRn mediates bidirectional transport239, this raises the 

possibility that echoviruses could be transported from either the apical or basolateral domains to 

cross the intestinal barrier.  

Echoviruses are associated with severe disease in neonates, particularly during the first 2 

weeks of life and in those born prematurely. The vertical transmission of echoviruses is thought to 

occur at the time of delivery and be associated with maternal infection in the preceding days or 

weeks. However, fetal infections in utero have also been associated with disease and/or death217–

221, suggesting that vertical transmission might also occur during pregnancy. FcRn is highly 

expressed on syncytiotrophoblasts240,241, the fetal-derived cells that comprise the outermost 

cellular barrier of the human placenta and which directly contact maternal blood. These cells are 

highly resistant to viral infections due to intrinsic antiviral defense pathways231. However, given 

that FcRn expressed on the surface of these cells transcytoses maternal-derived IgG directly into 

the underlying fetal blood, our identification of FcRn as an echovirus receptor raises the possibility 

that echoviruses might have higher rates of transplacental transfer than has been previously 

appreciated. In addition, it should be noted that the highest rates of transplacental IgG transfer 

occur in the third trimester, with the level of maternal-derived IgG greater in the fetus than in the 

mother241. Thus, a maternal echovirus infection in the later stages of pregnancy could potentially 

lead to FcRn-mediated placental infection or transplacental viral transport and expose the fetus to 

virus before delivery. Further defining the role of FcRn in echovirus infections in utero and 

postnatally will provide important insights into echovirus- induced fetal and neonatal disease.  

Our work presented here identifies FcRn as a pan-echovirus receptor. Given that FcRn-

based therapeutics have been developed to target a variety of human diseases242, our findings also 

point to FcRn as a possible target for anti-echovirus therapeutics to ameliorate virus-induced 
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disease. Future studies identifying the mechanism by which echoviruses utilize FcRn to enter or 

bypass barrier tissues such as the GI epithelium, blood– brain barrier, and placenta will provide 

important insights into a variety of aspects of echovirus pathogenesis.  

2.4 Materials and Methods 

2.4.1 Cell lines 

HBMECs were obtained from Kwang Sik Kim, Johns Hopkins University, Baltimore, MD, 

described previously243, and grown in RPMI-1640 supplemented with 10% FBS (Invitrogen), 10% 

NuSerum (Corning), non- essential amino acids (Invitrogen), sodium pyruvate, MEM vitamin 

solution (Invitrogen), and penicillin/streptomycin. JEG-3, JAR, U2OS, and Caco-2 (BBE clone) 

cells were purchased from the American Type Culture Collection (ATCC) and cultured as 

described previously184,244. HeLa cells (clone 7B) were provided by Jeffrey Bergelson, Children’s 

Hospital of Philadelphia, Philadelphia, PA, and cultured in MEM supplemented with 5% FBS and 

penicillin/streptomycin. Primary human intestinal epithelial cells were isolated from crypts 

isolated from human fetal small intestines as described49.  

2.4.2 Animals 

All animal experiments were approved by the University of Pittsburgh Animal Care and 

Use Committee and all methods were performed in accordance with the relevant guidelines and 

regulations. Primary fibroblasts were generated from 4-wk-old B6.Cg-Fcgrt < tm1Dcr > Tg(CAG-
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FCGRT) 276Dcr/DcrJ (cat. no. 004919) and control C57BL/6J (cat. no. 000664) mice purchased 

from The Jackson Laboratory. For collection of primary cells, mice were killed according to 

institution standards and ears and tail were removed, incubated in 70% ethanol for 5 min, and then 

rinsed twice in PBS + 50 μg/mL kanamycin for 5 min. Hair was removed and tissue was cut into 

small pieces and incubated in 9.4 mg/mL collagenase D (11088858001, Roche) and 1.2 mg/mL 

pronase (1088858001, Roche) in complete DMEM at 37 °C with shaking at 200 rpm for 90 min. 

The resulting cell suspensions were filtered through 70-μM cell strainers, collected at 580 g, 

resuspended in complete DMEM containing 10 units penicillin and 10 μg streptomycin/mL and 

250 ng/mL amphotericin B and cultured at 37 °C in a humidified 5% CO2 incubator.  

For animal infections, 3- or 7-d-old neonatal mice were infected with 106 pfu of E11 in 50 

μL of 1× PBS by oral gavage using a 24-gauge round- tipped needle. Mice were killed at various 

intervals postinoculation and organs harvested into 500 μL–1 mL of DMEM and stored at −80 °C 

before TCID50 assay. Samples were thawed at 37 °C and homogenized with a TissueLyser LT 

(Qiagen) for 8 min, followed by brief centrifugation at 400 × g. Viral titers in organ homogenates 

were determined by TCID50 assay.  

2.4.3 Viruses and Infections 

Experiments were performed with CVB (RD strain), PV (Sabin strain, type 2), echovirus 

5 (Noyce strain, E5), echovirus 6 (Burgess strain, E6), echovirus 7 (Wallace strain, E7), echovirus 

9 (Hill strain, E9), echovirus 11 (Gregory or Silva strains, E11G and E11S), echovirus 13 (Del 

Carmen strain, E13), echovirus 25 (JV-4, E25), echovirus 29 (JV-10, E29), echovirus 30 (Bastianni 

strain, E30), echovirus 31 (Caldwell strain, E31), or echovirus 32 (PR-10 strain, E32) that were 
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provided by Jeffrey Bergelson and originally obtained from the ATCC. Viruses were propagated 

in HeLa cells and purified by ultracentrifugation over a sucrose cushion, as described245.  

Unless otherwise stated, infections were performed with 1 pfu/cell of the indicated virus. 

In some cases, viruses were preadsorbed to cells for 1 h at 4 °C in serum-free MEM supplemented 

with 10 mM Hepes followed by extensive washing in 1× PBS or complete media. Infections were 

then initiated by shifting cells to 37 °C for the times indicated. Viral titers were determined by 

TCID50 assays in HeLa cells using crystal violet staining.  

Binding assays were performed by preadsorbing 50 pfu/cell of the indicated virus to cells 

for 1 h at 4 °C in serum-free MEM supplemented with 10 mM Hepes followed by extensive 

washing with 1× PBS. Immediately following washing, RNA was isolated and RT-qPCR 

performed for viral genome-specific primers, as described below.  

For experiments using blocking antibodies, cells were incubated with the indicated 

antibodies (at 5 μg/mL) for 1 h at 4 °C in serum-free DMEM containing 10 mM Hepes. For anti-

DAF IF7 blocking experiments, all incubations were performed in DMEM containing 10% FBS 

and 10 mM Hepes. Following this incubation, viruses were preadsorbed to cells in the presence of 

anti- bodies for an additional 1 h at 4 °C in serum-free or serum-containing medium, washed 

extensively, and then the cells were infected at 37 °C for the indicated time in the presence of 

antibodies. 

2.4.4 High content RNAi screening 

HBMEC were reverse transfected with the indicated siRNA in triplicate wells using 

Dharmafect-1 according to the manufacturer’s instructions and then plated into black walled 96-

well plates (Corning). Approximately 48hrs following transfection, cells were infected with the 
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indicated echovirus at 5 PFU/cell for 16hrs and then cells fixed with ice-cold methanol. 

Immunostaining for double-stranded viral RNA was performed using the J2 antibody and nuclei 

counterstained with DAPI. Images were captured using an inverted IX83 Olympus microscope 

using a motorized XY stage, with four independent sites captured per well. Automated image 

analysis was then performed using the Count and Measure package in CellSens software.  

2.4.5 Immunohistochemistry 

Tissue sections were deparaffinized with xylene and rehydrated with decreasing 

concentrations of ethanol (100%, 95%, 80%), then washed with ddH20. Peroxidase activity was 

blocked with hydrogen peroxide for 15 mins and antigen retrieval was performed with slides 

submerged in 10 mM citrate buffer (pH 6.0) and heated in a standard microwave for 3 – 5 min 

intervals. Slides were cooled to room temperature and immunostained with mouse monoclonal 

VP-1 antibody (Clone 5-D8/1, Leica Biosystems) using a Mouse on Mouse Polymer IHC Kit 

(Abcam, ab127055) according to the manufacturer’s instructions. Following incubation with 

rodent block for 30 mins, sections were incubated with anti-VP1 antibody diluted 1:100 in TBS-T 

(Tris-buffered saline, 0.1% Tween 20) and slides incubated overnight in a humidified chamber at 

4o C. Next, slides were exposed to mouse on mouse HRP Polymer for 15 mins and 

diaminobenzidine substrate for 1-5 mins; which was terminated with water incubation. Slides were 

counterstained with hematoxylin for 1 min, thoroughly rinsed with H2O, and incubated in 0.1% 

sodium bicarbonate in H2O for 5 mins. Slides were then dehydrated with increasing concentrations 

of ethanol, cleared with xylene and mounted with Vectamount Permanent Mounting Medium 

(Vector Biolabs, H-5000). Images were captured on an IX83 inverted microscope (Olympus) using 

a UC90 color CCD camera (Olympus). 
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2.4.6 Immunofluorescence microscopy 

Cells were washed with PBS and fixed with ice-cold 100% methanol for immunostaining 

of viral infections or with 4% paraformaldehyde at room temperature, followed by 0.25% Triton 

X-100 to permeabilize cell membranes for a minimum of 15min at room temperature for all other 

immunostaining. Cells were incubated with primary antibodies for 1 hour at room temperature, 

washed with 1x PBS, and then incubated for 30 minutes at room temperature with Alexa-

Fluorconjugated secondary antibodies (Invitrogen). Slides were washed and mounted with 

Vectashield (Vector Laboratories) containing 4′,6-diamidino-2-phenylindole (DAPI). Images 

were captured using a Zeiss LSM 710 inverted laser scanning confocal microscope or with inverted 

IX81 or IX83 Olympus fluorescent microscopes. Images were adjusted for brightness/contrast 

using Adobe Photoshop (Adobe). Image quantification for the extent of infection was performed 

using Fiji (Cell counter plugin) or the CellSens Count and Measure package, as indicated. A 

minimum of 1000 cells were quantified.  

2.4.7 Antibodies 

The following antibodies or reagents were used—recombinant anti-dsRNA antibody 

(provided by Abraham Brass, University of Massachusetts and described previously246), mouse 

monoclonal anti-VP1 (NCL-ENTERO, Leica), mouse monoclonal anti-FcRn (Santa Cruz 

Biotechnology, sc271745), rabbit polyclonal FcRn (Abcam ab139152, ab193148), rabbit 

monoclonal HLA-A (Abcam, ab52922), rabbit monoclonal HLA-C (Abcam, ab126722), PE-

conjugated anti-HLA antibody (recognizing HLA A-C, HLA-E) (Novus, NBP2-68006PE), mouse 

monoclonal anti-b2M (Sigma, SAB4700010), and isotype control mouse monoclonal IgG 
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antibody (MOPC 21, Sigma, M5284). Alexa-fluor 594 conjugated phalloidin was purchased from 

Invitrogen (A12381). AntiDAF IF7 antibody was provided by Jeffrey Bergelson (Children’s 

Hospital of Philadelphia).  

2.4.8 Recombinant protein, in vitro pulldowns, and immunoblotting 

Purified native b2M was purchased from Bio-rad (6240-0824) and was isolated from 

human urine. Recombinant HLA-A and HLA-C was purchased from Novus (H00003105 and 

NBP2-2310, respectively). Recombinant extracellular domain of FcRn in complex with b2M was 

purchased from Sino Biological (CT009-H08H) and was purified from HEK293 cells. For viral 

neutralization studies, purified viral particles (106) were incubated with the indicated recombinant 

protein (2µg) for 1hr at 4o C with constant rotation in serum-free MEM supplemented with 10mM 

HEPES. This complex was then added to cells for an additional 1hr at 4oC, cells washed 

extensively with 1x PBS, and infections initiated by shifting to 37oC for the 16-24hrs, as indicated 

in figure legends. In vitro pulldowns between E11 and E30 were performed by incubating purified 

virus particles (107) with 2µg of purified 6xHis tagged FcRn complex to β2M for 1hr at 4o C with 

constant rotation in buffer containing 100mM NaCl, 20mM Tris-Cl (pH 7.4), 0.5mM EDTA, and 

0.5% (v/v Nonidet-40). Following this incubation, HiPur Ni-NTA agarose beads were added for 

an additional 1hr at 4oC with constant rotation. Bead complexes were then pelleted by 

centrifugation and washed 6x with wash buffer (10mM Tris-Cl (pH 8.0), 1mM EDTA, 1% Triton 

X-100, 0.1% SDS, and 140mM NaCl). Beads were then resuspended in denaturing sample buffer 

and immunoblots performed, as described below.  

For immunoblotting, the lysates described above were loaded onto 4-20% Tris-HCl gels 

(Bio-Rad) and transferred to nitrocellulose membranes. Membranes were blocked in 5% nonfat 
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dry milk, probed with the indicated antibodies, and developed with horseradish 

peroxidaseconjugated secondary antibodies (Invitrogen), and SuperSignal West Dura 

chemiluminescent substrates (Pierce Biotechnology). Membranes were stripped for reprobing 

using ReBlot Strong antibody stripping solution (Millipore, 2504) according to the manufacturer’s 

instructions. For FcRn immunblotting in CRISPR/Cas9 depleted U2OS cells, cells were lysed in 

RIPA buffer (20 mM Tris-HCl (pH 7.5). 150 mM NaCl, 1 mM Na2EDTA. 1 mM EGTA. 1% NP-

40) containing protease inhibitors (Promega). Following brief centrifugation at 1200rpm, lysates 

were incubated with rabbit anti-FcRn antibody (Abcam, ab193148) for 1hr at 4oC, then incubated 

with agarose-conjugated protein G beads (Millipore) for 1hr 4oC with constant rotation. Bead-

antibody complexes were pelleted by centrifugation at 3000rpm and washed four times with RIPA 

buffer. Immunoblotting was performed as described above using mouse anti-FcRn antibody (Santa 

Cruz sc-271745).  

2.4.9 RT-qPCR 

Total RNA was prepared using the Sigma GenElute total mammalian RNA miniprep kit, 

according to the protocol of the manufacturer. RNA was reverse transcribed with the iScript cDNA 

synthesis kit (Bio-Rad) following the manufacturer’s instructions. A total of 1 μg of total RNA 

was reversed transcribed in a 20 μL reaction, and subsequently diluted to 100 μL for use. RT-

qPCR was performed using the iQ SYBR Green Supermix or iTaq Universal SYBR Green 

Supermix (BioRad) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Gene 

expression was determined based on a ΔCQ method, normalized to human actin. Primer sequences 

to actin, CVB, and pan-echovirus primers have been described previously184,247. Primers to β2M, 
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FcRn, HLAA, HLA-B, HLA-C, and HFE were synthesized by Sigma and sequences can be found 

in Table 6. 

2.4.10 RNAseq and differential expression analysis 

Heat maps (based on log2(RPKM) values) were generated in Heatmapper248 or MeV. 

Analysis of the transcriptional profile of cells were based on previously published datasets with 

files available in sequence read archives as follows: Caco-2 cells (SRP065330), primary human 

enteroids (SRP091501), HBMEC (PRJNA344703), JAR cells (SRP095402), and JEG3 cells 

(SRP109039). FASTQ data were processed and mapped to the human reference genome (hg38) 

using CLC Genomics Workbench 11 (Qiagen). Differential expression analysis was performed 

using the DeSeq2 package in R249 with a statistical cutoff set to adjusted p-value (padj). 

 

2.4.11 Plasmids, siRNA transfections, and CRISPR/Cas9 gene editing 

Sequence verified vectors (pcDNA 3.1) expressing human HLA-A, HLA-C, FcRn or 

mouse FcRn were purchased from Genscript. EGFP-fused HFE (pCB6-HFE-EGFP) was a gift 

from Pamela Bjorkman (Addgene plasmid # 12104) and was described previously250. Plasmids 

were reverse (MEFs, CHO cells) or forward (JEG-3 cells) transfected with the indicated plasmids 

using Lipofectamine 3000 according to the manufacturer’s instructions. Pooled siRNAs (four 

total) targeting HLA-A and HFE were purchased from Dharmacon (siGENOME, M-012850-01 

and M-011051-02). Pooled siRNAs (four total) targeting HLA-B and HLA-C were purchased from 

Santa Cruz Biotechnology (sc-42922 and sc-105525). Control (scrambled) siRNA was purchased 
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from Sigma (Mission Universal, SIC001). Individual siRNAs targeting β2M and FcRn were 

synthesized by Sigma, with sequences as follows: (b2M UCCAUCCGACAUUGAAGUU; FcRn-

1 CCACAGAUCUGAGGAUCAA; FcRn-2 ACUUUUGACUGUUAGUGAC). In all cell types, 

siRNAs were reverse transfected into cells using Dharmafect-1 (Dharmacon) according to the 

manufacturer’s instructions. FcRn was deleted from U2OS cells using the following sgRNA 

sequence: ACCGCCAAGTTCGCCCTGAA in a pSpCas9 BB-2A-GFP plasmid (Genscript). Cells 

were reverse transfected using X-tremegene HP according to the manufacturer’s instructions and 

single cell clones isolated by single cell sorting for GFP expression on a FACSAria II flow 

cytometer 48-hrs following transfection. FcRn deletion was verified by immunoblotting as 

described below and by Sanger sequencing. 

2.4.12 Statistics 

All statistical analysis was performed using GraphPad Prism. Data are presented as mean 

± SD. A Student’s t test or one-way ANOVA was used to determine statistical significance, as 

described in the figure legends. Parametric tests were applied when data were distributed normally 

based on D’Agostino–Pearson analyses; otherwise nonparametric tests (such as Mann–Whitney U 

tests) were applied. P values of <0.05 were considered statistically significant, with specific P 

values noted in the figure legends.  
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3.0 Human FcRn expression and Type I Interferon signaling control Echovirus 11 

pathogenesis in mice 

Neonatal echovirus infections are characterized by severe hepatitis and neurological 

complications that can be fatal. Here, we show that expression of the human homologue of the 

neonatal Fc receptor (hFcRn), the primary receptor for echoviruses, and ablation of type I 

interferon (IFN) signaling are key host determinants involved in echovirus pathogenesis. We show 

that expression of hFcRn alone is insufficient to confer susceptibility to echovirus infections in 

mice. However, expression of hFcRn in mice deficient in type I interferon (IFN) signaling, hFcRn-

IFNAR-/-, recapitulate the echovirus pathogenesis observed in humans. Luminex-based 

multianalyte profiling from E11 infected hFcRn-IFNAR-/- mice revealed a robust systemic 

immune response to infection, including the induction of type I IFNs. Furthermore, similar to the 

severe hepatitis observed in humans, E11 infection in hFcRn-IFNAR-/- mice caused profound liver 

damage. Our findings define the host factors involved in echovirus pathogenesis and establish in 

vivo models that recapitulate echovirus disease in humans.  

3.1 Introduction 

Echoviruses are small (~30 nm) single-stranded RNA viruses that belong to the 

Picornaviridae family. Echoviruses consist of approximately 30 serotypes and are members of the 

Enterovirus genus, which are primarily transmitted through the fecal-oral route. Infants and 

neonates are often most severely impacted by echovirus infections, with the majority of enterovirus 
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infections in infants below the age of two months caused by echoviruses214,251. Echovirus 

infections are particularly devastating in Neonatal Intensive Care Unit (NICU) outbreaks, where 

they account for 15-30% of nosocomial viral infections and can result in death of the neonate in 

as many as 25% of cases67,69,252,253. Echovirus 11 (E11) is one of the most common serotypes 

associated with outbreaks in NICUs across the world68,254. Despite the severe clinical outcomes 

associated with echovirus infections, the tissue tropism and pathogenesis of infection remain 

largely unknown due to the lack of established animal models to study E11 infection at secondary 

sites of infection, such as the liver and brain. 

We and others previously identified the neonatal Fc receptor (FcRn) as a primary receptor for 

echoviruses109,255. Structural analysis has shown that the murine homologue of FcRn (mFcRn) 

does not support echovirus binding and entry255, which has also been shown experimentally in 

murine-derived primary cells and cell lines109. However, ectopic expression of human FcRn 

(hFcRn) renders murine-derived primary cells susceptible to echovirus infections109. FcRn is 

important for establishing passive immunity from mother to child through IgG transport across the 

placenta during human pregnancy or across the small intestine after birth in mice239. Additionally, 

FcRn is important for albumin homeostasis in liver hepatocytes and regulates the response to 

hepatic injury236. FcRn expression is maintained throughout life in the liver and many other tissue 

types in the body234. We have previously demonstrated in an oral infection model of suckling mice 

that E11 disseminates from the gastrointestinal (GI) tract into the blood and liver, and that this 

dissemination is dependent on the expression of human FcRn109. Although the virus disseminated 

to the liver, very little detectable virus was observed in this and other tissues, occluding further 

studies of pathogenesis at secondary sites of infection. 
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 The development of mouse models that recapitulate the hallmarks of enterovirus disease in 

humans has historically been challenging. Enteroviruses typically do not infect mice as the murine 

homolog of their receptors are often not sufficient for binding and entry. Others have developed 

mouse models of select enteroviruses including poliovirus, coxsackievirus B (CVB), and 

enterovirus 71 (EV71)194–196. These models often use immunodeficient humanized transgenic 

mice, which  express the human homolog of the receptor while lacking expression of the interferon 

α/β receptor (IFNAR)195–197,256,257. Despite established in vivo models for other enteroviruses, 

echoviruses have few established mouse models. A previous echovirus 1 mouse model was 

established using transgenic mice expressing human integrin very late antigen 2 (VLA-2), the 

receptor for E1127, which  inoculated newborn mice intracerebrally, resulting in paralysis of the 

transgenic mice258. However, the host determinants involved in restricting echovirus infections in 

vivo remain largely unknown. 

Here, we define the host determinants of echovirus infection and developed parallel adult and 

suckling mouse models of E11 infection. We show that immunocompetent animals that express 

hFcRn under the native human promotor (hFcRnTg32) are largely resistant to E11 infection 

following intraperitoneal (IP) inoculation. In addition, immunodeficient mice lacking IFNAR 

expression (IFNAR-/-) alone are also refractory to infection. In contrast, hFcRnTg32 animals that are 

also deficient in IFNAR expression (hFcRnTg32-IFNAR-/-) are highly permissive to E11 infection 

and high levels of viral replication occur in the liver and pancreas, which reflects the tissue sites 

most commonly targeted in infected human neonates63,219. Luminex-based multianalyte profiling 

of whole blood revealed that hFcRnTg32-IFNAR-/- infected animals induced a robust systemic 

immune response to infection, including high levels of type I IFNs. Using RNASeq-based 

transcriptional profiling, we also show that the livers of hFcRnTg32-IFNAR-/- mice mount a pro-



 69 

inflammatory and antiviral signaling cascade in response to infection. Additionally, elevated liver 

enzymes and histological analyses showed profound damage to the liver. Finally, using 

hybridization chain reaction (HCR) with specific probes against the E11 genome, we show that 

hepatocytes are the main cell type infected and both uninfected and infected cells in the liver 

produce IFN-β to mount an antiviral signaling in response to infection. Our data thus define hFcRn 

and type I IFN signaling as key host determinant of E11 pathogenesis in the liver and suggest that 

these factors could be targeted therapeutically to control infection.  

3.2 Results 

3.2.1 Human FcRn and Type I IFN signaling are key host determinants of E11 infection 

Given that the most severe outcomes of E11 infections in humans are in neonates, we first 

performed studies in suckling (7 day old) mice. We inoculated immunocompetent wild-type 

C57BL/6 (WT) and hFcRnTg32 suckling mice with 104 plaque forming units (PFU) of E11 by the 

IP route. Animals were sacrificed at 72 hours post inoculation (hpi) and tissues were collected for 

viral titration by plaque assay. Because an IP echovirus mouse model has not been established 

previously, we collected a diverse range of tissues (e.g. brain, liver, pancreas, small intestine) to 

determine the tissue tropism of E11 in vivo. WT and hFcRnTg32 animals exhibited low to 

undetectable levels of infection in all of the tissues tested (Figure 13A-F). For example, only 2 of 

12 WT animals and 2 of 13 hFcRnTg32 animals had any detectable virus in liver and 0 of 12 WT 

mice and 1 of 13 hFcRnTg32 mice had detectable virus in the brain, although in both cases, viral 

titers were very low (Figure 13B and F). Because many enteroviruses are restricted by type I IFN 
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signaling in small animal models and because we have previously shown that E11 is sensitive to 

recombinant IFN-β treatment 130, we reasoned that type I IFNs might play a key role in restricting 

E11 infection in vivo. To test this, we infected suckling mice deficient in type I IFN signaling 

(IFNAR-/-) with 104 PFU E11 by the IP route. However, we found that these animals were also 

largely resistant to E11 infection, with most animals having no detectable circulating virus in blood 

or replicating virus in tissues (4 of 12 animals had detectable virus in the blood and liver) (Figure 

13A-F). These data show that expression of hFcRn or ablation of type I IFN signaling alone is 

insufficient to confer susceptibility to E11 replication.  

We next determined whether expression of hFcRn in the context of ablation of IFNAR-

mediated signaling would be sufficient for E11 infection in mice. To do this, we generated 

hFcRnTg32 mice that are deficient in IFNAR expression (hFcRnTg32-IFNAR-/-). Similar to the 

studies described above, we inoculated suckling hFcRnTg32-IFNAR-/- mice with E11 by IP 

inoculation. In contrast to animals expressing hFcRn or lacking IFNAR expression alone, we found 

that hFcRnTg32-IFNAR-/- suckling mice were highly permissive to E11 infection, with high levels 

of infectious virus circulating in blood (17 of 18 animals, Figure 13A). Similarly, hFcRnTg32-

IFNAR-/- animals had significantly more detectable infectious virus in livers compared to other 

genotypes (18 of 18 with detectable virus in liver, Figure 13B). In addition to liver, we also 

observed high viral loads in the pancreas of hFcRnTg32-IFNAR-/- animals (18 of 18 with detectable 

virus, Figure 13C). We also observed increased viral titers in the stool, small intestine, and brain, 

which all contained moderate to high levels of viral infection in hFcRnTg32-IFNAR-/- mice (Figure 

13D-F). We monitored for any sex differences in our pup model and found no difference in viral 

replication. These results show that hFcRnTg32-IFNAR-/- suckling mice are highly permissive to 

E11 inoculation.  



 71 

 

Figure 13 hFcRnTg32-IFNAR-/- suckling mice are permissive to E11 infection 

C57Bl/6 (WT, gray), hFcRnTg32 (light blue), IFNAR-/- (dark blue), or hFcRnTg32-IFNAR-/- (red) suckling mice were IP inoculated 

with 104 PFU of E11 and sacrificed 72 hours post inoculation. (A-F) Viral titers (log10TCID50/mL) of suckling mice (WT – 12, 

hFcRnTg32 – 13, IFNAR-/- – 12, hFcRnTg32-IFNAR-/- – 18 animals) in the blood (A), liver (B), pancreas (C), stool (D), small intestine 

(E), and brain (F) are shown as mean ± standard deviation and individual animals (points). Data are shown with significance 

determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005, 

****p<0.0001). 

 

We next determined whether hFcRn and IFN signaling played a role in echovirus pathogenesis 

in adult (6-week-old) mice. Similar to our findings in suckling mice, we found that WT, hFcRnTg32, 

and IFNAR-/- mice were largely resistant to E11 infection (Figure 14A-F). In contrast to suckling 

mice, immunocompetent animals (WT and hFcRnTg32) had no detectable circulating virus and a 

majority of IFNAR-/- animals also completely resisted infection (2 of 16 with detectable virus in 
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the blood) (Figure 14A). In contrast, hFcRnTg32-IFNAR-/- animals had significant levels of viral 

replication in the blood (12 of 23 with detectable virus), liver (20 of 23 with detectable virus) and 

pancreas (13 of 23 with detectable virus), similar to what was observed in suckling pups (Figure 

14A-C). Additionally, these animals had low levels of detectable virus in the stool and small 

intestine suggesting this is not a main site of replication following IP inoculation (Figure 14D and 

E). In contrast to suckling mice, adult hFcRnTg32-IFNAR-/- animals did not contain high levels of 

detectable virus in the brain (only 3 of 23 animals), suggesting age-related differences between 

adult and suckling mice (Figure 14F). We monitored for any sex differences in our adult model 

and found no difference in viral replication.  Additionally, we treated hFcRnTg32 adult mice with 

an anti-IFNAR blocking antibody to ablate type I IFN signaling or an isotype control antibody. 

Similar to our results in hFcRnTg32-IFNAR-/- animals, hFcRnTg32 animals treated with anti-IFNAR 

blocking antibody exhibited viral replication in the liver (Figure 46A, 4 out of 5 with detectable 

virus) with no isotype control antibody-treated animals having any detectable virus. In addition to 

liver, anti-IFNAR-, but not isotype control-, treated animals also had virus in their stool (Figure 

46B). Taken together, these data show that both hFcRn and type I IFNs are key regulators of E11 

infection of suckling mice and adult mice and that the liver is a key target site of replication in 

vivo. 
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Figure 14 hFcRnTg32-IFNAR-/- adult mice are permissive to E11 infection 

C57/BL6 (WT, gray), hFcRnTg32 (light blue), IFNAR-/- (dark blue), and hFcRnTg32-IFNAR-/- (red) animals were IP inoculated with 

104 PFU of E11 and sacrificed 72 hours post inoculation. (A) Viral titers in the blood (log10PFU/mL) of adult animals (WT – 11, 

hFcRnTg32 – 10, IFNAR-/- – 16, hFcRnTg32-IFNAR-/- – 23 animals). Viral titers in the liver (B), pancreas (C), stool (D), small 

intestine (E), and brain (F) (log10PFU/mg) from adult mice are shown as mean ± standard deviation bars and individual animals 

(points). Data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons 

(*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 
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3.2.2 hFcRnTg32-IFNR-/- animals induce a robust proinflammatory immune response to E11 

infection 

Due to the high levels of viremia in adult hFcRnTg32-IFNAR-/- mice, we next characterized 

the systemic immune response to E11 infection in these animals. To do this, we performed 

Luminex-based multiplex assays to assess the levels of 45 circulating cytokines and chemokines 

in the blood of adult animals infected with E11. Consistent with their low levels of infection, we 

observed no significant changes in the levels of circulating cytokines and chemokines in 

immunocompetent (WT, hFcRnTg32) or immunodeficient (IFNAR-/-) mice (Figure 15A). In 

contrast, the blood of infected hFcRnTg32-IFNAR-/- animals contained high levels of various 

cytokines and chemokines in response to infection, with 19 cytokines/chemokines induced ≥ 2-

fold compared to uninfected controls (Figure 15A). The two most induced cytokines were 

members of the type I IFN family, IFN-α and IFN-β. On average, 7,802pg/mL of IFN-β was 

circulating in the blood of hFcRnTg32-IFNAR-/- animals, while WT, hFcRnTg32, and IFNAR-/- 

animals had little to no circulating IFN-β (Figure 15B). Similarly, hFcRnTg32-IFNAR-/- animals 

had an average of 165pg/mL circulating IFN-α in blood while WT, hFcRnTg32, and IFNAR-/- 

animals had very low to undetectable levels (Figure 15C). In addition to type I IFN induction, a 

number of chemokines, including monocyte chemoattractant protein 1 (MCP-1/CCL2), B cell 

attracting chemokine 1 (BCA-1/CXCL13), IP-10/CXCL10, and IL-12(p40) were present at very 

high levels in E11 infected hFcRnTg32-IFNAR-/- mice (Figure 15D-G). These data show adult 

hFcRnTg32-IFNAR-/- animals mount a potent immune response, including very high levels of type 

I IFNs, in response to E11 infection. 
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Figure 15 hFcRnTg32-IFNAR-/- animals induce a robust immune response to E11 infection 

C57/BL6 (WT, gray), hFcRnTg32 (light blue), IFNAR-/- (dark blue), and hFcRnTg32-IFNAR-/- (red) animals were IP inoculated with 

104 PFU of E11 and sacrificed 72 hours post inoculation. Luminex-based multianalyte profiling of 45 cytokines was then performed 

from whole blood. (A) Heatmap demonstrating the induction (shown as fold-change from uninfected control) in E11-infected mice 

of the indicated genotype. Blue denotes significantly increased cytokines in comparison to untreated. Grey or white denote little to 

no changes (scale at top right). The red arrow demonstrates cytokines with greater than 2-fold upregulation observed in the average 

of separate experiments. Luminex assays were performed in duplicate. (B-G) IFN-β (B), IFN-α (C), MCL-1/CCL2 (D), 

BCA1/CXCL13 (E), IP-10/CXCL10, and IL12(p40) cytokine levels in the blood of E11 infected C57Bl/6 (WT, gray), hFcRnTg32 

(light blue), IFNAR-/- (dark blue), and hFcRnTg32-IFNAR-/- (red) animals. Symbols represent individual mice. Significance was 

determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005). 
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3.2.3 Infection and immune responses peak at 72h post-inoculation 

Next, we determined the kinetics of the immune responses to E11 infection in hFcRnTg32-

IFNAR-/- mice.  To do this, we infected hFcRnTg32-IFNAR-/- animals with E11 and sacrificed at 

either 24, 48, or 72hpi and measured viral titers by plaque assays and immune induction by 

Luminex-based multiplex assays for 34 cytokines and chemokines. We found that there were 

measurable levels of virus present in key target tissues such as the blood, liver and pancreas by as 

early as 24hpi, with levels peaking at 72hpi (Figure 16A-D). Consistent with these kinetics, we 

found that the levels of circulating cytokines increased at 24hpi and peaked at 72hpi as assessed 

by multianalyte Luminex-based profiling (Figure 16E). Strikingly, IFN-β was induced over 

~1,000pg/mL in animals infected for 24hrs and even higher in animals after 48hpi and 72hpi 

(Figure 16F). In addition, IFN-α and IFN-λ2/3 were increased at 72hpi compared to control and 

24hpi (Figure 16G and H). In contrast to IFNs, other cytokines and chemokines including IP-

10/CXCL10, MCP-1/CCL2, and KC/CXCL1 were induced at highest levels at 48hpi, with levels 

decreasing by 72hpi (Figure 16I-K). These data suggest that animals induce an immune response 

to infection very early following the initiation of viral replication. 
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Figure 16 Cytokine levels increase with viremia in hFcRnTg32-IFNAR-/- animals 

hFcRnTg32-IFNAR-/- animals IP inoculated with 104 PFU of E11 were sacrificed at 24 (light blue) 48 (blue), or 72 (navy) hours post 

inoculation. (A) Viral titers in the blood (log10PFU/mL) of adult animals (24hpi – 7, 48hpi – 8, 72hpi – 9 animals) are shown as 

mean ± standard deviation bars) and individual animals (points). (B-D) Viral titers in the liver (B), stool (C), and pancreas (D), 

(log10PFU/mg) from adult mice are shown as mean ± standard deviation bars and individual animals (points). (E) Heat map 

demonstrating the level of protein induction by Luminex-based assays shown as the fold change of from the average pg/mL of the 

uninfected animals to each individual animal concentration per protein then averaged within each timepoint. Proteins are sorted 

from largest fold change (blue) from uninfected to smallest fold change (gray) in 72hpi animals. (F-K) IFN-β (F), IFN-α (G), 

IFNλ2/3 (H), IP-10/CXCL10 (I), MCP-1/CCL2 (J), and KC/CXCL1 (K) protein levels expressed in the blood of each animal 
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shown by timepoint. Data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple 

comparisons (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 

 

3.2.4 E11 infection induces damage and cell death in the livers of hFcRnTg32-IFNAR-/- 

animals 

Echovirus infections in neonates commonly induces liver failure, which can be fatal 63. In 

addition, our data suggested that the highest levels of E11 replication in hFcRnTg32-IFNAR-/- mice 

was in the liver. Thus, we focused on the impact of E11 infection on the liver as a contributor to 

disease. Blinded pathology scoring of H&E stained sections of infected livers revealed no 

histopathologic changes in immunocompetent animals or in IFNAR-/- adult or suckling mice 

infected with E11 (Figure 17A and B and Figure 47A). In contrast, there was moderate to severe 

liver damage induced by E11 infection of adult hFcRnTg32-IFNAR-/- animals, including punctate 

hepatocytolysis and necrosis at 72hpi (Black arrows, Figure 17A and Figure 47A). Other 

histopathological changes included increased immune cell infiltration, which was also observed in 

infected hFcRnTg32-IFNAR-/- adult and suckling mice (Figure 17A, white arrows; Figure 47D, 

black arrows). There were large areas of necrosis with degenerated neutrophils with little to no 

lymphocytes (Figure 47B). While the portal areas consist mostly of lymphocytes with little to no 

neutrophils and macrophages (Figure 47C). In addition to histopathology, we assessed the impact 

of infection on cell viability using an antibody specific for the cleaved (activated) version of 

caspase-3. Whereas E11 infection of immunocompetent and IFNAR-/- animals exhibited no 

cleaved caspase-3 staining as assessed by immunohistochemistry, E11-infected hFcRnTg32-

IFNAR-/- adults (Black arrows, Figure 17B) and suckling mice (Figure 47E) exhibited 
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pronounced positive cleaved caspase-3 staining. Lastly, we measured the levels of liver enzymes 

in the blood of infected, which are released by damaged hepatocytes. By 48hpi hFcRnTg32-IFNAR-

/- mice had a significant increase in circulating levels of aspartate transaminase (AST) and alkaline 

phosphatase (ALP), which occurred over time following infection (Figure 17C and D). These 

data indicate that the livers of hFcRnTg32-IFNAR-/- animals undergo apoptosis and cell death 

leading to liver damage following E11 infection. 
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Figure 17 E11 infection induces histopathologic changes and cell death 

C57Bl/6 (WT), hFcRnTg32, IFNAR-/-, and hFcRnTg32-IFNAR-/- adult mice were IP inoculated with 104 E11 and sacrificed 72 hours 

post inoculation. (A) H&E staining of the livers in adult mice. White arrows denote immune cell infiltration and black arrows 

denote areas of hepatocytolysis. (B) Immunohistochemistry using an antibody recognizing the cleaved form of caspase 3 from the 

livers of a representative animal of each genotype as indicated. Black arrows denote positive staining. Scale bars (100µm) are 

shown at bottom right. Aspartate transaminase (AST) (C) or alkaline phosphatase (ALP) (D) levels in the serum of adult mice IP 

inoculated with 106 E11 and sacrificed at designated time shown. Data are shown with significance determined with a Kruskal-

Wallis test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005). 
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3.2.5 E11 infection of hFcRnTg32-IFNAR-/- mice induces a robust local proinflammatory 

immune response in the liver 

Because we found that the livers of hFcRnTg32-IFNAR-/- mice infected with E11 exhibited 

histopathologic changes and underwent cell death, we profiled other liver changes by RNAseq 

transcriptional profiling. Consistent with our Luminex-based profiling studies of circulating 

cytokines, we found that the livers of hFcRnTg32-IFNAR-/- animals infected with E11 robustly 

induced expression of the transcripts for type I IFNs, with less robust induction of type III IFNs 

(Figure 18A). Levels of vRNA in infected animals mirrored our findings on infectious viral titers, 

with high levels in hFcRnTg32-IFNAR-/- mice (Figure 18B). In addition to these changes, 

hFcRnTg32-IFNAR-/- infected animals also induced the expression of other pro-inflammatory and 

immunomodulatory factors, including chemokines (e.g. Ccl2, Cxcl1, Cxcl9), transcription factors 

(e.g. Stat1, Stat3, Socs1), and interferon stimulated genes (e.g. Isg15, Ifit1) (Figure 18C and D).  
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Figure 18 Transcriptional profiling from the livers of E11 infected hFcRnTg32-IFNAR-/- animals reveals 

induction of a proinflammatory immune response to infection 

RNAseq-based transcriptional profiling from RNA isolated from the livers of E11 infected C57Bl/6 (WT), hFcRnTg32, IFNAR-/- or 

hFcRnTg32-IFNAR-/- animals (3 animals each), or uninfected controls (2 animals) was performed. (A) Heatmap of log2RPKM values 

for type I (Ifna4, Ifnb1), II (Ifng), and III (Ifnl2, Ifnl3) IFNs in the livers of the indicated genotypes 72hpi. Scale shown at left. (B) 

RPKM values mapped to the E11 genomic sequence in each genotype. Individual animals are shown. (C) Heatmap based on 

log2RPKM values of select proinflammatory cytokines in the livers of following E11 infection of the indicated genotypes, or 

uninfected controls. Scale is shown at right. In (A) and (C), red indicates higher expression and blue indicates lower expression. 

Grey denotes no reads detected. (D) Volcano plot of differentially regulated genes in hFcRnTg32-IFNAR-/- adult animals compared 

to uninfected animals. Red indicates genes with a statistically significant upregulation or downregulation of > or < log2 fold-change 

of 2 and p<0.05. 
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3.2.6 E11 specifically infects hepatocytes in hFcRnTg32-IFNAR-/- mice 

Finally, we defined the cellular tropism of E11 within the liver. Using 

immunohistochemistry for the viral VP1 capsid protein, we found that E11 localized primarily in 

what appeared to be hepatocytes (Figure 48A). No positive staining for VP1 was observed in any 

other three mouse strains (Figure 48A). hFcRnTg32-IFNAR-/- suckling mice also displayed positive 

VP1 staining in the liver (Figure 48B). Although VP1 staining suggested that E11 replication 

occurred primarily in hepatocytes, we developed a more sensitive approach to define the cellular 

tropism of E11 using hybridization chain reaction (HCRv3.0). HCR allows for multiplexed 

quantitative RNA fluorescence in situ hybridization (RNA-FISH) and the signal amplification 

inherent to the technique vastly enhances the dynamic range and sensitivity of conventional FISH-

based approaches 259–261. To do this, we designed probes specific for the E11 genome and 

performed HCR on liver sections from hFcRnTg32-IFNAR-/- mice infected with E11 (schematic, 

Figure 19A). To define the localization of E11 specifically to hepatocytes, we also developed 

probes to albumin, a specific marker of hepatocytes. Using HCR, we observed the presence of E11 

vRNA in the livers of infected mice by 24hpi, with the numbers of positive cells increasing by 48-

72hpi (Figure 19B). Interestingly, E11 vRNA positive cells exclusively colocalized with albumin, 

identifying hepatocytes as the main cellular target of infection in the liver. To confirm this, we 

quantified three fields at each time point and quantified colocalization between vRNA and albumin 

signals, which revealed a strong colocalization (Pearson’s coefficient 24hpi – 0.73, 48hrs – 0.85, 

72hpi – 0.84). We next applied HCR to determine whether infected and/or uninfected cells in the 

liver produce IFN-β. Using this approach, we found that although some infected cells produced 

low levels of IFN-β, the strongest signal was observed in uninfected neighboring cells (Figure 



 84 

19C and D). Together, these data show that E11 replicates in liver hepatocytes and that uninfected 

neighboring cells may be a major source of IFN-β in hFcRnTg32-IFNAR-/- animals. 
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Figure 19 Hepatocytes are the primary site of E11 replication in the liver 

(A) Schematic of the hybridization chain reaction (HCR) protocol used adapted from the Molecular Instruments HCR v3.0 protocol 

and created with BioRender.com. (B) HCR of hFcRnTg32-IFNAR-/- adult animals at the indicated dpi using probes against the E11 

genome (green) and albumin (red). White boxes denote areas zoomed at bottom. Scale bars shown at bottom right (100µm at top 

and 20µm at bottom). Three unique fields were captured and colocalization between vRNA and albumin quantified, as indicated 

in the text. (C) HCR of hFcRnTg32-IFNAR-/- adult animals at the indicated dpi using probes against the E11 genome (green) and 

IFN-β (red). Separated channels are in the panels to the right of each image. Scale bars shown at bottom right. (D) Quantification 
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of HCR shown in (C) from uninfected control (704 total cells) or E11 infected (1064 total cells) animals. The total percentage of 

cells negative for both viral RNA (vRNA) and IFN-β (vRNA-/IFNβ-) are shown in grey, negative for vRNA but positive for IFN-

β (vRNA-/IFNβ+) in red, positive for vRNA but negative for IFN-β (vRNA+/IFNβ-) in green, and those positive for both vRNA 

and IFN-β (vRNA+/IFNβ+). At least three unique fields from at least three unique animals were used in the analysis.  

3.3 Discussion 

Here, we show that human FcRn and type I IFN signaling are key host determinants that 

control E11 infection in the liver, a tissue site commonly associated with human disease. Through 

Luminex-based multianalyte and RNASeq-based transcriptional profiling, we also show that 

animals expressing hFcRn and ablated in type I IFN signaling initiate a systemic immune response 

to infection. Furthermore, we show that E11 replication in the liver induces histopathological 

changes leading to liver dysfunction and apoptotic cell death in hepatocytes. Finally, we show that 

neighboring hepatocytes rather than infected hepatocytes are also sources of IFN-β production. 

Our findings thus define pro-viral (hFcRn) and antiviral (type I IFN) host factors that control 

echovirus infections specifically in the liver. In addition, our studies provide a novel animal model 

that can be used to test anti-echovirus therapeutics.  

Although FcRn has been identified as a pan-echovirus receptor109,255, its role in mediating 

echovirus pathogenesis has remained unclear.  Previous work has shown that FcRn is expressed in 

many different cell types in the body, including the small intestine262,263 and in liver 

hepatocytes235,264. Despite what its name implies, FcRn is expressed on many cells throughout life, 

often at very high levels. Our results shown here define the organs targeted by E11 in an in vivo 

model, with high levels of replication in various tissues, such as the liver and pancreas. Our parallel 

adult and suckling pup models allowed us to compare age-related differences that might impact 
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sensitivity or responses to echovirus infections. Of note, the animals used in our studies express 

hFcRn under the control of the endogenous promoter, which might mimic age-related changes in 

expression observed in humans. Interestingly, although we detected high levels of echovirus 

replication in similar tissues between adults and suckling pups, there were age-related differences 

in viral infection in the brains of these mice. Whereas 16 of 18 of infected hFcRnTg32-IFNAR-/- 

suckling mice exhibited replication in the brain, only 3 of 23 adult animals did. Although this could 

be attributed to differences on the relative ratio of weight to viral inoculum, circulating viral titers 

in the blood were similar between suckling pups and adult mice. Given that echovirus infections 

are commonly associated with aseptic meningitis in neonates, these findings suggest that 

expression levels of hFcRn and type I IFN signaling could be key determinants of age-related 

susceptibility in key sites targeted in humans, such as the liver and brain.  

The liver is a primary site of echovirus-associated disease, with hepatitis and acute liver failure 

commonly observed in infected infants and children and the majority of echovirus-associated death 

in neonates occurs due to overwhelming liver failure265. Our in vivo findings suggest that FcRn 

expression is required for this infection only when host type I IFN signaling is ablated. We 

hypothesize that although no IFNs were produced systemically in immunocompetent hFcRnTg32, 

that these animals produce a local response which restricts infection following inoculation. In 

addition to IFNs, we observed induction of a number of other immunomodulatory factors in 

infected animals. The role of cytokines in echovirus pathogenesis in humans is not known. 

However, immunodeficient individuals, including adults, are more susceptible to echovirus 

infections, which often induces hepatitis266–269. In addition, analysis of mutations in the E11 

genome induced by selective pressure in an immunodeficient individual who developed chronic 

infection revealed strikingly high sequence conservation in the 3C virally-encoded protease which 
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often attenuates host cell innate immune signaling269. Our studies suggest that type I IFNs are the 

primary drivers of resistance to echovirus infections in the liver, which is supported by our 

RNASeq studies, in which low levels of the transcripts for type III IFNs were upregulated by 

infection. These findings are similar to those for the related enterovirus coxsackievirus B3 (CVB3), 

whose infection in the liver is also regulated primarily by type I IFN signaling257. Collectively, our 

studies show that expression of hFcRn in the setting of diminished type I IFN signaling is the 

primary driver of E11 infection in the liver.  

Despite the clear hepatic tropism of echoviruses, little is known regarding the cell type(s) 

targeted by echoviruses in the liver or how these cells respond to infection. Moreover, the role of 

FcRn in mediating this tropism is unknown. The liver is composed of diverse cell types. In addition 

to hepatocytes, which comprise ~80% of total liver cells, tissue resident Kupffer Cells represent 

~35% and liver sinusoidal endothelial cells comprise ~50% of non-parenchymal cells. FcRn is 

thought to be expressed in all of these cell types228. Our studies thus define the tropism of 

echoviruses specifically to hepatocytes and show that FcRn expression is a key determinant of this 

tropism. In addition, our studies suggest that echovirus infection of hepatocytes induces 

pronounced hepatic damage, characterized by apoptotic cell death, tissue damage, and the presence 

of elevated liver enzymes in the serum. These findings are consistent with what is observed in 

autopsy tissue isolated from echovirus infected neonates, which also indicates extensive infection-

induced hepatocyte damage63,216,268,270.  

Consistent with high levels of infection in the liver, hFcRnTg32-IFNAR-/- infected animals also 

exhibited infectious virus present in the stool. Given that echoviruses are transmitted by the fecal-

oral route, defining how viral particles are shed and subsequently transmitted is important for 

understanding pathogenesis and spread. Because infected animals did not have high titers in the 
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small intestine (~102 PFU/mg on average), our data indicate that shed virus does not result from 

direct intestinal infection, which is expected given the route of inoculation. The most likely 

scenario is via the gut-liver axis. Many studies have shown that the bacteria and bacterial products 

can reach the liver through the portal vein and liver secretory products, such as bile acids, IgA, 

and antimicrobial molecules, can leave the liver into the intestines through the biliary tract271,272. 

It is thus likely that infectious virus exits the liver through the biliary tract into the intestine where 

it exits the body in the stool, explaining the high stool titers with little to no infectious virus in the 

intestine itself.  

There are currently no effective antiviral therapeutics to combat echovirus infections. Our work 

thus establishes in vivo models that full recapitulate echovirus infection in human neonates and 

could thus be used to develop and test antivirals. In addition, our studies define key roles for FcRn 

and type I IFN signaling in mediating echovirus pathogenesis and suggest these factors could be 

targeted to ameliorate or prevent infections. Collectively, this work defines fundamental aspects 

of echovirus biology that enhance our understanding of how infection, tissue targeting, and disease 

occurs. 

3.4 Materials and Methods 

3.4.1 Ethics Statement 

All procedures were approved by the University of Pittsburgh institutional review boards. 

All mouse experiments were performed in accordance with the recommendations in the National 
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Institutes of Health Guide for the Care and Use of Laboratory Animals. Experiments were 

approved by the University of Pittsburgh Animal Care and Use Committee. 

3.4.2 Cell lines and viruses 

HeLa cells (clone 7B) were provided by Jeffrey Bergelson, Children’s Hospital of 

Philadelphia, Philadelphia, PA, and cultured in MEM supplemented with 5% FBS, non-essential 

amino acids, and penicillin/streptomycin. Experiments were performed with echovirus 11 Gregory 

(E11), which was obtained from the ATCC. Virus was propagated in HeLa cells and purified by 

ultracentrifugation over a 30% sucrose cushion, as described previously245. 

3.4.3 Animals 

All animal experiments were approved by the University of Pittsburgh Animal Care and 

Use Committee and all methods were performed in accordance with the relevant guidelines and 

regulations. C57BL/6J (WT, cat. no. 000664), B6.Cg-Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ 

(hFcRnTg32, cat. no. 014565), B6(Cg)-Ifnar1tm1.2Ees/J (IFNAR-/-, cat. no. 028288) were purchased 

from The Jackson Laboratory. hFcRnTg32-IFNAR-/- mice were generated by crossing B6.129S2-

Ifnar1tm1Agt/Mmjax (cat no. 32045-JAX) with B6.Cg-Fcgrttm1Dcr Tg(FCGRT)32Dcr/DcrJ (cat no. 

014565). Breeders were established that were deficient in mouse FcRn and IFNAR and were 

homozygous for the hFcRn transgene. All animals used in this study were genotyped by 

Transnetyx. 
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3.4.4 Adult animal infections 

5-6-week-old mice were inoculated by the intraperitoneal route with 104 PFU of E11. An 

equal number of males and females were used in this study. Intraperitoneal inoculation was 

performed using a 1mL disposable syringe and a 25-gauge needle in 100µL of 1X PBS. Mice were 

euthanized at 3 days post inoculation, or at times specified in the figure legends, and organs 

harvested into 1mL of DMEM (viral titration) or RNA lysis buffer (RNA isolation) and stored at 

-80°C. Tissue samples for viral titration were thawed and homogenized with a TissueLyser LT 

(Qiagen) for 8 minutes, followed by brief centrifugation for 5 minutes at 5000 x g. Viral titers in 

organ homogenates were determined by plaque assay in HeLa cells overlayed with a 1:1 mixture 

of 1% agarose and 2x MEM (4% FBS, 2% pen/strep, 2% NEAA). Plaques were enumerated 40hpi 

following crystal violet staining. 

3.4.5 Adult animal IFNAR blocking infections 

5-6-week-old hFcRnTg32 were injected by the intraperitoneal route with an anti-IFNAR 

blocking antibody (200µg) (BioXcell, #BP0241) or an isotype control antibody (BioXcell, 

#BP0083) 8hrs prior to inoculation with 106 PFU of E11. Mice were euthanized at 3 days post 

inoculation and tissues were used for viral titration assays, as described above. 

3.4.6 Suckling pup infections 

7-day-old mice were inoculated by the intraperitoneal route with 104 PFU of E11. Two 

separate litters were inoculated for each condition with an average ratio of 50:50 of male and 
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female pups. Intraperitoneal inoculation was performed using a 1mL disposable syringe and a 27-

gauge needle in 50µL of 1X PBS. Mice were euthanized at 3 days post inoculation and organs 

harvested into 0.5mL of DMEM (viral titration) or RNA lysis buffer (RNA isolation) and stored 

at -80°C. Tissue samples for viral titration were thawed and homogenized with a TissueLyser LT 

(Qiagen) for 5 minutes, followed by brief centrifugation for 5 minutes at 8000 x g. Viral titers in 

organ homogenates were determined by TCID50 in HeLa cells and enumerated following crystal 

violet staining. 

3.4.7 Immunohistochemistry 

Tissues were fixed in 10% buffered formalin for 24hrs and then transferred to 70% ethanol. 

Tissues were embedded in paraffin and sectioned. Slides were stained with a monoclonal VP1 

antibody, as described previously109, or cleaved caspase 3. Tissue sections were deparaffinized 

with xylene and rehydrated with decreasing concentrations of ethanol (100%, 95%, 80%), then 

washed with ddH20. Antigen unmasking was performed with slides submerged in 10 mM citrate 

buffer (pH 6.0) and heated in a steamer for 20 minutes at ~90°C. Slides were cooled to room 

temperature and slides were immunostained with cleaved caspase 3 using Vectastain Elite ABC 

HRP (Vector Biolabs, PK-6100), according to the manufacturer’s instructions. Slides were 

incubated in 6% H2O2 in methanol for 30 min then washed 3 times for 5 minutes in H2O. Avidin 

block (Vector, SP-2001) was applied for 15 minutes and washed twice in H2O followed by biotin 

block (Abcam, ab156024) for 15 minutes and washed twice in H2O. Finally, serum-free protein 

block was applied for 10 minutes and cleaved caspase 3 antibody was diluted 1:100 in TBS-T 

(Tris-buffered saline, 0.1% Tween 20) and slides incubated overnight in a humidified chamber at 

4C. Next, slides were washed three times for 5 min in PBST and exposed to the goat anti-rabbit 
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biotinylated secondary antibody (Vector, BA-1000) for 30 min. Slides were rinsed in PBST three 

times for 5 min and the Vectastain Elite ABC HRP kit was applied for 30 min. Slides were rinsed 

in PBST for three times for 5 min and diaminobenzidine substrate for 5 mins; which was 

terminated with water incubation. Slides were counterstained with hematoxylin for 1 min, 

thoroughly rinsed with H2O, and incubated in 0.1% sodium bicarbonate in H2O for 5 mins. Slides 

were then dehydrated with increasing concentrations of ethanol, cleared with xylene and mounted 

with Cytoseal 60 (Thermo Scientific, 83104). Images were captured on an IX83 inverted 

microscope (Olympus) using a UC90 color CCD camera (Olympus).  

3.4.8 Antibodies 

The following antibodies were used- anti-VP1 (NCL-ENTERO, clone 5-D8/1, Leica 

Biosystems) and cleaved caspase 3 (Asp175) (9661, Cell Signaling). 

3.4.9 HCR and Imaging 

HCR was performed following the Molecular Instruments HCR v3.0 protocol for FFPE 

human tissue sections259,261. Briefly, tissue sections were deparaffinized with xylene and 

rehydrated with decreasing concentrations of ethanol (100%, 95%, 80%). Antigen unmasking was 

performed with slides submerged in 10 mM citrate buffer (pH 6.0) and heated in a steamer for 20 

minutes at ~90°C. Slides were cooled to room temperature. Sections were treated with 10 µg/mL 

Proteinase K for 10 min at 37°C and washed with RNase free water. Samples were incubated for 

10 minutes at 37°C in hybridization buffer. Sections were incubated overnight in a humidified 

chamber at 37°C with 0.4 pmol of initiator probes in hybridization buffer (Table 7 echovirus 
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probes, Table 8 albumin probes, Table 9 IFN-β probes). The next day, slides were washed in probe 

wash buffer and 5x SSCT for 4x 15 min, according to the manufacturer’s instructions. Samples 

were incubated in a humidified chamber at 37°C for 30 minutes in amplification buffer. Fluorescent 

hair pins were heated to 95°C for 90 seconds and snap cooled at room temperature for 30 min. 

Hairpins and amplification buffer were added to the sample and incubated overnight at room 

temperature. Hairpins were washed off with 5x SSCT for 5 minutes, 15 minutes, 15 minutes, and 

5 minutes. Slides were mounted in vectashield with DAPI. Slides were imaged an IX83 inverted 

microscope (Olympus) with ORCA-FLASH 4.0 camera. Olympus CellSens advanced imaging 

software with the deconvolution package, constrained iterative, was used. Image analysis was 

performed using FIJI. 

3.4.10 RNA extraction and RNAseq 

Total RNA was prepared using the Sigma GenElute total mammalian RNA miniprep kit 

with optional DNase step, according to the protocol of the manufacturer. RNA quality was 

assessed by Nanodrop and an Agilent RNA Screen Tape System, and 1ug was used for library 

preparation using RNA with Poly A selection kit (Illumina), as per the manufacturer’s instructions. 

Sequencing was performed on an Illumina HiSeq. RNA-seq FASTQ data were processed and 

mapped to the mouse reference genome (GRCm38) using CLC Genomics Workbench 20 

(Qiagen). Differential gene expression was performed using the DESeq2 package in R 249. 

Heatmaps were made in R using the pheatmap: pretty heatmaps package shown as the log2RPKM. 

Raw sequencing files have been deposited in Sequence Read Archives (SUB8204864, 

PRJNA665496). 
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3.4.11 Luminex assays 

Luminex profiling was performed on whole blood that was allowed to clot for 20 minutes 

and then spun down using a custom mouse IFN kit (IFN alpha, IFN beta, IL-28, Invitrogen), mouse 

cytokine 23-plex (Bio-Rad, M60009RDPD), and mouse chemokine 31-plex (Bio-Rad, 12009159), 

according to the manufacturer’s protocol. Assays were read on a Millipore MagPix machine by 

the Luminex Corporation. Heat maps were generated using the fold change in concentration 

(picograms/milliliter) of each animal compared to the average of uninfected animals and was made 

in GraphPad Prism. Violin plots are shown as the concentration for each animal (one point) in 

picograms/milliliter. 

3.4.12 Statistics 

All statistical analysis was performed using GraphPad Prism version 8. Data are presented 

as mean ± SD. A one-way ANOVA was used to determine statistical significance, as described in 

the figure legends. Parametric tests were applied when data were distributed normally based on 

D’Agostino–Pearson analyses; otherwise nonparametric tests were applied. P values of <0.05 were 

considered statistically significant, with specific P values noted in the figure legends. 
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4.0 Enterovirus replication and dissemination are differentially controlled by type I and III 

interferons in the GI tract 

Enteroviruses are amongst the most common viral infectious agents of humans and cause 

a broad spectrum of mild-to-severe illness. Enteroviruses are primarily transmitted by the fecal-

oral route, but the events associated with their intestinal replication in vivo are poorly defined. 

Here, we developed a neonatal mouse model of enterovirus infection by the enteral route using 

echovirus 5 and used this model to define the differential roles of type I and III interferons (IFNs) 

in enterovirus replication in the intestinal epithelium and subsequent dissemination to secondary 

tissues. We show that human FcRn, the primary receptor for echoviruses, is essential for intestinal 

infection by the enteral route and that type I IFNs control dissemination to secondary sites, 

including the liver. In contrast, type III IFNs limit enterovirus infection in the intestinal epithelium 

and mice lacking this pathway exhibit persistent epithelial replication. Finally, we show that 

echovirus infection in the small intestine is cell-type specific and occurs exclusively in enterocytes. 

These studies define the type-specific roles of IFNs in enterovirus infection of the GI tract and the 

cellular tropism of echovirus intestinal replication. 

4.1 Introduction 

Enteroviruses are small (~30nm) single stranded RNA viruses that are comprised of 

coxsackieviruses (CVA and CVB), rhinoviruses, poliovirus (PV), enteroviruses 71 and D68 (e.g., 

EV-71, EV-D68), and echoviruses (which includes ~30 serotypes). Echoviruses can cause 15-30% 
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of nosocomial infections is Neonatal Intensive Care Units (NICUs) and often result in aseptic 

meningitis and liver failure, which can be fatal67,69,252,253. The National Enterovirus Surveillance 

System (NESS) indicates that between the years of 2014-2016 echoviruses were amongst the most 

commonly circulating enteroviruses in the U.S.273. Globally, outbreaks of other echoviruses 

including echovirus 5 (E5) have been associated with a range of clinical outcomes, with most 

severe disease occurring in infants and children274–276.  

Enteroviruses are primarily transmitted through the fecal-oral route and initiate host entry 

via the epithelial lining of the GI tract. We have previously shown that echoviruses robustly infect 

human stem cell-derived intestinal enteroids and exhibit a cell-type specificity of infection, with 

preferential infection in enterocytes and enteroendocrine cells49,130. Additionally, echovirus 

infections cause damage to barrier function in enteroid-derived intestinal epithelial monolayer 

cultures130, suggesting that virus-mediated epithelial damage could contribute to dissemination 

from the intestine. The impact of host innate immune signaling on enteroviral infections in the 

intestinal epithelium is largely unknown. Previous studies in mouse models using PV and EV71 

have shown that ablation of type I interferon (IFN) signaling by deletion of the IFNα/β receptor 

(IFNAR) is required for infection by the oral route53,197,277, suggesting that these IFNs play a central 

role in the protection of the GI tract from enterovirus infection. Whether this enhancement was the 

result of increased infection in the intestinal epithelium directly and/or resulted from alterations in 

infection of non-epithelial cell types remains unclear. Other studies using CVB show that infection 

by the enteral route remains inefficient in IFNAR-/- animals, suggesting that these IFNs are not 

involved in intestinal innate immune responses278. Consistent with this, type III IFNs, which are 

comprised of IFN-λs 1-3 in humans, are preferentially induced in enterovirus-infected human 

enteroids49,130. For other enteric viruses, such as reoviruses, rotaviruses, and noroviruses, type III 
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IFNs specifically control viral replication in the intestinal epithelium in vivo, with type I IFNs 

impacting the lamina propria46–48,53,279. Thus, the roles of type I and III IFNs in the control of 

enteroviral infections in vivo remain unclear.  

We and others previously identified the human neonatal Fc receptor (hFcRn) as a primary 

receptor for echoviruses109,128. In contrast, mouse FcRn does not function as an echovirus receptor 

and does not support replication in vivo109,280. FcRn is expressed at the apical membrane of 

polarized enterocytes, where it binds to IgG and albumin, is internalized by endocytosis, and 

delivers its cargo to early and late endosomes, with the eventual release of IgG and albumin into 

the interstitium281. However, expression of hFcRn alone is not sufficient for echovirus infection in 

adult or neonatal mice and ablation of IFNAR in hFcRn-expressing mice is required for infection 

following intraperitoneal (IP) inoculation280. However, the roles of hFcRn and IFN signaling 

following inoculation via the enteral route was not explored.  

Here, we established in vitro and in vivo models to define the impact of hFcRn expression 

and type I and III IFN signaling in echovirus infections in the GI tract. To do this, we generated 

mice expressing hFcRn that are deficient in the type III IFN receptor (IFNLR) and compared their 

susceptibility to enteral echovirus infection to hFcRn-expressing mice lacking IFNAR expression, 

or immunocompetent animals expressing hFcRn alone. Whereas expression of hFcRn was 

necessary and sufficient to support echovirus replication in primary murine stem cell-derived 

enteroids, it was not sufficient for infection of immunocompetent mice following oral gavage. We 

show that hFcRn-expressing mice deficient in IFNLR expression are unable to control echovirus 

infection in the GI tract and exhibit persistent replication in the intestinal epithelium, which 

occurred exclusively in enterocytes. However, these animals did not exhibit any morbidity or 

mortality from infection and there was no dissemination to secondary tissues. In contrast, there 
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was robust dissemination in hFcRn-expressing mice deficient in IFNAR expression, which 

resulted in significant morbidity and mortality. However, we did not observe active replication in 

the intestinal epithelium of these animals. These findings define the differential roles of type I and 

III IFNs in the control of echovirus replication in the GI tract and in subsequent dissemination.  

4.2 Results 

4.2.1 Human FcRn is required for echovirus infection of murine-derived enteroids 

To define the role of hFcRn in infections of the murine intestine, we generated neonatal 

enteroids from C57/BL6 (wild-type, WT) mice and mice expressing hFcRn (hFcRnTg32). 

hFcRnTg32 mice are deficient in expression of mouse FcRn and express human FcRn under the 

control of the native human promotor227. Stem cell-derived enteroids differentiated to form three-

dimensional structures containing cells present in the epithelium in vivo, including enterocytes and 

mucin-secreting goblet cells (Figure 20A). Consistent with what has been described for murine 

fibroblasts derived from WT mice109, enteroids derived from WT mice were resistant to E5 

infection (Figure 20B). In contrast, enteroids derived from hFcRnTg32 mice were highly permissive 

to E5 infection, which peaked at ~ 24 hours post inoculation (hpi) (Figure 20B). To define the 

host response of E5-infected enteroids, we performed bulk RNASeq followed by differential 

expression analysis. Similar to previous results in human enteroids49, murine-derived enteroids 

induced the selective expression of transcripts associated with the type III IFNs IFNλ-2 and IFNλ-

3 (mice do not express IFN-λ1) (Figure 20C). Differential expression analysis revealed the 

induction of 48 transcripts in E5-infected hFcRnTg32 enteroids, 42 of which are classified as 
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interferon stimulated genes (ISGs) (Figure 20D), supporting a prominent role of IFN signaling in 

the intestinal innate immune response to echovirus infections.  

The selective induction of type III IFNs in murine-derived enteroids suggests that these 

IFNs are key mediators in the control of echovirus infections in the intestinal epithelium. To test 

this, we derived enteroids from small intestine tissue of mice expressing hFcRn that are deficient 

in IFNAR expression (hFcRnTg32-IFNAR-/-)280. To perform parallel studies in enteroids deficient 

in type III IFN signaling, we crossed hFcRnTg32 mice to mice deficient in IFNLR expression 

(hFcRnTg32-IFNLR-/-). Enteroids were generated from the small intestines of immunocompetent 

hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-IFNLR-/- mice and the levels of E5 replication 

compared between these genotypes. We did not detect any significant differences in E5 replication 

between hFcRn-expressing immunocompetent enteroids and those deficient in either IFNAR or 

IFNLR expression (Figure 20E). These data show that in ex vivo murine-derived enteroid models, 

hFcRn expression is necessary and sufficient for echovirus infection of the intestinal epithelium.  
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Figure 20 Human FcRn is necessary and sufficient for echovirus infection of murine-derived primary 

enteroids. 

(A) Murine enteroids were generated Lgr5+ crypts isolated from the small intestines of five 10-day old neonatal C57BL/6J (WT) 

mice. Confocal microscopy of enteroids immunostained with cytokeratin-19 in green and actin in red (left) or mucin-2 in green 

and actin in red (right) ~10-days post-culturing. (B) WT (white) or hFcRnTg32 (grey) enteroids were generated from small intestine 

tissue from 10-day old neonatal mice and infected with 106 PFU of neutral red incorporated E5. Viral titers (log10PFU/mL) were 

assessed in cell culture supernatants at the indicated time points. (C) Heatmap of RPKM values of the type I IFNs Ifna4 and Ifnb1 

and the type III IFNs Ifnl2 and Ifnl3 from bulk RNASeq of uninfected (mock)- or E5 infected hFcRnTg32 enteroids at 24hrs post-

infection. Key at right, purple indicates higher reads and grey denotes no reads detected. At bottom, viral FPKM values from 

samples shown at top. Yellow indicates high viral RNA reads and grey denotes no reads detected. (D) Volcano plot comparing 

differentially expressed transcripts in E5 infected hFcRnTg32 enteroids compared to mock controls as determined by DeSeq2 

analysis. Grey circles represent genes whose expression was not significantly changed. Red circles represent genes that were 

significantly changed by E5 infection. Significance was set at a p<0.01 and a log2fold-change of ± 2. (E) Enteroids generated from 

the small intestine of hFcRnTg32 (grey), hFcRnTg32-IFNAR-/- (red), or hFcRnTg32-IFNLR-/- (blue) were infected with 106 PFU of 

neutral red incorporated E5. Viral titers (log10PFU/mL) are shown at indicated time points. In (B) and (E), data are shown as mean 

± standard deviation from three independent replicates. Enteroids were isolated from at least five 10-day old neonatal mice and 

were pooled together during the LGR5+ crypt isolation. Significance in B was determined by a Kruskal-Wallis test with a Dunn’s 
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test for multiple comparisons. Significance in D was determined using a two-way ANOVA with a Geisser-Greenhouse correction 

and a Tukey’s multiple comparisons test. (*p<0.05, ns not significant.) 

4.2.2 Human FcRn is necessary but not sufficient for echovirus infection of the intestine in 

vivo 

As described above, ex vivo enteroid models suggested that echovirus infection of murine-

derived intestinal cells depended on expression of hFcRn and were not controlled by either type I 

or III IFNs. However, enteroids may not fully recapitulate the events associated with infection in 

vivo. To address this, we used six genotypes of mice, including the humanized FcRn models 

described above (hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-IFNLR-/-) and animals 

expressing murine FcRn that were immunocompetent (C57/BL6, WT) or deficient in type I or III 

IFN signaling (IFNAR-/-  or IFNLR-/-, respectively) (Figure 21A). Neonatal (7-day old) mice were 

orally inoculated with 106 PFU of E5 and monitored daily for 7 days for signs of illness (e.g., 

inactivity, discoloration, lack of nursing, lack of parental care, and death). We observed death in 

approximately 50% of hFcRnTg32-IFNAR-/- animals by 3 days post-inoculation (dpi) and almost 

100% lethality by 7dpi (Figure 21B). In contrast, there were no clinical symptoms of illness in 

any other genotype and all animals survived until 7dpi (Figure 21B). There were no significant 

differences in mortality between male and female hFcRnTg32-IFNAR-/- mice (Figure 49A).  

We next determined the extent of viral replication in the GI tract of infected animals at 

3dpi by measuring viral titers in stomach, small intestine (duodenum, jejunum, and ileum), large 

intestine, and stool. Infected hFcRnTg32-IFNAR-/- animals contained high levels of virus in all 

tissues collected, with half or more of animals having high viral loads in stomach (7 of 14 mice), 

duodenum (8 of 14 mice), jejunum (8 of 14 mice), ileum (7 of 14 mice), and large intestine (7 of 
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14 mice) (Figure 21C-H). In contrast, there was no detectable virus in any tissues isolated from 

mice not expressing hFcRn, including WT (0 of 10 mice), IFNAR-/- (0 of 11 mice), and IFNLR-/- 

(0 of 17 mice) (Figure 21C-H). There were low levels of virus detected in select tissues from 

immunocompetent hFcRnTg32 animals, which included duodenum (3 of 8 mice), jejunum (2 of 8 

mice), ileum (1 of 8 mice), and large intestine (3 of 8 mice). No virus was recovered from the 

stomachs of hFcRnTg32 mice (0 of 8 mice). Similarly, low to mid-level titers were observed in 

hFcRnTg32-IFNLR-/- mice, with virus recovered from stomach (3 of 15 mice), duodenum (4 of 15 

mice), jejunum (3 of 15 mice), ileum (3 of 15 mice), and large intestine (4 of 15 mice). Stool 

collected from all genotypes except for WT contained high levels of virus in stool, which may 

reflect remaining inoculum. There were no significant differences in titers between male and 

female hFcRnTg32-IFNAR-/- mice, although male mice did have overall higher titers in various 

regions of the small intestine (Figure 49B). These data show that hFcRn is necessary, but not 

sufficient, for echovirus infection of the intestine in vivo and that type I and III IFNs differentially 

control replication and pathogenesis. 
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Figure 21 Expression of human FcRn is not sufficient for echovirus infection by the enteral route in vivo. 

(A) Table of the six genotypes used in this study. Shown is the expression of mouse or human FcRn, IFNAR, and IFNLR amongst 

these genotypes. (B) Survival of the indicated genotype of mice inoculated with 106 E5 by oral gavage for 7 days post-inoculation. 

The log-rank test was used to analyze the statistical difference of the survival rate. (C-H). At 3dpi, animals were sacrificed and 

viral titers in stomach (C), duodenum (D), jejunum (E), ileum (F), large intestine (G), and stool (H) determined by TCID50 assays. 

In all, titers are shown as log10TCID50/mL with the limit of detection indicated by a dotted line. Data are shown as mean ± standard 

deviation with individual animals shown as each data point. Data are shown with significance determined with a Kruskal-Wallis 

test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005). 
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4.2.3 Type I IFNs are the primary driver of dissemination outside of the GI tract 

Given the high degree of mortality in orally inoculated hFcRnTg32-IFNAR-/- mice, we next 

assessed the levels of infection at key secondary sites of infection at 3dpi, including the liver, 

pancreas, and brain, which are all targeted by echoviruses in humans. hFcRnTg32-IFNAR-/- mice 

had higher levels of circulating virus (6 of 13 mice), which was not detected in any other genotype 

(Figure 22A). Consistent with this, we did not detect any virus in the livers, pancreases, or brains 

of WT, hFcRnTg32, IFNAR-/-, IFNLR-/-, or hFcRnTg32-IFNLR-/- animals (Figure 22B-D). In 

contrast, hFcRnTg32-IFNAR-/- mice contained very high titers in liver (7 of 14 mice) and pancreas 

(7 of 14 mice) and lower titers in brain (5 of 14 mice) (Figure 22B-D). There were no significant 

differences in titers between male and female mice, although male mice did have overall higher 

titers in the liver (Figure 49B). These data are consistent with our previous work data showing 

that hFcRnTg32-IFNAR-/- pups or adult mice inoculated by the IP route have high levels of 

echovirus infections in the liver and pancreas280.  

Next, we performed Luminex multiplex assays to determine the levels of twenty-five 

circulating cytokines in the blood of E5-infected animals. Consistent with their high levels of 

dissemination, we found that hFcRnTg32-IFNAR-/- mice induced pronounced antiviral and pro-

inflammatory signaling in response to E5 infection, which included high levels of circulating type 

I IFNs (IFN-α and IFN-β), G-CSF, and IL-6 (Figure 50A-D). No other genotypes contained any 

significant increases in circulating cytokines (Figure 50A-D). These data are similar to our 

previous work where IP inoculated hFcRnTg32-IFNAR-/- animals had high levels of circulating type 

I IFNs280. 

Because we observed significant dissemination of E5 to the livers of orally inoculated 

hFcRnTg32-IFNAR-/- mice, we next determined if the cellular tropism of echoviruses is the same 
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between the IP and oral routes of inoculation. To do this, we performed hybridization chain 

reaction (HCR), which allows for multiplexed fluorescent quantitative RNA detection with 

enhanced sensitivity over conventional hybridization approaches259,261. Our previous work using 

this method showed that echoviruses exclusively target hepatocytes following IP inoculation280. 

We designed probes specific for the E5 genome and used probes to the hepatocyte marker albumin 

and performed HCR on liver sections from hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-

IFNLR-/ mice orally inoculated with E5 at 3dpi.  E5 vRNA positive cells exclusively colocalized 

with albumin, identifying hepatocytes as the main cellular target of infection in the liver following 

dissemination from the GI tract (Figure 22E). Collectively, these data show that type I IFNs are 

the primary drivers of echovirus dissemination from the GI tract to secondary sites including the 

liver and pancreas.  
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 Figure 22 Type I IFNs control echovirus dissemination from the GI tract. 

7-day old pups were orally inoculated with 106 PFU of E5 and at 3dpi, sacrificed for viral titration and histology. (A-D), Viral titers 

in the blood (A), liver (B), pancreas (C), and brain (D) are shown. In all, titers are shown as log10TCID50/mL with the limit of 

detection indicated by a dotted line. Data are shown as mean ± standard deviation with individual animals shown as each data point. 

(E) Hybridization chain reaction RNA-FISH (HCR) from liver section of hFcRnTg32, hFcRnTg32-IFNAR-/-, or hFcRnTg32-IFNLR-/- 

neonatal mice at 3dpi using probes against the E5 genome (green) and albumin (red). DAPI-stained nuclei are shown in blue. Scale 

bars shown at bottom right (100µm). In A-D, data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s 

test for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 
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4.2.4 Type III IFNs limit persistent echovirus infection of the GI epithelium 

Because we observed low levels of E5 replication in GI-derived tissues at 3 dpi, we next 

compared viral titers from tissues isolated at 7dpi to determine if there were differences in 

persistence compared to hFcRnTg32-IFNAR-/- mice. As hFcRnTg32-IFNAR-/- mice died from disease 

before 7dpi, they were excluded from these studies. At 7dpi, hFcRnTg32-IFNLR-/- mice were the 

only genotype with consistently detectable virus in tissues associated with the GI tract. Whereas 

select animals had detectable virus in the stomach (1 of 7 hFcRnTg32 mice and 2 of 14 hFcRnTg32-

IFNLR-/- mice) and large intestine (3 of 14 hFcRnTg32-IFNLR-/- mice), hFcRnTg32-IFNLR-/- animals 

had higher levels of virus in all regions of the small intestine including the duodenum (6 of 14 

mice), jejunum (6 of 14 mice), and ileum (4 of 14 mice) (Figure 23A-G). Consistent with more 

persistent infection in the GI tract of hFcRnTg32-IFNLR-/- mice, these mice also contained higher 

levels of virus in stool (7 of 14 animals with detectable virus) compared to all other genotypes 

(Figure 23F).  Male animals did contain higher viral titers than did female mice, although these 

differences were not significant (Figure 49C). However, even at 7dpi, we were unable to detect 

any virus in the blood, liver, pancreas, or brain of any genotype, including hFcRnTg32-IFNLR-/- 

(Figure 51A, B, C, & D). These data show that type III IFNs do not control dissemination but 

limit persistent infection of the intestinal epithelium.  

Visualization of intestinal replication of enteroviruses in vivo has been hindered by the lack 

of sensitive assays to monitor infection with low signal-to-noise.  To overcome this limitation, we 

utilized HCR, a component of which includes signal amplification given the self-assembly of 

secondary detection hairpins into amplification polymers. We inoculated 7-day old hFcRnTg32-

IFNAR-/- and hFcRnTg32-IFNLR-/- animals with 106 PFU of E5 by the oral route, sacrificed them 

at 3dpi, and then performed Swiss rolling of full intestinal tissue, which was sectioned and 
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processed for HCR. In contrast to viral titer data, which showed high levels of virus in the intestines 

of hFcRnTg32-IFNAR-/- animals, we did not detect any vRNA in any intestinal section of these 

animals (Figure 23G). However, we observed clear areas of vRNA-containing cells in various 

regions of the small intestines of hFcRnTg32-IFNLR-/- animals (Figure 23G). While vRNA was 

detected in both the duodenum and jejunum, there were more vRNA-containing cells in the ileum 

of the hFcRnTg32-IFNLR-/- animals (Figure 23G and H), suggesting that there may be regional 

differences in echovirus persistence in the epithelium. Although we observed areas of viral 

replication within the epithelium, we do not see any damage to the epithelium. A blinded 

pathologist reviewed H&Es from uninfected, hFcRnTg32-IFNAR-/- and hFcRnTg32-IFNLR-/- 

animals and observed no significant changes or damage to the intestine following 3dpi E5 infection 

(Figure 52A). Additionally, we observed no change to the cellular composition of the epithelium 

as suggested by Periodic Acid Schiff (PAS) staining for goblet cells (Figure 52B). 
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Figure 23 Type III IFNs restrict persistent echovirus infection in the GI epithelium. 

7-day old neonatal were orally inoculated with 106 PFU of E5 and at 7dpi, animals were sacrificed for viral titration and tissue 

collection. (A-F), Viral titers are shown in stomach (A), duodenum (B), jejunum (C), ileum (D), large intestine (E), and stool (F). 

In all, titers are shown as log10TCID50/mL with the limit of detection indicated by a dotted line. Data are shown as mean ± standard 

deviation with individual animals shown as each data point. Significance was determined using a Kruskal-Wallis test with a Dunn’s 

test for multiple comparisons (*p<0.05, **p<0.005). (G) At 3dpi, animals were sacrificed and the entire GI tract was removed and 

swiss rolled following by histologic sectioned. HCR of hFcRnTg32-IFNAR-/- or hFcRnTg32-IFNLR-/- pups at the 3dpi using probes 

against the E5 genome (green) and DAPI (blue). Scale bars shown at bottom right (100µm). Zoom of specific regions in hFcRnTg32-

IFNLR-/- images are shown to the right. (H) Quantification of three independent tile scans using confocal microscopy of each region 
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of the small intestines based on the number of villi that were positive for vRNA using the cell count function in FIJI. Data are 

shown as percent of vRNA positive villi over total villi per tile scan. Three independent tile scans were quantified (for an average 

of 144 villi in the duodenum, 224 villi in the jejunum, and 164 villi in the ileum). Significance was determined by a Two-way 

Anova with Šídák's multiple comparisons tests (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 

 

4.2.5 Enterocytes are the main cellular targets of echoviruses in vivo 

We showed previously that echoviruses preferentially infect enterocytes and 

enteroendocrine cells in human stem cell-derived enteroids49. However, whether there is a cell type 

specificity of infection for echoviruses, or other enteroviruses, in vivo is unknown. To define the 

cellular tropism of echoviruses in vivo, we designed HCR probes targeting an enterocyte marker 

(alkaline phosphate intestinal, Alpi), goblet cell marker (mucin-2, Muc2), and enteroendocrine cell 

marker (chromogranin A, Chga). We confirmed the specificity of these probes in murine-derived 

intestinal tissue and found that they accurately labeled distinct cell populations in the epithelium 

(Figure 24A). Using probes directed against E5 and Alpi, Muc2, or Chga, we performed HCR in 

Swiss rolled intestinal tissue sections isolated from hFcRnTg32-IFNLR-/- animals orally infected 

with 106 E5 at 3dpi. We found that echovirus vRNA exclusively localized to Alpi-positive cells 

(Figure 24B) and was not observed in any Muc2-positive goblet cells (Figure 24C) or Chga-

positive enteroendocrine cells (Figure 24D), as assessed by image analysis and quantification of 

confocal microscope-generated tile scans of ~4mm2 of intestinal tissue (Figure 24E and Figure 

53). These data show that enterocytes are the main targets of echoviruses following oral 

inoculation of hFcRnTg32-IFNLR-/- mice. 
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Figure 24 In vivo replication of echoviruses is specific for enterocytes. 

(A) Hybridization chain reaction RNA-FISH (HCR) of uninfected small intestine sections using specific probes against Alpi, Muc2, 

or Chga (in green), as indicated at bottom. DAPI-stained nuclei are shown in blue. No probe containing control is shown at left. In 

all, white box is shown zoomed (~6x) at right using the probes indicated in red. Red arrows in Alpi section denote goblet cells 
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based on morphology that were not positive for Alpi, as expected. (B-D) 7-day old hFcRnTg32-IFNLR-/- neonatal mice were orally 

inoculated with 106 PFU of E5 and at 3dpi, animals were sacrificed and the entire small intestine removed and Swiss rolled for 

subsequent histologic sectioning. Shown are representative images of ileum tissue using probes to E5 (green in all) and either Alpi 

(B), Muc2 (C), or Chga (D) (red in all). DAPI-stained nuclei are shown in blue. In all, white boxes denote zoomed areas shown at 

right, which include black and white images as indicated. Scale bars shown at bottom right (50µm). (E) Quantification of confocal 

images was performed using Fiji and was quantified as the total percentage of vRNA positive cells that colocalized with Alpi (in 

red), Muc2 (in blue), or Chga (in green). Note that there was no colocalization between vRNA and either Muc2 or Chga. 

4.3 Discussion 

The events associated with enterovirus infections of the GI tract in vivo are largely 

unknown. Here, we defined the role of hFcRn and type-specific IFN signaling in mediating 

echovirus infections of the intestinal epithelium and dissemination to secondary tissue sites. We 

show that hFcRn is necessary and sufficient for echovirus infection of the intestinal epithelium in 

enteroids derived from humanized FcRn mice. However, in vivo, expression of hFcRn alone is not 

sufficient for echovirus infection by the enteral route. Using humanized FcRn mouse models 

deficient in either type I or III IFN signaling, we defined the differential roles of these IFNs in 

echovirus replication in and dissemination from the GI tract. These studies showed that type I IFNs 

limit dissemination of echoviruses from the GI tract and ablation of this signaling robustly 

increases viral replication at secondary sites, such as the liver. In contrast, type III IFNs suppress 

replication in the intestinal epithelium and deletion of the receptor for these IFNs prolongs 

intestinal echovirus replication and increases viral persistence. We further show that echoviruses 

preferentially infect enterocytes in vivo, which is enhanced in the absence of type III IFN signaling. 

Collectively, our work presented here provides key insights into the roles of FcRn and IFN 

signaling in echovirus pathogenesis in the GI tract. 
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Little is known regarding the mechanisms used by echoviruses to enter the intestinal 

epithelium. Our data support a model whereby hFcRn is necessary and sufficient for intestinal 

replication in vitro. While some echoviruses utilize decay accelerating factor (DAF/CD55) as an 

attachment factor in vitro110, E5 does not bind DAF109. Moreover, DAF-binding echoviruses do 

not bind the murine homolog of DAF110. While a previous study predicted that echovirus binding 

to DAF might trigger viral internalization and particle delivery to endosomes, at which time FcRn-

mediated uncoating would occur128, the data presented here do not support such a model and 

suggest that DAF plays no role in echovirus infections of the intestinal epithelium in vitro or in 

vivo. Instead, our data suggest that FcRn is necessary and sufficient for echovirus infection of the 

intestinal epithelium and occurs independent of DAF binding. This is consistent with in vivo data 

from humanized mouse models of DAF, which show that expression of DAF does not impact 

intestinal replication of DAF-binding variants of CVB278.  

FcRn is unique in its ability to mediate the transcytosis of IgG and albumin across the 

intestinal epithelium. Interestingly, this transport functions in a bidirectional manner in cultured 

intestinal cell lines, suggesting that FcRn can sample contents from the apical or basolateral 

domains and mediate the transcytosis of cargo to the opposing domain239. This function of FcRn 

could have important implications during echovirus infections—FcRn could (i) mediate the 

internalization of viral particles into intracellular compartments that facilitate uncoating and 

subsequent replication and/or (ii) could mediate the direct transcytosis of viral particles across the 

intestinal epithelium from the lumen into underlying tissue. Given that FcRn mediates bidirectional 

transport across the epithelium, this raises the possibility that echoviruses could be transported 

from either the apical or basolateral domains to cross the intestinal barrier. We were unable to 

visualize active replication in the intestinal epithelium of hFcRnTg32-IFNAR-/- animals, despite 
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robust viral dissemination to secondary sites of infection. In contrast, we detected vRNA in ~6% 

of enterocytes in ileum tissue of hFcRnTg32-IFNLR-/- animals, in which there was no dissemination 

observed. These data suggest that in addition to facilitating viral entry and replication into 

enterocytes, it is possible that in some cases, FcRn might facilitate the transcytosis of echovirus 

particles across the epithelium and that ablation of type I IFN signaling promotes dissemination of 

these particles to secondary sites of infection.  

Type III IFNs are important in antiviral defenses of many barrier tissues, including the GI 

tract93,282. For example, IFN-λs control rotavirus infection in the intestinal epithelium in adult and 

neonatal mice46. This study showed that whereas mice lacking IFNLR were more susceptible to 

rotavirus replication and viral-induced cytotoxicity, IFNAR-/- mice were comparable to 

immunocompetent WT mice. These data are distinct from our work presented here, which shows 

that type I IFNs are key host mediators that prevent echovirus dissemination following oral 

infection. Type III IFNs have also been implicated in restricting murine norovirus replication in 

the GI tract in vivo48. Similar to our findings with echoviruses, IFN-λs restrict persistent norovirus 

infection whereas type I IFNs restrict dissemination48. Previous studies with PV and EV71 suggest 

that type I IFNs control viral replication of these enteroviruses by the enteral route in vivo197,277 

whereas CVB infection is unchanged in animals deficient in IFNAR278. While the mechanistic 

basis for these differences is unknown, it is possible that the cell-type specific nature of enterovirus 

replication in the intestine may influence their dependence on IFN signaling. For example, in 

human enteroids, EV71 preferentially infects goblet cells whereas echoviruses are enriched in 

enterocytes49,130. In cell lines, previous work has suggested that PV transcytoses across M cells , 

suggesting it does not replicate in the epithelium283. Future studies on the cell-type specific nature 

of IFN signaling in distinct lineages of intestinal cells and the impact of these differences on 
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enterovirus replication will be essential to determine if the distinct cellular tropism of enteroviruses 

in the GI tract influences IFN-mediated signaling. 

Our findings presented here define fundamental aspects of echovirus biology that enhance 

our understanding of how infection, tissue targeting, and disease occurs in vivo. We show that 

FcRn is necessary but not sufficient for echovirus infections of the GI tract in vivo and that type I 

and III IFNs differentially control echovirus persistence and dissemination. Collectively, these 

studies provide new insights into echovirus biology and the development of in vivo models 

that recapitulate distinct aspects of echovirus disease, which could potentially accelerate the 

development of therapies. 

4.4 Materials and Methods 

4.4.1 Cells and viruses 

HeLa cells (clone 7B) were provided by Jeffrey Bergelson, Children’s Hospital of 

Philadelphia, Philadelphia, PA, and cultured in MEM supplemented with 5% FBS, non-essential 

amino acids, and penicillin/streptomycin. Experiments were performed with echovirus 5 (Noyce 

strain, E5), which was obtained from the ATCC. Virus was propagated in HeLa cells and purified 

by ultracentrifugation over a 30% sucrose cushion, as described previously245. Enteroid 

experiments were performed with light-sensitive neutral red (NR) incorporated viral particles. E5 

was propagated in the presence of NR (10μg/mL) in semi-dark conditions and was subsequently 

purified in semi-dark conditions by ultracentrifugation over a sucrose cushion115. All viruses were 

sequenced for viral stock purity following propagation. Purity of all viral stocks was confirmed by 
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Sanger sequencing of VP1 using enterovirus-specific primers284. Briefly, RNA extraction was 

performed on 10μl of purified virus stock, according to manufacturer’s instructions (Qiagen Cat. 

529904). RNA was reverse transcribed using SuperScript III reverse transcription kit, (Invitrogen 

cat. 18080093) according to manufacturer’s instructions, with a pan enterovirus primer (vir21; 

ATAAGAATGCGGCCGCTTTTTTTTTTTTTTTTTTTTTTTTT), followed by an RNaseH 

treatment for 20 minutes. PCR was performed with 5μl of the cDNA reaction using BioRad iTaq 

DNA polymerase (BioRad cat. 1708870). Virus specific primers were as follows: E5 forward 5’-

TATCGCCAATTACAACGCGAA-3’; E5 reverse 5’-TTGGTTTGAAGTAAACCCTTA-3’. 

4.4.2 Animals 

All animal experiments were approved by the Duke University Animal Care and Use 

Committees, and all methods were performed in accordance with the relevant guidelines and 

regulations. C57BL/6J (WT, cat. no. 000664), B6.Cg-Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ 

(hFcRnTg32, cat. no. 014565), and B6.(Cg)-Ifnar1tm1.2Ees/J (IFNAR-/-, cat. no. 028288) mice were 

purchased from The Jackson Laboratory. hFcRnTg32-IFNAR-/- mice were generated as described 

previously280. B6.Ifnlr-/-/J (IFNLR-/-) mice were provided by Dr. Megan Baldridge (Washington 

University School of Medicine). hFcRnTg32-IFNLR-/- mice were generated by crossing B6.Cg-

Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ (hFcRnTg32, cat. no. 014565) mice with B6.Ifnlr-/-/J mice. 

Breeders were established that were deficient in mouse FcRn and IFNLR and were homozygous 

for the hFcRn transgene. All animals used in this study were genotyped by Transnetyx. 
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4.4.3 Enteroid isolation and passaging 

Murine intestinal crypts were isolated using a protocol adapted from Stem Cell 

Technologies. Briefly, intestines were isolated from five 10-day old pups and connective tissue 

removed. Intestines were cut longitudinally and washed extensively in PBS. Intestines were cut 

into 5mm segments and washed again using a 10mL serological pipette until PBS was clear. 

Washed intestinal pieces were incubated in gentle cell dissociation reagent (Stem Cell 

Technologies Cat. 07174) for 15 minutes at room temperature. Crypts were released using 0.1% 

BSA and vigorous pipetting with a 10mL serological pipette. Crypts were filtered using a 70μm 

cell strainer and the resulting flow through centrifuged at 290xg for 5 minutes. Pellets were 

resuspended in Matrigel (Corning Cat. 356231) and 40μL of crypt-containing Matrigel ‘domes’ 

plated into each well of a 24 well plates (Corning 3526), placed in a 37oC incubator to pre-

polymerize for ~3 min, turned upside-down to ensure equal distribution of the isolated cells in 

domes for another 10 min, then carefully overlaid with 500 μL IntestiCult Organoid Growth 

Medium (Stem Cell Technologies Cat. 06005) supplemented with 1% penicillin/streptomycin, 

50μg/mL gentamycin, and 0.2% amphotericin b, containing Y-27632 (Rock inhibitor, Sigma). 

Media was changed every 48hrs and Y-27632 was removed after the first media change. 

Confluent enteroids were passaged by manual disruption of Matrigel domes with a P1000 

pipette tip in PBS and centrifuged at 400xg for 5 minutes. The enteroid-containing pellet were 

resuspended in TrypLE (Invitrogen Cat. 12605010) and incubated in a water bath at 37°C for 8 

minutes. Enzyme activity was quenched with DMEM containing 10% FBS and centrifuged at 

400xg for 5 minutes. Pellets were resuspended in Matrigel and 40μL Matrigel domes in each well 

of a 24 well plate. Domes were allowed to solidify at 37°C for 10 minutes and then covered with 

IntestiCult Organoid Growth Medium, as described above. For infections, crypts were plated in 
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24-well plates pre-coated with 15uL of Matrigel using a P1000 tip and allowed to solidify for 30 

minutes. 

4.4.4 Enteroid infections 

Enteroids plated on Matrigel coating as described above were allowed to differentiate for 

5 days with media replaced every 48hrs. For infections, wells were infected with 106 PFU of NR-

incorporated virus, generated as described above. Virus was pre-adsorbed for 1 hour at 16°C, 

enteroids washed three times with PBS, and media replaced. Infections were initiated by shifting 

enteroids to 37°C. At 6hpi, enteroids were exposed to light on a light box for 20 minutes to render 

intact viral particles non-infectious and infections performed for the times indicated. Plaque assays 

were performed in HeLa cells overlayed with 1:1 mixture of 1% agarose and 2x MEM (4% FBS, 

2% pen/strep, 2% NEAA). Plaques were enumerated 40hpi by crystal violet staining. 

4.4.5 RNA extraction and RNA sequencing 

Total RNA was prepared using the Sigma GenElute total mammalian RNA miniprep kit 

with optional DNase step, according to the protocol of the manufacturer. RNA quality was 

assessed by Nanodrop and an Agilent RNA Screen Tape System, and 1ug was used for library 

preparation using RNA with Poly A selection kit (Illumina), as per the manufacturer’s instructions. 

Sequencing was performed on an Illumina HiSeq. RNA-seq FASTQ data were processed and 

mapped to the mouse reference genome (GRCm38) using CLC Genomics Workbench 20 

(Qiagen). Differential gene expression was performed using the DESeq2 package in R249. 
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Heatmaps and volcano plots were made in GraphPad Prism 9. Raw sequencing files have been 

deposited in Sequence Read Archives. 

4.4.6 Suckling pup infections 

7-day-old mice were inoculated by the oral route with 106 PFU of E5. Oral gavage 

inoculation was performed using a 1mL disposable syringe and a 24-gauge round tipped needle in 

50µL of 1X PBS. Mice were euthanized at either 3- or 7-days post inoculation and organs 

harvested into 0.5mL of DMEM and stored at -80°C. Tissue samples for viral titration were thawed 

and homogenized with a TissueLyser LT (Qiagen) for 5 minutes, followed by brief centrifugation 

for 5 minutes at 8000xg. Viral titers in organ homogenates were determined by TCID50 in HeLa 

cells and enumerated following crystal violet staining. 

4.4.7 HCR and Imaging 

HCR was performed following the Molecular Instruments HCR v3.0 protocol for FFPE 

human tissue sections259,261. Briefly, tissue sections were deparaffinized with xylene and 

rehydrated with decreasing concentrations of ethanol (100%, 95%, 80%). Antigen unmasking was 

performed with slides submerged in 10 mM citrate buffer (pH 6.0) and heated in a steamer for 20 

minutes at ~90°C. Slides were cooled to room temperature. Sections were treated with 10 µg/mL 

Proteinase K for 10 min at 37°C and washed with RNase free water. Samples were incubated for 

10 minutes at 37°C in hybridization buffer. Sections were incubated overnight in a humidified 

chamber at 37°C with 3 pmol of initiator probes in hybridization buffer. We designed probes for 

albumin (Table 8), E5 (Table 10), Muc2 (Table 11), and Chga (Table 12) in house. Custom 
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probes for Alpi were designed by Molecular Instruments (Lot PRI910). The next day, slides were 

washed in probe wash buffer and 5x SSCT for 4x 15 min, according to the manufacturer’s 

instructions. Samples were incubated in a humidified chamber at 37°C for 30 minutes in 

amplification buffer. Fluorescent hair pins were heated to 95°C for 90 seconds and snap cooled at 

room temperature for 30 min. Hairpins and amplification buffer were added to the sample and 

incubated overnight at room temperature. Hairpins were washed off with 5x SSCT for 5 minutes, 

15 minutes, 15 minutes, and 5 minutes followed by a wash with PBS containing DAPI. Slides were 

mounted in vectashield with DAPI. Slides were imaged on a Zeiss 880 with Airyscan inverted 

confocal microscope. Tile scans were performed at a 20x magnification using a 6 by 6 square area 

resulting in 36 total images. Each intestinal segment was tile scanned using three different areas 

for quantification. Image analysis was performed using FIJI. 

4.4.8 Periodic Acid Schiff (PAS) staining 

PAS staining was performed according to manufactures instructions (Abcam, ab150680). 

Slides were mounted with Cytoseal 60 (Thermo Scientific, 83104). Images were captured on an 

IX83 inverted microscope (Olympus) using a UC90 color CCD camera (Olympus). 

4.4.9 Statistics 

All statistical analysis was performed using GraphPad Prism version 8. Data are presented 

as mean ± SD. A one-way ANOVA was used to determine statistical significance, as described in 

the figure legends. Parametric tests were applied when data were distributed normally based on 
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D’Agostino–Pearson analyses; otherwise, nonparametric tests were applied. P values of <0.05 

were considered statistically significant, with specific P values noted in the figure legends. 
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5.0 An in vivo model of echovirus-induced meningitis defines the differential roles of type I 

and III interferon signaling in CNS infection 

Echoviruses are amongst the most common causes of aseptic meningitis worldwide, which 

can cause long-term sequelae and death, particularly in neonates. However, the mechanisms by 

which these viruses induce meningeal inflammation is poorly understood, owing at least in part to 

the lack of in vivo models that recapitulate this aspect of echovirus pathogenesis. Here, we 

developed an in vivo neonatal mouse model that recapitulates key aspects of echovirus-induced 

meningitis. We found that expression of the human homologue of the neonatal Fc receptor (FcRn), 

the primary echovirus receptor, in neonatal mice was not sufficient for infection of the brain. 

However, ablation of type I, but not III, IFN signaling in mice expressing human FcRn permitted 

high levels of echovirus replication in the brain, with corresponding clinical symptoms including 

delayed motor skills and hind limb weakness. We also defined the immunological response of the 

brain to echovirus infections and identified key cytokines induced by this infection. Lastly, we 

found that echoviruses robustly replicate in the leptomeninges, where they induce profound 

inflammation and cell death. Together, this work establishes an in vivo model of aseptic meningitis 

associated with echovirus infections and defines the specificity of echoviral infections within the 

meninges.  
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5.1 Introduction 

Enteroviruses are the main causes of aseptic meningitis worldwide, which is characterized 

by meningeal inflammation not associated with any identifiable bacterial species in cerebrospinal 

fluid (CSF). Approximately 90% of aseptic meningitis cases in infants285 and 50% in older children 

and adults286 are caused by enteroviruses, with the group B enterovirus members coxsackievirus 

B (CVB) and echoviruses being amongst the most common287,288. Infants and young children are 

particularly vulnerable to complications of echovirus-associated neuronal complications, which 

can cause long-term sequelae including seizure disorders289,290, and are associated with high rates 

of mortality, which occurs in as many as one-third of cases291,292. Despite the clear association 

between echoviruses and aseptic meningitis, the mechanisms by which these viruses induce 

meningeal inflammation is poorly understood, owing at least in part to the lack of in vivo models 

that recapitulate this aspect of echovirus pathogenesis.  

Echoviruses are the largest subgroup of the Enterovirus genus and consist of approximately 

30 serotypes. We and others have shown that the neonatal Fc receptor (FcRn) is the primary 

receptor for echoviruses109,128. FcRn transports and regulates the circulating half-life of 

immunoglobulin G (IgG) and albumin and is enriched in the endothelium of the central nervous 

system (CNS), including the blood-brain barrier (BBB), where it mediates the efflux of IgG from 

the brain230,235,236,293,294. Although several studies have investigated the possible mechanistic basis 

for CVB-associated neuronal dysfunction in vitro and in vivo295–297, much less is known about 

echovirus-associated CNS complications. Intracerebral inoculation of newborn mice expressing 

VLA-2, a reported receptor for echovirus 1, exhibit paralysis and motor defects258. Other work 

suggests that type I interferons (IFNs) play a role in echovirus 11 CNS disease following 

intracranial inoculation298. We previously generated an in vivo mouse model of echovirus 11 
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pathogenesis using adult and neonatal mice and showed that expression of the human homologue 

of FcRn in mice lacking type I IFN signaling were susceptible to echovirus infection, including 

infection of the brain280. However, the consequences of echovirus infection including the induction 

of cytokines and cell death in the brains of these mice, as well as identification of the region(s) of 

the brain targeted by infection were not explored.  

The meninges surround the brain and are composed of three distinct membranous layers 

which includes the dura, arachnoid, and pia mater. A hallmark of aseptic meningitis involves 

inflammation of the meninges, resulting in immune cell infiltration and swelling. In human cases 

of confirmed echovirus aseptic meningitis, infection is associated with a robust inflammatory 

response, as indicated by the presence of high levels of proinflammatory mediators in CSF299–301. 

Higher levels of type I IFNs are also present in CSF isolated from enterovirus-associated 

meningitis than from bacterial meningitis302, suggesting that these IFNs play a prominent role in 

aseptic meningitis. Type I IFNs, which include IFNαs and IFN-β, provide key antiviral defenses 

from many neurotropic viruses, including flaviviruses, alphaviruses, and herpesviruses303. In some 

cases, type III IFNs (IFN-λs) also defend from CNS viral infections56,304  and have been proposed 

to function by alterations in BBB permeability56. Whether type I and III IFNs play differential 

roles in echovirus infections of the CNS is unknown. 

Here, we developed an in vivo model of echovirus-induced aseptic meningitis in neonatal 

mice which recapitulates many of the disease manifestations observed in humans. We show that 

expression of human FcRn alone is not sufficient to mediate echovirus infection of the brains of 

7-day-old neonatal mice. In addition, the brains of mice deficient in either type I or III IFN 

signaling alone were not permissive to echovirus infection. In contrast, we found that humanized 

FcRn mice deficient in IFNAR, the type I IFN receptor, but not IFNLR, the type III IFN receptor, 
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exhibited high levels of echovirus replication in the brain, with corresponding clinical symptoms 

including hind limb weakness and paralysis. Using this model, we defined the immune response 

in the brains of echovirus-infected mice, which included the induction of high levels of IL-6, 

CXCL10, and granulocyte colony-stimulating factor (GSF)-3. Lastly, we show that echoviruses 

replicate in the leptomeninges and induce inflammation and cytotoxicity in these membranes, 

including activation of apoptotic cell death. Together, this work establishes an in vivo model of 

aseptic meningitis associated with echovirus infections and defines the specificity of echoviral 

infections in the meninges.  

5.2 Results 

5.2.1 Ablation of type I interferon signaling and human FcRn expression are required for 

echovirus infection of the brain 

Previously, we developed a mouse model of echovirus pathogenesis through 

intraperitoneal (IP) inoculation using mice expressing the human homologue of hFcRn 

(hFcRnTg32) that are also ablated in type I IFN signaling by deletion of IFNAR (hFcRnTg32-IFNAR-

/-)280. hFcRnTg32 mice are deficient in expression of mouse FcRn and express human FcRn under 

the control of the native human promotor227. To determine if type III IFNs also play a role in 

echovirus infections at secondary sites of infection including the brain, we generated hFcRnTg32 

mice deficient in IFNLR expression, the receptor for type III IFNs (hFcRnTg32-IFNLR-/-)305. We 

used six genotypes of mice, including the hFcRn mice described above (hFcRnTg32, hFcRnTg32-

IFNAR-/-, and hFcRnTg32-IFNLR-/-) and animals expressing murine FcRn that were 
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immunocompetent (C57/BL6, WT) or deficient in type I or III IFN signaling (IFNAR-/- or IFNLR-

/-, respectively) (Figure 25A). Neonatal (7-day old) mice were inoculated with 104 PFU of 

echovirus 5 (E5) by the IP route and monitored for three days post-inoculation (dpi). We observed 

death in 100% of hFcRnTg32-IFNAR-/- animals by 2 dpi (Figure 25B). In contrast, there were no 

clinical symptoms of illness in any other genotype and all animals survived until 3dpi (Figure 

25B). There were no significant differences in mortality between male and female hFcRnTg32-

IFNAR-/- mice (Figure 54A). We next determined the level of circulating virus in the blood and 

brains of these animals. We detected high levels of E5 in the blood (6 of 6 mice) and brains (12 of 

12 mice) of hFcRnTg32-IFNAR-/- mice, but no detectable virus in any other genotype (Figure 25C 

& D). There were no significant differences in E5 titer in the brains of male or female hFcRnTg32-

IFNAR-/- mice (Figure 54B).  

Consistent with our previous findings with E11280, we found that there was robust 

replication in the livers and pancreases of E5 infected hFcRnTg32-IFNAR-/- mice (12 of 12 mice) 

(Figure 54C and D). However, in contrast to the brain, we found that hFcRnTg32-IFNLR-/- animals 

also contained virus in the liver (4 of 8 mice) and pancreas (8 of 8 mice) (Figure 54C and D). We 

also detected low to mid-levels of E5 in the pancreases of immunocompetent hFcRnTg32 mice (5 

of 5 mice) and to a much lesser extent in liver (1 of 5 mice) (Figure 54C and D). There was no 

detectable virus in any animals expressing the murine homologue of FcRn (Figure 54C and D), 

consistent with our previous work280. Collectively, these data show that echovirus infections in the 

brain require expression of hFcRn and that the primary barrier to infection is type I IFN-mediated 

signaling. 
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Figure 25 Ablation of type I interferon signaling and human FcRn expression are required for echovirus 

infection in the brain 

(A) Table of the six genotypes used in this study. Shown is the expression of mouse or human FcRn, IFNAR, and IFNLR amongst 

these genotypes. (B) Survival of the indicated genotype of mice inoculated with 104 PFU E5 by the IP route and monitored for 3 

days post-inoculation. The number of pups in each genotype are as follows: WT (17), hFcRnTg32 (6), IFNAR-/- (17), hFcRnTg32-

IFNAR-/- (12), IFNLR-/- (14), and hFcRnTg32-IFNLR-/- (8). The log-rank test was used to analyze the statistical difference of the 

survival rate. (C and D). At 3dpi, animals were sacrificed and viral titers in blood (C) and brain (D) determined by TCID50 assays. 

Titers are shown as log10TCID50/mL with the limit of detection indicated by a dotted line. Data are shown as mean ± standard 
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deviation with individual animals shown as each data point. Data are shown with significance determined with a Kruskal-Wallis 

test with a Dunn’s test for multiple comparisons. (E and F) hFcRnTg32-IFNAR-/- and hFcRnTg32-IFNLR-/- mice were inoculated 

with 103 PFU of E5 by the IP route and monitored for signs of disease. (E) Clinical symptoms observed of hFcRnTg32-IFNAR-/- or 

hFcRnTg32-IFNLR-/- pups at either one- or two-days post infection. (F) At 1 or 2dpi, animals were sacrificed and viral titers in blood 

and brain determined by TCID50 assays. Titers are shown as log10TCID50/mL with the limit of detection indicated by a dotted 

line. Data are shown as mean ± standard deviation with individual animals shown as each data point. Data are shown with 

significance determined with a Two-way Anova with Šídák's multiple comparisons tests (*p<0.05, **p<0.005, ***p<0.0005, 

****p<0.0001). 

5.2.2 Echovirus infections cause paralysis and motor defects in infected mice 

Because we observed high levels of mortality in mice infected with 104 PFU E5 by the IP 

route, we investigated the neurotropism and neurovirulence of E5 in mice infected with a lower 

inoculum (103 PFU) of E5 by the IP route and monitored animals daily for 2 days. At this lower 

inoculum we observed death in approximately 50% of hFcRnTg32-IFNAR-/- animals by 1.5-2 days 

dpi compared to no mortality in hFcRnTg32-IFNLR-/- animals (Figure 55A). There were no 

differences in mortality between male and female hFcRnTg32-IFNAR-/- mice (Figure 55C). 

Infected animals were monitored for signs of illness (e.g., delayed movements, paralysis, 

discoloration, lack of nursing, lack of parental care, and death) throughout the duration of 

infection. There were no signs of clinical illness in echovirus-infected hFcRnTg32-IFNLR-/- animals 

at 1 or 2 dpi (Figure 25E). There were also no obvious clinical symptoms in hFcRnTg32-IFNAR-/- 

animals at 1dpi. However, by 1.5-2dpi, there were clear defects in motor skills and various degrees 

of paralysis in hFcRnTg32-IFNAR-/- infected animals. There were a range of defects ranging from 

mild loss of motor function in one or more limb characterized by difficulty walking, hemiplegia 

that obstructed mobility or hind limb paralysis (Figure 25E and Figure 55B). To correlate clinical 

symptoms with infection, we titrated virus from the brains of infected animals at 1 and 2 dpi, which 
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revealed similar titers at both days in brain and higher titers in blood at 2dpi in hFcRnTg32-IFNAR-

/- animals (Figure 25F). There were no differences in titers between male and female mice (Figure 

55D). Additionally, similar to the lack of clinical disease and low morality rates, no virus was 

detected in the blood or brains of hFcRnTg32-IFNLR-/- animals (Figure 25F). These data show that 

echoviruses induce clinical symptoms of neurological disease, which occurs in an hFcRn-

dependent manner and requires ablation of type I IFN signaling. 

5.2.3 Immunological signature of echovirus infected brains 

To define the immunological signature of echovirus infected brains, we harvest the brains 

of E5-infected mice expressing hFcRn (hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-IFNLR-/-) 

at 3dpi and performed multianalyte Luminex-based profiling of 27 cytokines and chemokines on 

brain tissue homogenates. We found that echovirus infection induced high levels of cytokines in 

brain tissue of hFcRnTg32-IFNAR-/- infected mice at 3dpi, including high levels of Granulocyte 

colony-stimulating factor-3 (GSF-3), which was the most abundant cytokine detected (~750-fold 

over uninfected) (Figure 26A and C). Other highly induced cytokines included IL-6 (25-fold over 

uninfected), CXCL10 (17-fold over uninfected), monocyte chemoattractant protein-1 (MCP-1, 16-

fold over uninfected), and keratinocyte-derived chemokine (KC, 12-fold over uninfected) (Figure 

26A and D-F). There was no significant induction of any cytokines in infected hFcRnTg32 or 

hFcRnTg32-IFNLR-/- animals at 3dpi (Figure 26A). We did not detect the type I IFNs IFN-α2 or 

IFN-β or the type III IFN IFN-λ1 in the brains of any mice (Figure 56A-C).  

We next assessed the kinetics of cytokine induction in echovirus infected brains isolated 

from hFcRnTg32-IFNAR-/- and hFcRnTg32-IFNLR-/- infected animals at 1 and 2dpi. Consistent with 

the overall low levels of virus in the brains of mice at 1dpi, we observed very little cytokine 
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induction in hFcRnTg32-IFNAR-/- animals at this time (Figure 26B). However, by 2dpi, there were 

high levels of similar cytokines observed at 3dpi, including G-CSF (647-fold over uninfected), 

CXCL10 (33-fold over uninfected), IL-6 (28-fold over uninfected), and MCP-1 (23-fold over 

uninfected) (Figure 26B, G-J). This cytokine induction paralleled the accumulation of viral RNA 

(vRNA) in the brain, as assessed by RT-qPCR for vRNA and the transcript for CXCL10 (Figure 

56D-E). There were no cytokines significantly induced in infected hFcRnTg32-IFNLR-/- animals at 

either time point (Figure 26B). These data show that echovirus infection of brain tissue results in 

an immunological response characterized by the induction of select pro-inflammatory cytokines 

and chemokines. 
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Figure 26 Immunological signature of echovirus infected brains. 

Pups were IP inoculated and sacrificed either 1, 2, or 3dpi. Cytokine expression in brain tissue homogenates were analyzed by 

multiplex Luminex assays. (A) Heatmap demonstrating the induction (shown as fold-change from uninfected control) in E5-

infected mice of the indicated genotype sacrificed at 3dpi. Blue denotes significantly increased cytokines in comparison to 

untreated. Grey or white denote little to no changes (scale at top right). (B) Heatmap demonstrating the induction (shown as fold-

change from hFcRnTg32 pups) in E5-infected mice of the indicated genotype sacrificed at 1 or 2dpi, as indicated. Blue denotes 

significantly increased cytokines in comparison to untreated. Grey or white denote little to no changes (scale at top right). (C-F) 

The top four cytokines induced from animals sacrificed at 3dpi from (A) including G-CSF (C), CXCL10 (D), IL-6 (E), MCP-1 (F) 

shown as pg/mL. (G-J) The top four cytokines induced in hFcRnTg32-IFNAR-/- animals over the course of the infection time. Shown 

are G-CSF (G), CXCL10 (H), IL-6 (I), and MCP-1 (J). Data are shown as mean ± standard deviation and individual animals 

(points). Data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons 

(*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, ns-not significant). 
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5.2.4 Echoviruses replicate in the leptomeninges to induce meningeal inflammation 

Very little is known regarding the cellular or structural targets of echovirus infections in 

the brain, including the meninges, which is composed of three membranous layers. To define the 

site(s) of echovirus replication in the brain, we infected hFcRnTg32, hFcRnTg32-IFNAR-/-, and 

hFcRnTg32-IFNLR-/- mice with 104 PFU E5 for 3d to maximize infection. At this time, whole brains 

were removed, sectioned, and processed for hybridization chain reaction (HCR) using E5-specific 

probes. HCR allows for fluorescent quantitative RNA detection with enhanced sensitivity over 

conventional hybridization approaches given signal amplification resulting from the self-assembly 

of secondary detection hairpins into amplification polymers259,261. Whole brain confocal 

microscopy-based tile scanning of ~36mm2 was then performed to define the region(s) and cell(s) 

infected by E5. We observed high levels of E5 vRNA in infected hFcRnTg32-IFNAR-/- brain tissue, 

but none in hFcRnTg32 or hFcRnTg32-IFNLR-/- brains, at 3dpi, which was localized to a distinct 

region surrounding the brain (Figure 27A, Figure 57A and B). This region was specific for the 

leptomeninges, which includes the two inner layers of the meninges (Figure 27B and C). In 

addition, there were concentrated regions of high levels of E5 vRNA surrounding blood vessels 

localized throughout the meninges (Figure 27D). Although the choroid plexus has been reported 

to express high levels of FcRn294, we did not detect any infection in this region (Figure 57C). To 

determine the timing of E5 vRNA in the meninges, we performed HCR in whole brains isolated 

from hFcRnTg32-IFNAR-/- mice infected with E5 for 1-3dpi. At 1dpi, we found that the levels of 

E5 vRNA were undetectable like uninfected controls, but by 2dpi, there were clear areas of E5 

infection, which significantly increased by 3dpi (Figure 27E and F).  
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Figure 27 Echovirus replication in the leptomeninges 

(A) Tile scan of the brains from an uninfected animal (left) and E5 infected hFcRnTg32-IFNAR-/- animal at 3dpi (middle) using 

Hybridization chain reaction RNA-FISH (HCR) for vRNA (in green) and DAPI (in blue). Numbered white boxes show zoomed 

areas to the right. (B) Schematic representation of the different layers of the meninges surrounding the brain. The dura mater in teal 

with the leptomeninges (arachnoid and pia mater) in shades of pink. (C) HCR for vRNA (in green) and DAPI (in blue) of a brain 

from an uninfected or an E5 infected hFcRnTg32-IFNAR-/- animal at 3dpi. White arrows denote areas of vRNA. (D) Tile scan of 
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HCR for E5 vRNA from a brain of an infected hFcRnTg32-IFNAR-/- animal at 3dpi of areas of infection surrounding blood vessels 

(BV). DAPI-stained nuclei in blue and vRNA in green. White boxes indicate zoomed images at right with numbers in the top right 

corner denoting the corresponding zoomed image. (E) Image analysis of the extent of vRNA signal in the brains of hFcRnTg32-

IFNAR-/- animals at 1-3dpi as shown as a fold change from uninfected controls. Symbols represent unique regions used in 

quantification. Data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons 

(**p<0.01, ns-not significant). (F) HCR for vRNA (in green) and DAPI (in blue) of the brains from infected hFcRnTg32-IFNAR-/- 

animals at 1, 2, or 3dpi, as indicated at top left. Dotted lines highlight the leptomeninges and arrows denote infected cells. Scale 

bars are as follows: 1mm (A), 100mm (C), 1mm (D), and 50mm (F). 

 

To define the localization of FcRn within the brains of hFcRnTg32 mice and to correlate this 

expression with E5 infection, we performed immunohistochemistry for hFcRn in hFcRnTg32-

IFNAR-/- mice. We found that hFcRn was enriched in the leptomeninges of infected animals, 

where it was concentrated to regions associated with high levels of vRNA (Figure 28A).  

Next, we assessed the impacts of E5 infection on the integrity of the meninges. We noted 

instances of acute meningitis and inflammatory tissue damage in hFcRnTg32-IFNAR-/- mice 

infected with E5 for 3dpi, which included areas of immune cell infiltration (Figure 28B). Areas 

of inflammation correlated with high levels of E5 replication, as indicated by aligning HCR and 

H&E images (Figure 28C). Lastly, to determine whether E5 infection induces direct cell death or 

damage to the meninges, we performed immunohistochemistry for cleaved caspase-3, which 

revealed discrete areas of apoptosis as early as 2dpi, with more significant levels at 3dpi (Figure 

28D). Together, these data show that echovirus infection of the meninges induces pronounced 

tissue damage and inflammation. 
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Figure 28 Echovirus replication in the meninges induces inflammation and cell death 

(A) Immunohistochemistry for hFcRn and HCR for vRNA in the brain of a hFcRnTg32-IFNAR-/- animal infected with E5 for 3d. At 

left, no primary antibody control in an uninfected control animal. Middle, hFcRn IHC and right, HCR for vRNA (in green) and 

DAPI (in blue) from the same E5 infected hFcRnTg32-IFNAR-/- animal. Boxes indicate regions that are zoomed at right. (B) 

Hematoxylin and eosin staining of representative brain sections from an uninfected or E5 infected hFcRnTg32-IFNAR-/- animal. 

Black boxes show areas of zoomed images at right. Arrows denote regions of inflammation within the meninges. (C) HCR for E5 

vRNA or hematoxylin and eosin staining of the cerebellum within the brain of a hFcRnTg32-IFNAR-/- animal at 3dpi. HCR shows 

vRNA (in green) and DAPI (in blue). Boxes denote areas of zoomed images at right. Arrows denote region of inflammation within 



 137 

the meninges. (D) IHC for cleaved caspase 3 in uninfected, or hFcRnTg32-IFNAR-/- animals infected with E5 for 2dpi, or 3dpi. 

Arrows denote cells that are positive for cleaved caspase 3. Black boxes show zoomed images. Scale bars are as follows: 100mm 

(A, B, D) and 1mm (C). 

5.3 Discussion 

Echovirus infections are common causes of neonatal meningitis, which can be fatal. 

However, how these viruses infect the brain and their regional tropism within the brain remains 

unknown. Here, we developed an in vivo model of echovirus-induced meningitis and used this 

model to define the cellular targets and host immune pathways associated with echovirus infection 

within the brain. We show that expression of the human homologue of FcRn is necessary, but not 

sufficient, for echovirus infection of the brain. In addition, we show that type I IFNs, but not type 

III IFNs, provide a barrier to echovirus infections of the meninges and that ablation of this pathway 

sensitizes the brain to infection, which induces a robust immune response. Lastly, we define the 

specificity of echovirus replication in the brain and show that high levels of replication in the 

leptomeninges induced inflammation and cell death. These studies thus provide key insights into 

the events associated with echovirus-induced meningitis and an in vivo model that could be used 

to test echovirus therapeutics targeting echovirus-induced neuronal disease.   

FcRn is expressed on the microvasculature of the blood-brain barrier294, where it has been 

proposed to mediate the efflux of antibodies out of the brain306. In addition to this localization, 

FcRn is expressed in the epithelium of the choroid plexus294. This pattern of expression is 

conserved between humans and in hFcRnTg32 mice228. In addition to these sites, our data show that 

FcRn is also expressed at distinct regions of the meninges. The meninges are composed of diverse 

cell types, with distinct patterns of expression regionally between the dura, arachnoid layer, and 
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pia mater, with the arachnoid and pia mater referred to as the leptomeninges307. The meningeal 

layers are primarily comprised of fibroblasts, with each subtype expressing their own unique 

transcriptional signature307. In addition to fibroblasts, the arachnoid layer also contains arachnoid 

barrier cells, which are epithelial-like in origin and separate the dura mater from the subarachnoid 

space in which CSF accesses the brain. The meninges also contain a large population of immune 

cells, including CD4+ T cells and B cells. Notably, meningeal macrophages are a specialized 

subclass of macrophages which are long-lived in the leptomeninges308. We observed the highest 

levels of E5 infection restricted to the leptomeninges, the inner layer of the meninges containing 

the pia mater and arachnoid layers, which also expressed high levels of FcRn. Given the robust 

levels of E5 infection in the meninges, it is likely that fibroblasts are at least one target of infection. 

However, it is possible that other cell types, such as macrophages, are also permissive to infection 

and contribute to pathogenesis.  Collectively, these data suggest that the regional expression of 

FcRn plays a direct role in the tropism of echoviruses in the brain and directly correlates with their 

high levels of replication in the meninges. 

Several studies have investigated the levels of cytokines and chemokines within the CSF 

of infants and children with confirmed echovirus-induced meningitis. The CSF of children with 

echovirus 30-induced meningitis contain very high levels of MCP-1 and IL-6 compared to 

controls300,309. Our data show that hFcRnTg32-IFNAR-/- animals also induce very high levels of 

MCP-1 and IL-6 in brain tissue homogenates. MCP-1, also known as CCL2, is a monocyte 

chemoattractant responsible for recruiting monocytes and dendritic cells to the site of 

inflammation due to infection. IL-6 is a proinflammatory cytokine that is secreted by macrophages 

that have detected a viral infection. These immune mediators play important roles in alerting the 

immune system to a viral infection and recruiting immune cells to the sites of infection. However, 
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because we used brain tissue homogenates and human studies can are restricted to CSF, it is 

unclear which cytokines induced by echovirus infections mediate the influx of immune cells 

observed in echovirus-induced meningitis. Although the differential roles of type I and III IFNs 

has been established in the respiratory and intestinal epithelium during enterovirus 

infection49,130,305,310, whether these IFNs play distinct roles in enterovirus-induced meningitis has 

remained unclear. Our data suggest that type I IFNs are the sole barrier to echovirus infection of 

the CNS, which is consistent with previous work defining indicating that these IFNs form at least 

one bottleneck to poliovirus access to the CNS311. However, type I IFNs were not detected in 

multiplex Luminex profiling of brain homogenates from echovirus-infected mice, suggesting that 

these IFNs are not produced locally in the brain. It is therefore likely that circulating IFNs produced 

at distal sites, such as the liver, trigger antiviral responses in the CNS that protect from echovirus 

infections. 

In humans, neonates are at increased risks for echovirus-induced morbidity and mortality. 

For example, rates of echovirus-induced paralysis decreased with increased age at inoculation312. 

Our previous work showed that adult echovirus-infected mice exhibit low levels of infection in the 

brain following IP inoculation280. Our data presented here show that neonatal mice are highly 

sensitive to echovirus-induced neuronal dysfunction and contain high levels of viral infection 

within the meninges. The mechanistic basis for age-related differences in echovirus infection of 

the brain remains unclear. Given that BBB forms in mice prior to birth313, this barrier is unlikely 

to participate in these age-related differences. Age-related differences in neuronal susceptibility to 

infections not specific to echoviruses and has also been shown for reovirus314. However, unlike 

this work, our data suggest that type I IFNs are not the primary drivers for differential age 

susceptibility given that both adult and neonatal animals in our work were deficient in IFNAR 
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expression. Other work has shown that age-related differences in susceptibility to cardiac 

infections by CVB may result from differences in receptor expression315,316. Age-related 

differences in FcRn expression in humans are unknown, but its expression in human liver is not 

dependent on age317, suggesting this is unlikely to explain age-related differences in echovirus-

associated neuronal infections. Therefore, it remains unclear which factors contribute to age-

related difference in infection of the CNS. 

Our findings presented here define key aspects of echovirus infection of the brain, 

including the sites of viral replication and the consequences of this infection. We show that FcRn 

is necessary but not sufficient for echovirus infection of the brain in vivo and that type I IFNs 

control infection within the meninges. Collectively, these studies develop a model of echovirus 

aseptic meningitis, which could aid in the testing of novel therapeutics.  

5.4 Materials and Methods 

5.4.1 Cell lines and viruses 

HeLa cells (clone 7B) were provided by Jeffrey Bergelson, Children’s Hospital of 

Philadelphia, Philadelphia, PA, and cultured in MEM supplemented with 5% FBS, non-essential 

amino acids, and penicillin/streptomycin. Experiments were performed with echovirus 5 (Noyce 

strain, E5), which was obtained from the ATCC. Virus was propagated in HeLa cells and purified 

by ultracentrifugation over a 30% sucrose cushion, as described previously245.  All viruses were 

sequenced for viral stock purity following propagation. Purity of all viral stocks was confirmed by 

Sanger sequencing of VP1 using enterovirus-specific primers284. Briefly, RNA extraction was 
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performed on 10μl of purified virus stock, according to manufacturer’s instructions (Qiagen Cat. 

529904). RNA was reverse transcribed using SuperScript III reverse transcription kit, (Invitrogen 

cat. 18080093) according to manufacturer’s instructions, with a pan enterovirus primer (vir21; 

ATAAGAATGCGGCCGCTTTTTTTTTTTTTTTTTTTTTTTTT), followed by an RNaseH 

treatment for 20 minutes at 37oC. PCR was performed with 5μl of the cDNA reaction using BioRad 

iTaq DNA polymerase (BioRad cat. 1708870). Virus specific primers are as follows: E5 forward 

5’-TATCGCCAATTACAACGCGAA-3’; E5 reverse 5’-TTGGTTTGAAGTAAACCCTTA-3’. 

5.4.2 Animals 

All animal experiments were approved by the Duke University Animal Care and Use 

Committees, and all methods were performed in accordance with the relevant guidelines and 

regulations. C57BL/6J (WT, cat. no. 000664), B6.Cg-Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ 

(hFcRnTg32, cat. no. 014565), and B6.(Cg)-Ifnar1tm1.2Ees/J (IFNAR-/-, cat. no. 028288) mice were 

purchased from The Jackson Laboratory. hFcRnTg32-IFNAR-/- mice were generated as described 

previously280. B6.Ifnlr-/-/J (IFNLR-/-) mice were provided by Dr. Megan Baldridge (Washington 

University School of Medicine). hFcRnTg32-IFNLR-/- mice were generated by crossing B6.Cg-

Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ (hFcRnTg32, cat. no. 014565) mice with B6.Ifnlr-/-/J mice305. 

Breeders were established that were deficient in mouse FcRn and IFNLR and were homozygous 

for the hFcRn transgene. All animals used in this study were genotyped by Transnetyx. 
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5.4.3 Suckling pup infections 

7-day-old mice were inoculated by the IP route with 104 or 103 PFU of E5. Inoculation was 

performed using a 1mL disposable syringe and a 27-gauge needle in 50µL of 1X PBS. Mice were 

euthanized at either 1-, 2-, or 3-days post inoculation and organs harvested into 0.5mL of DMEM 

and stored at -80°C. Tissue samples for viral titration were thawed and homogenized with a 

TissueLyser LT (Qiagen) for 5 minutes, followed by brief centrifugation for 5 minutes at 8000xg. 

Viral titers in organ homogenates were determined by TCID50s in HeLa cells and enumerated 

following crystal violet staining. 

5.4.4 Luminex assays 

Luminex profiling was performed on whole brain tissue homogenates where were 

homogenized with a TissueLyser LT (Qiagen) for 5 minutes, followed by a centrifugation of 

10,000xg for 10 minutes. Luminex kits that were used are as follows a custom mouse IFN kit (IFN 

alpha, IFN beta, IL-28, Invitrogen), mouse cytokine 23-plex (Bio-Rad, M60009RDPD), and 

mouse CXCL10 (Invitrogen, EPX01A-26018-901), according to the manufacturer’s protocol. 

Assays were read on a BioPlex 200 by BioRad. Heat maps were generated using the fold change 

in concentration (picograms/milliliter) of each animal compared to the average of uninfected 

animals and was made in GraphPad Prism. Violin plots are shown as the concentration for each 

animal (one point) in picograms/milliliter. 
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5.4.5 RNA extraction and RT-qPCR 

Total RNA was isolated from brains using the Sigma GenElute Total Mammalian RNA 

Miniprep Kit (Sigma, RTN350), according to the manufacturer protocol with the addition of a 

Sigma DNase digest reagent (Sigma, DNASE70). RNA (1 ug total) was reverse transcribed using 

iScript cDNA Synthesis Kit (Bio-Rad, 1708891) and diluted to 100 ul in ddH2O for subsequent 

qPCR analyses. RT-qPCR was performed using the iTaq Universal SYBR Green Supermix (Bio-

Rad, 1725121) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, 1855195). Primer 

sequences can be found in Table 13. 

5.4.6 Immunohistochemistry 

Tissues were fixed in 10% buffered formalin for 24hrs and then transferred to 70% ethanol. 

Tissues were embedded in paraffin and sectioned. Slides were stained with cleaved caspase 3 

(Asp175) (9661, Cell Signaling) or human FCGRT (Abcam, ab139152). Tissue sections were 

deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol (100%, 95%, 

80%), then washed with ddH2O. Antigen unmasking was performed with slides submerged in 10 

mM citrate buffer (pH 6.0) and heated in a steamer for 20 minutes at ~90°C. Slides were cooled to 

room temperature and slides were immunostained with cleaved caspase 3 or FCGRT using 

Vectastain Elite ABC HRP (Vector Biolabs, PK-6100), according to the manufacturer’s 

instructions. Slides were incubated in 6% H2O2 in methanol for 30 min then washed 3 times for 5 

minutes in H2O. Avidin block (Vector, SP-2001) was applied for 15 minutes and washed twice in 

H2O followed by biotin block (Abcam, ab156024) for 15 minutes and washed twice in H2O. 

Finally, serum-free protein block was applied for 10 minutes, and cleaved caspase 3 antibody was 
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diluted 1:100 and the FCGRT antibody was diluted to 1:200 in TBS-T (Tris-buffered saline, 0.1% 

Tween 20) and slides incubated overnight in a humidified chamber at 4C. Next, slides were washed 

three times for 5 min in PBST and exposed to the goat anti-rabbit biotinylated secondary antibody 

(Vector, BA-1000) for 30 min. Slides were rinsed in PBST three times for 5 min and the Vectastain 

Elite ABC HRP kit was applied for 30 min. Slides were rinsed in PBST for three times for 5 min 

and diaminobenzidine substrate for 5 mins, which was terminated with water incubation. Slides 

were counterstained with hematoxylin for 1 min, thoroughly rinsed with H2O, and incubated in 

0.1% sodium bicarbonate in H2O for 5 mins. Slides were then dehydrated with increasing 

concentrations of ethanol, cleared with xylene and mounted with Cytoseal 60 (Thermo Scientific, 

83104). Images were captured on an IX83 inverted microscope (Olympus) using a UC90 color 

CCD camera (Olympus).  

5.4.7 HCR and Imaging 

HCR was performed following the Molecular Instruments HCR v3.0 protocol for FFPE 

human tissue sections259,261. Briefly, tissue sections were deparaffinized with xylene and 

rehydrated with decreasing concentrations of ethanol (100%, 95%, 80%). Antigen unmasking was 

performed with slides submerged in 10 mM citrate buffer (pH 6.0) and heated in a steamer for 20 

minutes at ~90°C. Slides were cooled to room temperature. Sections were treated with 10 µg/mL 

Proteinase K for 10 min at 37°C and washed with RNase free water. Samples were incubated for 

10 minutes at 37°C in hybridization buffer. Sections were incubated overnight in a humidified 

chamber at 37°C with 3 pmol of initiator probes in hybridization buffer. We designed probes for 

E5 (Table 10). The next day, slides were washed in probe wash buffer and 5x SSCT for 4x 15 

min, according to the manufacturer’s instructions. Samples were incubated in a humidified 



 145 

chamber at 37°C for 30 minutes in amplification buffer. Fluorescent hair pins were heated to 95°C 

for 90 seconds and snap cooled at room temperature for 30 min. Hairpins and amplification buffer 

were added to the sample and incubated overnight at room temperature. Hairpins were washed off 

with 5x SSCT for 5 minutes, 15 minutes, 15 minutes, and 5 minutes followed by a wash with PBS 

containing DAPI. Slides were mounted in Vectashield with DAPI. Slides were imaged on a Zeiss 

880 with Airyscan inverted confocal microscope. Image analysis was performed using FIJI. 

5.4.8 Statistics 

All statistical analysis was performed using GraphPad Prism version 9. Data are presented 

as mean ± SD. Parametric tests were applied when data were distributed normally based on 

D’Agostino–Pearson analyses; otherwise, nonparametric tests were applied. The log-rank test was 

used to analyze the statistical difference of the survival rate in Kaplan Meier curves. In most cases, 

a Kruskal-Wallis test with a Dunn’s test for multiple comparisons or Two-way Anova with Šídák's 

multiple comparisons tests were used to determine statistical significance, as described in the 

figure legends. P values of <0.05 were considered statistically significant, *p<0.05, **p<0.005, 

***p<0.0005, ***p<0.0001, as noted in figure legends. 
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6.0 Unbiased screening defines ISGs that function in pan-enterovirus and enterovirus-

specific specific manners  

Enteroviruses are restricted by type I or III interferons because of the hundreds of ISGs 

induced downstream of this signaling. The redundancy in the antiviral activity of ISGs is central 

to the broadly antiviral nature of interferon activity. Although several ISGs are known to suppress 

enterovirus replication, the broad activity of ISGs against members of the enterovirus family has 

not been defined. In addition, whether these ISGs function in cell-type specific manners to 

suppress enterovirus replication is unknown. In this work, we performed unbiased flow cytometry-

based screening of hundreds of ISGs in two physiologically relevant cell types to define the anti-

enterovirus activity of these ISGs. To determine whether ISGs restrict enterovirus replication in a 

virus-specific manner, we performed parallel screens using laboratory and clinical strains of 

coxsackievirus B (CVB), echovirus 11 (E11), and enterovirus 71 (EV71). In addition, we 

performed parallel screens using a library of human and macaque ISGs to define the evolutionary 

conservation of anti-enterovirus activity amongst ISGs. This screening revealed that select ISGs 

function in a pan-enterovirus manner and function to restrict enterovirus replication across cell 

types. In contrast, some ISGs restrict enterovirus replication in species-, cell-, and virus-specific 

manners. We also show that ISGs exert differential activity against laboratory and clinical isolates 

and that clinical isolates are more sensitive to the antiviral effects of ISGs. Lastly, we will 

determine whether enteroviruses antagonize ISG activity through viral protease-mediated cleavage 

to define the complex interplay between host restriction and viral evasion. This study reveals 

critical differences in enterovirus-specific ISGs as well as cell dependent mechanisms of ISG 

activity. 
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6.1 Introduction 

Enteroviruses are small single-stranded RNA viruses that belong to the Picornaviridae 

family. Enteroviruses infect 10-15 million people in the United States annually and are a 

significant concern for public health318. The pediatric population are especially susceptible to 

enterovirus infections. Enteroviruses, which include poliovirus, echoviruses, coxsackievirus B 

(CVB), enterovirus D-68 (EV-D68), and enterovirus 71 (EV71)82, primarily infect humans through 

the fecal-oral route119. These viruses enter the body through ingestion where they infect the 

gastrointestinal (GI) epithelium. Following primary infection, they disseminate into secondary 

sites of replication, where they typically cause clinical disease. Enterovirus-induced disease 

encompasses a broad range of symptoms from minor skin rashes to liver failure, acute flaccid 

myelitis, and meningitis319. 

IFNs and ISGs are important antiviral factors that control viral infection46,47. The IFN 

family is composed of three classes, type I (IFN-αs, IFN-β and others), type II (IFN-γ), and type 

III (IFN-λs). Both type I and III IFN signaling induces the expression of antiviral ISGs to suppress 

infection. Previous studies have shown that IFN expression is important for restriction of different 

enteroviruses320. We have previously shown that echovirus 11 (E11) specifically induces type III 

IFNs in human intestinal enteroids and recombinant type I and III IFN controls E11130. Others 

have shown that type I IFNs are important for the control of CVB321. Additionally, RNAseq shows 

that enteroviruses induce the expression of ISGs in primary cells and animals59,130,280. One previous 

study identified the role of the interferon-induced protein with tetratricopeptide repeats (IFIT) 

family of ISGs in the protection of cardiomyocytes from CVB infection322. Others have identified 

a role of RSAD2/viperin in the inhibition of EV71323,324. Furthermore, many studies have 
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investigated the role of the enterovirus-encoded viral proteases, 2Apro or 3Cpro in the cleavage of 

RLRs, such as RIG-I, MDA5, and their adaptor MAVS, to inhibit the initiation of innate immune 

responses across many different enteroviruses170,175–180,183. While many studies have explored how 

enteroviruses are detected in cells, what ISGs are induced, and the mechanisms enteroviruses use 

to evade the IFN response, few studies have identified ISGs that exert enterovirus antiviral activity 

and how enteroviruses specifically evade them320. 

Here we developed a high-throughput flow cytometry-based screen to measure active 

replication of enteroviruses in order to identify antiviral ISGs based on a previously established 

ISG screening library325. We screened three different enteroviruses, CVB, E11, and EV71, in two 

physiologically relevant cell lines, human brain microvascular endothelial cells (HBMEC) and 

human colorectal adenocarcinoma cells (Caco-2), to identify antiviral factors in cell type-specific 

and virus-specific manners. To define the evolutionary conservation of anti-enterovirus activity of 

ISGs, we performed parallel screening with a library of human and macaque ISGs. These 

comparative screens identified proviral and antiviral ISGs that were shared amongst enteroviruses 

and those that exhibited specific effects. We also found ISGs that had species specific effects on 

replication when comparing the human and macaque libraries. Using clinical isolates of CVB, 

E11, and EV71, we found that anti-enterovirus ISGs were more robust at suppressing the 

replication of these isolates, suggesting that laboratory strains may have evolved mechanisms to 

evade this restriction. Together, these studies provide a broad identification of anti-enterovirus 

ISGs and suggest that ISGs exert differential activity against laboratory and clinical strains of these 

viruses.  
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6.2 Results 

6.2.1 Establishment of a flow cytometry-based method of detecting viral RNA 

A previous study utilized a GFP reporter-tagged CVB to identify human ISGs with anti-

enterovirus activity within HeLa cells326. While this study identified several ISGs with anti-CVB 

activity, it did not perform comparative screens with closely related or divergent enteroviruses, 

compare antiviral activity across physiologically relevant cell types, determine the evolutionary 

conservation of ISG activity across human and macaque ISGs, or determine antiviral activity 

during bona fide replication not dependent on reporter viruses. Therefore, we developed a flow-

cytometry based ISG screen to identify antiviral proteins against lab adapted and clinical isolates 

of enteroviruses. Because it is well known that reporter containing enteroviruses are attenuated in 

replication time and the ability to combat the IFN response, we decided to use nonreporter viruses, 

which has not been done before with enteroviruses. In order to do this, we had to establish a method 

of detecting viral replication by flow cytometry, a method that has not been well established for 

enteroviruses previously. We wanted to make sure we were detecting active viral replication 

instead of just any input virus so we utilized a double stranded RNA (dsRNA) antibody to detect 

replication intermediates within the cell. To establish this method of vRNA detection, we used a 

highly permissive cell line and infected different MOIs of CVB on a flat bottom 96 well plate. We 

trypsinized and fixed the cells after 8hpi. We were not sure the best method of staining for flow 

cytometry with this antibody, so we used multiple conditions to find the best one that yielded the 

lowest background to best positive signal. We compared blocking in 1% human serum to 1% BSA 

or no blocking, primary antibody for 1hr to an overnight incubation with primary the antibody at 

4°C, and finally the secondary antibody. After many trials, we established this staining method 
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worked best with a 1% human serum in 1% BSA blocking step before an overnight primary 

antibody incubation in permeabilization buffer at 4°C coupled with an Alexa fluor conjugated 

secondary antibody for 1hr (Figure 29). 

6.2.2 Establishment of infectious inoculum for screening in HBMEC and Caco-2 cells 

After we established our assay to measure viral replication by flow cytometry, we needed 

to establish our infection inoculum and length of infection for the screen. We wanted to perform 

the screen using two cell line models of physiologically relevant sites of enterovirus infection. The 

first is a model of the blood brain barrier, HBMEC, and the second is a model of the gastrointestinal 

epithelium, Caco-2. These are extremely important sites of infection in humans and may show 

differences between viral evasion in different cell types in addition to potential cell type specific 

ISGs. But because these two cell lines have different susceptibility to enteroviruses, we had to 

establish the infectious inoculum and the infection length separately for each cell line with each 

virus. We knew from working with each cell line previously that Caco-2 cells are overall more 

permissive to enteroviruses compared to HBMECs. Ideally, the screen is performed within the 

time that only one round of viral replication occurs to only detect ISGs that restrict replication and 

not other processes of viral infection, such as egress. This proves to be a unique balance between 

over and under infecting cells. We started with infecting Caco-2s for 8hrs and HBMECs for 16hrs. 

To figure out the infection dose, we did serial dilutions of each of the viruses in each cell type and 

used our staining protocol that was described above to determine what inoculum resulted in about 

30% of the cells positive for vRNA. We chose the level of infection to be around 30% so we could 

accurately determine pro and antiviral ISGs without a large population of cells that were dead. The 

dilution of virus in each of the cell types that yielded around 30% detectable infection by the flow 



 151 

cytometer was the dilution we would use in the screen (see methods for infection details). Because 

EV71 tends to replicate slightly slower, no matter which cell type was being used, EV71 infections 

occurred for 16hrs. 

 

Figure 29 Schematic of ISG screen workflow 

Schematic representation of the workflow of a flow cytometry based ISG screen. Either HBMEC or Caco-2 cells were plated in 96 

well plates one day prior to transduction. Cells were transduced with the lentiviral library which contained an ISG. Cells were 

incubated for 48hrs before challenging with the respective enterovirus. 8 or 16hrs post infection, cells were trypsinized, fixed, 

permeabilized and stained overnight with an antibody recognizing double stranded RNA. Following an overnight incubation with 

the primary antibody, cells were washed and incubated with an anti-mouse secondary antibody which was conjugated to a 488 

fluorophore. Samples were read on an attune flow cytometer with a 96 well autosampler. Figure was made with Biorender.com. 

6.2.3 Optimization of lentivirus transduction of ISG library in HBMEC and Caco-2 cells 

The last condition we had to optimize before starting our screen was transduction of the 

libraries in the two cell types. We used the two previously established human and macaque libraries 

in order to determine if any species specificity occurs in restrictive ISGs325,326. These libraries 

combine to test 491 unique ISGs. The human library is comprised of 399 ISGs while the macaque 

library is comprised of 346 ISGs. They both contain 254 dual ISGs which allows for testing of 

species differences between specific ISGs. Every cell line transduces with lentiviral particles at 

different efficiencies. In order to make sure our screens contained high numbers of transduced 

cells so we could quantify levels of infection, we optimized transduction of the lentiviral particles. 
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Similar to how we tested our enterovirus inoculum, we performed serial dilutions of the lentivirus 

particles to determine how much was needed to have 90% of the cells be transduced with the ISG 

and quantified this by flow cytometry. Because it would be impossible to titer all of the individual 

wells of the lentiviral library and add a different amount to every single well, the goal of having a 

transduction efficiency of 90% with an empty vector control lentiviral prep helped make sure that 

even with variation between wells of the lentivirus library, we would hopefully have at least 50% 

of cells that were transduced. We also tested whether polybrene would help increase transduction 

in each of the cell types. Our test determined that polybrene was not necessary for high efficiency 

transduction of either cell type and gave us an average volume of lentiviral supernatants required 

to produce high transduction efficiencies. Following this last test for transduction efficiency, we 

were able to perform our screen. 

6.2.4 ISG screen data interpretation 

Cells were transduced with the ISG library from either the human or macaque libraries 

followed by infection of the specified enterovirus for either 8 or 16hrs (see methods). Cells were 

stained using an antibody that recognizes double stranded RNA, a replication intermediate of 

enteroviruses, followed by a secondary antibody, and quantified by flow cytometry. The 

percentage of infected cells for each well was determined by taking the double positive cells and 

divided by the total RFP positive cells. In order to determine the level of ISG restriction, each 

wells’ percentage of infected cells was divided by the average of the empty vector controls that 

are throughout the screen for the respective cell type and virus. This gave us a percentage of 

infection compared to control to determine if each ISG restricts infection, has not impact on 

infection, or is proviral. We called potential hits has ISGs that decreased infection by at least 2-
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fold or increased infection by at least 3-fold (Figure 30). Overall, the ISG screens identified both 

proviral and antiviral factors against CVB, E11, and EV71 in both cell types. 

 

Figure 30 Example plot of potential hits 

Example plot of how the data will be graphed. On the x axis is which species library which is shown (human black, macaque blue). 

The y axis will be the normalized infectivity percentages. An example of an antiviral hit would be in the highlighted red area, which 

shows a 2-fold decrease in replication. An example of a proviral hit would be in the highlighted green area, which shows a 3-fold 

increase in replication. 

6.2.5 ISG screen identifies several pro-viral and antiviral host factors against CVB, E11, 

EV71 in human brain microvascular endothelial cells 

 In HBMECs, CVB had the least amount of identified antiviral factors (5 human, 8 

macaque) (Figure 31A, bottom, D, and E) where as E11 (24 human, 7 macaque) and EV71 (22 

human, 28 macaque) had many factors that reduced viral replication (Figure 31B and C, bottom, 

D and E). Interestingly, EV71, in HBMECs, had several host factors that were pro-viral (11 

human, 8 macaque) (Figure 31C, top). One host factor that was meaningful was Scavenger 

Receptor Class B Member 2 (SCARB2), as it is the viral entry receptor. SCARB2 was included 
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when the library was established since it becomes upregulated when cells are treated with 

interferons and therefore is an ISG. SCARB2 being in both the human and macaque libraries 

validates that our screen is working properly for EV71 infection as when SCARB2, the viral 

receptor, is overexpressed infection should increase. In fact, in our screen both the human and 

macaque isoforms significantly increased infection. The macaque derived library also included an 

antiviral that helped validate that the screen was working as we expected, IFN beta (IFN-β). We 

expected that IFN-β would be a strong antiviral factor as it should turn on hundreds of ISGs, 

nonspecifically, that will act to restrict infection. This was the case where macaque IFN-β 

restricted all three viruses in HBMECs (Figure 31). These two ISGs, while not intentionally 

included for this reason, helped validate the screen was giving us accurate data. 

Within each species library, the viruses had several overlapping antiviral ISGs. In the 

human library, three genes were shared among all three enteroviruses, E74 Like ETS Transcription 

Factor 1 (ELF1), ISG20, and Lysosomal Associated Membrane Protein 3 (LAMP3) (Figure 31D). 

Interestingly, four ISGs were shared between EV71 and E11 but did not impact CVB replication, 

Shiftless Antiviral Inhibitor of Ribosomal Frameshifting (C19orf66), BCL2 Like 14 (BCL2L14), 

Zinc Finger CCCH-Type Containing, Antiviral 1 (ZC3HAV1), and Fms Related Receptor 

Tyrosine Kinase 1 (FLT1). While CVB and E11, members of the same enterovirus family, shared 

only one ISG that restricted infection, Thrombomodulin (THBD) (Figure 31D). CVB and EV71 

did not share any antiviral ISGs in the human library. A similar trend occurred in the macaque 

library. All three viruses shared three ISGs, IFN-β, MKX, and BCL2L14 (Figure 31E). While E11 

shared many common hits with the other two viruses in the human library, in the macaque library, 

E11 only shared hits that overlapped with all three viruses and did not share hits with only one 
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other virus. Instead, EV71 and CVB had two common ISGs, C9orf52 and ZC3HAV1 (Figure 

31E). 

In addition to comparing antiviral ISGs between the three different viruses within the same 

species library, our screen allows for comparison of hits between species to determine if these 

ISGs have any species specificity against enteroviruses. To do this we only analyzed ISGs that 

were in both libraries to compare the similarities and differences between human and macaque 

isoforms of each ISG. The comparison of CVB led to the interesting observation that despite the 

high number of dual coverage ISGs between the two libraries, none were shared in restricting CVB 

in HBMECs (Figure 31F). However, three human ISGs restricted infection where the macaque 

isoform did not and three macaque ISGs restricted infection where the human isoform did not 

restrict. On the other hand, E11 and EV71 had a few shared hits between the libraries. E11 had 

three shared hits between the human and macaque libraries, TNF Receptor Superfamily Member 

10a (TNFRSF10A), BCL2L14, and TNFSF10 (Figure 31G). But still twelve human and two 

macaque ISGs that restricted infection but their other species counterpart did not. EV71 had four 

shared hits between the libraries, homeobox protein Mohawk (MKX), ELF1, BCL2L14, and 

ZC3HAV1 (Figure 31H). Both libraries had eleven ISGs that restricted infection of EV71 but the 

cross-species isoform did not impact infection. These data suggest a role for species specific ISGs 

in restricting enteroviruses in HBMECs. 

C19orf66 and LAMP3 were interesting ISGs that stuck out from this screen using 

HBMECs. C19orf66 was only in the human library so we were not able to assess any species 

differences, however, it only is antiviral against E11 and EV71 and does not impact CVB 

replication (Figure 31D). Since C19orf66 does not impact CVB replication, it suggests this ISG 

is acting in a virus specific manner or that CVB has evolved a mechanism to overcome the antiviral 
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action of C19orf66. Another interesting ISG hit from this screen was LAMP3. LAMP3 was both 

species specific and enterovirus specific as only the human isoform was antiviral against only CVB 

and E11 (Figure 31F and G). 

 

Figure 31 ISG screen identifies several pro-viral and antiviral factors against CVB, E11, and EV71 in human 

brain microendovascular cells 

HBMECs were transduced with the lentiviral library containing an ISG for 48hrs and then infected with CVB (A), E11 (B), or 

EV71 (C) for 16hrs. Cells were washed, trypsinized, and stained with an antibody recognizing double stranded RNA followed by 

a secondary antibody conjugated to a 488 fluorophore. Percentage of double positive (RFP positive, 488 positive) cells were 

quantified and analyzed using an Attune Nxt flow cytometer using a 96 well autosampler. Data are shown as percent of infection 

of empty vector controls. Comparisons of overlapping hits between the viruses within the human (D) or macaque library (E) within 
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HBMECs. Comparisons of overlapping hits between the human and macaque library for CVB (F), E11 (G), EV71 (H) within 

HBMECs. Comparisons were made using Venny and Venn diagrams were made using BioRender.com. 

 

6.2.6 ISG screen identifies several proviral and antiviral host factors against CVB, E11, 

EV71 in human intestinal derived cells, Caco-2 cells 

The other cell type we decided to use in our screen were Caco-2 cells. Caco-2 cells have 

been used to study enterovirus biology of the intestine for many years. They can polarize leading 

to distinct apical and basolateral surfaces. This leads to localization of cellular proteins that are 

more like intestinal cells within the GI epithelium. Given that Caco-2 cells are polarized, this could 

alter ISG function to be more like how it normally acts, potentially helping eliminate false positive 

antiviral ISGs. These cells are very sensitive to nearly all enterovirus species making them a good 

model to express potentially restrictive genes. Following the same trend as in the HBMECs, CVB 

had a small number of ISGs that were antiviral (8 human, 3 macaque), however the factors that 

were antiviral had a very strong impact on infection reducing infection by 40% or more (Figure 

32A). Similarly, E11 only had a few ISGs that restricted infection, but these proteins had a strong 

antiviral phenotype (7 human, 3 macaque) (Figure 32B). While EV71 had the most ISGs that 

restricted viral replication (20 human, 13 macaque) (Figure 32C). Compared to the HBMECs, the 

viruses in Caco-2 cells had far more antiviral ISGs in the human library but fewer antiviral ISGs 

within the macaque library. Again, similar to HBMECs, SCARB2 increased infection for EV71 

and macaque IFN-β restricted all three enteroviruses held true in the Caco-2 cells (Figure 32).  

The three viruses also had a higher number of ISGs that overlapped in the human library 

(Figure 32D). ZC3HAV1 and MDA5 both were able to restrict all three of the viruses. CVB and 
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EV71 shared two ISG that were unique in controlling their replication, ISG20 and interferon 

regulatory factor 1 (IRF1). EV71 and E11 shared only one common ISG which was P21 activated 

kinase 3 (PAK3). E11 and CVB also only shared one common ISG, which was C19orf66 (Figure 

32D). While the human library in Caco-2 cells produced many ISG hits that were similar within 

the viruses, the macaque library yielded only three ISGs that had any commonality between the 

viruses (Figure 32E). All three viruses were restricted by two common ISGs, ZC3HAV1 and IFN-

β, while OAS1 was shared between E11 and CVB (Figure 32E).  

Again, we were interested in comparing not only hits between viruses but hits between 

species within the Caco-2 cells. We took ISGs that were in both libraries and compared the hits. 

Only one ISG overlapped between the human and macaque libraries as a hit for CVB, ZC3HAV1 

(Figure 32F). However, the human ISGs had five that were considered a hit while their macaque 

isoforms were not. On the other hand, the macaque library had one ISG, 2'-5'-oligoadenylate 

synthetase 1 (OAS1), that was able to restrict CVB infection (Figure 32F). Along similar lines, 

E11 had one ISG that overlapped between human and macaque isoforms which also was 

ZC3HAV1, like CVB, and one macaque ISG that restricted infection while the human isoform did 

not, OAS1 (Figure 32G). E11 also had four unique ISGs from the human library that restricted 

infection, including MDA5 and MX Dynamin Like GTPase 2 (MX2) (Figure 32G). EV71 shared 

two ISGs that were antiviral within both libraries, ZC3HAV1 and IRF1 (Figure 32H). While nine 

ISGs from the human library and 5 from the macaque library restricted EV71 (Figure 32H). 

One overlapping hit that stuck out was ZC3HAV1. Strikingly, both human and macaque 

ZC3HAV1 was the strongest antiviral factor in Caco-2 cells from the human library for all three 

viruses (Figure 32F-H). Not surprisingly, ZC3HAV1 has been shown to be antiviral against other 

viruses such as human cytomegalovirus (CMV) and human immunodeficiency virus type I (HIV-
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1)327,328. In addition to these two viruses, ZC3HAV1 has also been shown to inhibit echovirus 7 

(E7) replication, which is closely related to E11329. Two examples of ISGs that exhibited a species 

specificity were MDA and OAS1. Interestingly, only the human isoform of MDA5, a known 

cytosolic sensor, was an antiviral hit for all three of the viruses, whereas the macaque isoform did 

not restrict infection (Figure 32D). This could suggest some species specificity in the mechanism 

by which MDA5 restricts enterovirus infection. On the other hand, macaque OAS1 was another 

strong antiviral hit against CVB and E11 but not EV71 (Figure 32E). Interestingly, the human 

OAS1 was not found to be an antiviral hit (within the cut off set) against any of the enteroviruses 

tested. Again, this may suggest a different mechanism of restriction leading to this species 

specificity. 
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Figure 32 ISG screen identifies several pro-viral and antiviral factors against CVB, E11, and EV71 in human 

Caco-2 cells 

Caco-2 cells were transduced with the lentiviral library containing an ISG for 48hrs and then infected with CVB (A) or E11 (B) for 

8hrs or EV71 (C) for 16hrs. Cells were washed, trypsinized, and stained with an antibody recognizing double stranded RNA 

followed by a secondary antibody conjugated to a 488 fluorophore. Percentage of double positive (RFP positive, 488 positive) cells 

were quantified and analyzed using an Attune Nxt flow cytometer using a 96 well autosampler. Data are shown as percent of 

infection of empty vector controls. Comparisons of overlapping hits between the viruses within the human (D) or macaque library 

(E) within Caco-2 cells. Comparisons of overlapping hits between the human and macaque library for CVB (F), E11 (G), EV71 

(H) within Caco-2 cells. Comparisons were made using Venny and Venn diagrams were made using BioRender.com. 
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6.2.7 Mini hits screen compares laboratory and clinical isolates of enteroviruses 

Following analysis of the full screen, we wanted to validate our potential hits using a mini 

screen. To do this we took any factor that decreased infection by two-fold or more (a potential 

antiviral factor) or increased infection by 3-fold or more (a potential proviral factor) within any of 

the three viruses and in either of the two cell types and made a custom mini screen. In addition, if 

the ISG was a hit in one library but not the other, we included the other species isoform. The mini 

screen consisted of 79 human ISGs and 80 macaque ISGs. These plates also included many empty 

vector controls to normalize the screen. Using this mini screen, we wanted to retest our laboratory 

isolates of enteroviruses in HBMECs and Caco-2 cells to verify potential hit candidates. We also 

wanted to use this format to test CDC acquired clinical isolates of these same enteroviruses in the 

two different cell types (Figure 33). Laboratory isolates of enteroviruses have been cultured and 

passaged for decades. We know that passaging of the virus can change their biology significantly. 

One example of this is the isolate we use in our screen. This isolate was passaged on 

rhabdomyosarcoma cells and gained affinity for binding DAF, an attachment factor used for 

entry330. Because laboratory isolates have been cultured and passaged for such a long period of 

time, we wanted to compare them to more clinically relevant isolates to determine if changes in 

susceptibility to ISGs have occurred over the passaging time. This screen has never been done to 

compare laboratory isolates to clinical isolates. 
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Figure 33 Schematic of the mini hits ISG screen 

Visual representation of how factors were picked to be included in the mini hits screen. Any factor that decreased infection by 2-

fold or more or increases infection by 3-fold or more was included in the mini hit library screen. This mini library of hits was 

rescreened with the same laboratory isolates as above as well as clinical isolates. Cells were transduced with the lentiviral library 

which contained the ISG. Cells were incubated for 48hrs before challenging with the respective enterovirus (laboratory or clinical 

isolates). 8 or 16hrs post infection, cells were trypsinized, fixed, permeabilized and stained overnight with an antibody recognizing 

double stranded RNA. Following an overnight incubation with the primary antibody, cells were washed and incubated with an anti-

mouse secondary antibody which was conjugated to a 488 fluorophore. Samples were read on an attune flow cytometer with a 96 

well autosampler. Figure was made with BioRender.com. 

 

6.2.7.1 Mini hits screen in HBMECs shows similarities and differences of pro- and antiviral 

factors between lab and clinical isolates of enteroviruses 

 

To validate hits in HBMECs, the mini hits screen as performed using hits that were 

determined as described above (Figure 34). Many factors that were antiviral in the larger screen, 

were verified in this smaller targeted screen however some hits did not verify. CVB had five human 

and eight macaque potential antiviral hits in the original screen while two of those human hits and 

five of the macaque hits validated in the follow up screen, six additional human and two macaque 
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ISGs were antiviral (Figure 34A). E11 had twenty-four human and seven macaque potential 

antiviral hits in the original screen while twelve of those human hits and four of the macaque hits 

validated in the follow up screen, seven additional human and twelve macaque ISGs were antiviral 

(Figure 34B). EV71 had twenty-two human and twenty-eight macaque potential antiviral hits in 

the original screen while eight of those human hits and three of the macaque hits validated in the 

follow up screen, two additional human and four macaque ISGs were antiviral (Figure 34C). 

In addition to retesting the laboratory isolates in this mini screen as a validation method, 

we used CDC acquired clinical isolates to test their sensitivity to these different pro- and antiviral 

factors and thus compare them to their older lab adapted counter parts. Because lab isolates have 

been cultured and passaged for decades and have undergone biological changes that may impact 

their sensitivity to the antiviral activity of ISGs, we wanted to use clinical isolates which have been 

minimally passaged and may act differently than the classical lab used isolates. We used a CVB3 

isolate that was isolated in 2018 and passaged once (Figure 34D). The clinical isolate of E11 was 

also isolated in 2018 and passaged twice (Figure 34E). Finally, the clinical isolate of EV71 was 

isolated in 2018 and passaged four times (Figure 34F). 
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Figure 34 HBMEC hits screen shows similarities and differences between laboratory and clinical isolates 

Cells were transduced with the lentiviral library which contained the ISG. Cells were incubated for 48hrs before challenging with 

the respective enterovirus (laboratory or clinical isolates). 8 or 16hrs post infection, cells were trypsinized, fixed, permeabilized 

and stained overnight with an antibody recognizing double stranded RNA. Following an overnight incubation with the primary 

antibody, cells were washed and incubated with an anti-mouse secondary antibody which was conjugated to a 488 fluorophore. 

Samples were read on an attune flow cytometer with a 96 well autosampler. Data are shown as percent of infection of empty vector 

controls. 

 

The main goal of using these clinical isolates was to compare their susceptibility to specific 

ISGs to the laboratory isolates. In HBMECs, the clinical isolate of CVB showed overall slightly 

less sensitivity to ISGs that were antiviral against the clinical isolate but the main factors that 

limited replication of the laboratory isolate, also impacted the clinical isolate of CVB (Figure 35A 

and D). Within the human library, both isolates of CVB were restricted by four ISGs, including 
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MDA5 and ZBP1 (Figure 35A). While in the macaque library both isolates were restricted by two 

ISGs, IFN-β and C9orf52 (Figure 35D). The isolates of CVB share a few common ISGs, that have 

many more that are different. Between both libraries the laboratory isolate of CVB had ten ISGs 

that did not impact the clinical isolate. On the other hand, the clinical isolate was restricted by 

seven different ISGs between the two libraries that did not impact the laboratory isolate (Figure 

35A and D). While the clinical isolate of CVB seemed to be less sensitive overall to these factors, 

the clinical isolate of E11 was the opposite and had many more antiviral factors compared to the 

laboratory isolate (Figure 35B and E). Both isolates shared thirteen ISGs within the human 

library, including MDA5 and IDO, while sharing seven ISGs within the macaque library, including 

IFN-β and FNDC3B. The laboratory isolate of E11 was sensitive to fifteen ISGs within the human 

and macaque libraries (Figure 35B and E). Whereas the clinical isolate of E11 was sensitive to 

seventeen ISGs (Figure 35B and E). Along a similar trend as E11, the EV71 clinical isolate was 

much more sensitive to ISGs compared to the laboratory isolate of EV71. Together, between both 

libraries, both shared eleven common ISGs, including IDO from both libraries, MDA in the human 

library, and IFN-β from the macaque library (Figure 35C and F). Between both libraries, the 

laboratory isolate of EV71 only had seven ISGs whereas the clinical isolate of EV71 was sensitive 

to thirty seven ISGs, twenty 21 human and 16 macaque (Figure 35C and F). 

Another goal of our screen was to compare potential similarities and differences between 

different species. We compared all ISGs that were in both libraries for potential antiviral hits 

against the clinical isolates. The mini screen contained fifty-three ISGs that were in both libraries. 

Of these dual coverage ISGs, none overlapped as hits between the human and macaque libraries 

for the clinical isolate of CVB. Whereas the human isoforms of MDA5 and IRF1 and the macaque 

isoform of TNFRSF10A were antiviral hits for the clinical isolate of CVB (Figure 35G). The 
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clinical isolate of E11 had any more ISG hits that overlapped between species. A total of seven 

ISGs were antiviral for both the human and macaque isoforms of the ISG, which included MKX 

and LAMP3 (Figure 35H). On the other hand, six human and four macaque ISGs were unique for 

restricting the clinical isolate of E11 (Figure 35H). Similar to the clinical isolate of E11, the 

clinical isolate of EV71 also had many ISGs in which both the human and macaque isoforms were 

both antiviral. The human and macaque libraries had nine overlapping antiviral ISGs against the 

clinical isolate of EV71, which included MKX and LAMP3 (Figure 35I). While the human library 

had seven ISGs that were antiviral where their matched macaque isoform was not, the macaque 

library had eight ISGs that were antiviral where their matched human isoform was not (Figure 

35I). 
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Figure 35 Visual comparision of hits between lab and clinical isolates and across species in HBMECs 

Visual comparison of matching laboratory and clinical isolates within HBMECs. (A-C) Comparison of the human library with 

CVB (A), E11 (B), or EV71 (C) in HBMECs. (D-F) Comparison of the macaque library with CVB (D), E11 (E), or EV71 (F) in 

HBMECs. Comparisons of overlapping hits between the human and macaque library for the clinical isolates of CVB (G), E11 (H), 

EV71 (I) within HBMECs. Comparisons were made using Venny and Venn diagrams were made using BioRender.com. 
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6.2.7.2 Mini hits screen in Caco-2 cells shows similarities and differences in antiviral 

factors between laboratory and clinical isolates of enteroviruses 

 

To validate hits in Caco2 cells, we used the same custom mini screen as shown in Figure 

33 and discussed above. Of the eight human ISGs that were antiviral against CVB in the Caco-2 

cells, two were validated in this follow up screen. The macaque library yielded three antiviral ISGs 

against CVB and all three of these verified in the follow up screen with an additional three that 

were antiviral in this screen (Figure 36A). E11 had seven human and three macaque potential 

antiviral hits in the original screen while three of those human hits and three of the macaque hits 

validated in the follow up screen, three additional human and two macaque ISGs were antiviral 

(Figure 36B). Of the twenty human ISGs that were antiviral against EV71, only four validated in 

the follow up screen and two additional ISGs were hits. In the macaque library, fourteen ISGs 

were antiviral against EV71 in the original screen while six of those validated and three additional 

ISGs were antiviral in the follow up screen (Figure 36C). Again, because we wanted to determine 

if laboratory isolates have changed in their susceptibility to different ISGs from the many passages 

they have undergone, we used recently isolated, minimally passaged, clinical isolates of each virus 

(Figure 36D, E, and F). The all three clinical isolates had more anti-viral factors compared to the 

laboratory isolates. The clinical isolate of CVB was very sensitive to C19orf66 and ZC3HAV1 

(Figure 36D). The clinical isolate of E11 was also sensitive to ZC3HAV1 and in addition was also 

sensitive to OAS1 (Figure 36E). The clinical isolate of EV71 had the greatest number of factors 

it was sensitive to. Some of these included MDA5, MKX, and ZBP1 (Figure 36F). 
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Figure 36 Caco-2 hits screen shows similarities and differences in antiviral factors between laboratory and 

clinical isolates 

Cells were transduced with the lentiviral library which contained the ISG. Cells were incubated for 48hrs before challenging with 

the respective enterovirus (laboratory or clinical isolates). 8 or 16hrs post infection, cells were trypsinized, fixed, permeabilized 

and stained overnight with an antibody recognizing double stranded RNA. Following an overnight incubation with the primary 

antibody, cells were washed and incubated with an anti-mouse secondary antibody which was conjugated to a 488 fluorophore. 

Samples were read on an attune flow cytometer with a 96 well autosampler. Data are shown as percent of infection of empty vector 

controls. 

 

The main goal of this mini screen was to validate any potential antiviral hits as well as 

compare laboratory and clinical isolates. While the laboratory and clinical isolates of CVB had 

some overlapping antiviral ISGs, the clinical isolate of CVB was sensitive to a higher number of 
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ISGs. Within the human library, the isolates shared four common antiviral ISGs, such as 

ZC3HAV1 and MDA5. While the laboratory isolate of CVB was sensitive to OAS1, the clinical 

isolate had eight antiviral hits, including MKX and DDX58 (Figure 37A). In the macaque library, 

both isolates shared seven antiviral ISGs, including OAS1 and ZC3HAV1. The laboratory isolate 

did not have any unique ISGs, but the clinical isolate had seven that restricted infection in the 

Caco-2 cells (Figure 37D). In both species libraries the isolates of E11 shared five common ISGs 

per library. Both libraries common hits included ZC3HAV1. The human library included ISGs 

such as MDA5 and the macaque library included ISGs such as OAS1 (Figure 37B and E). The 

human library had quite a few different ISGs between the isolates. The laboratory isolate of E11 

had three unique ISGs, while the clinical isolate of E11 had nine nonoverlapping ISGs in Caco-2 

cells (Figure 37B). Interestingly, EV71 had the least amount of shared antiviral ISGs in both 

libraries in the Caco-2 cells. In the human library, the EV71 isolates shared four common antiviral 

ISGs, such as IRF1 and ZC3HAV1. Each of the isolates had two unique ISG hits (Figure 37C). 

The EV71 isolates only shared one ISG within the macaque library, HRASLS2. While the 

laboratory isolate of EV71 had eight unique antiviral ISGs and the clinical isolate only had one in 

the Caco-2 cells (Figure 37F). 

As mentioned earlier, one strength of this screen is that we used both a human and macaque 

ISG library to screen potential antiviral hits. This allows us to compare hits across species to look 

for species specific antiviral ISGs. The clinical isolate of CVB had an equal number of overlapping 

and different ISGs for each library (Figure 37G). The human and macaque libraries overlapped 

with five ISGs, including MKX and ZC3HAV1. The human library had five ISGs that only the 

human isoform was antiviral against the clinical isolate of CVB, including IRF9 and MDA5. The 

macaque library had four ISGs that only the macaque isoform was able to restrict infection, 
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including OAS1 (Figure 37G). The clinical isolate of E11 had three shared ISGs between the two 

species libraries, including TNFRSF10A and ZC3HAV1 (Figure 37H). The human library has 

eight unique ISGs, such as MDA5 and IRF1, while the macaque library only had one antiviral 

ISG, OAS1, against the clinical isolate of E11 (Figure 37H). Finally, the clinical isolate of EV71 

only shared one cross species antiviral ISG, HRSL22 (Figure 37I). The human library had five 

unique ISGs, which included IRF1 and MDA5. But the macaque library did not have any unique 

ISGs (Figure 37I). 

 

Figure 37 Visual comparision of hits between lab and clinical isolates and across species in Caco-2 cells 

Visual comparison of matching laboratory and clinical isolates within Caco-2 cells. (A-C) Comparison of the human library with 

CVB (A), E11 (B), or EV71 (C) in Caco-2 cells. (D-F) Comparison of the macaque library with CVB (D), E11 (E), or EV71 (F) in 

Caco-2 cells. Comparisons of overlapping hits between the human and macaque library for the clinical isolates of CVB (G), E11 

(H), EV71 (I) within Caco-2 cells. Comparisons were made using Venny and Venn diagrams were made using BioRender.com. 
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6.3 Discussion 

Here, we applied flow cytometry-based comparative screening to identify ISGs that exert 

antiviral activity. This screening revealed the broad anti-enteroviral activity of a number of ISGs 

and highlighted the cell-, virus-, and species-selectivity of ISGs.  Combined together between the 

two species libraries and both cell types, the laboratory isolate of CVB had twenty-eight antiviral 

hits, E11 had forty-eight antiviral hits, and EV71 had thirty-three antiviral hits. In comparison, the 

clinical isolates of each virus had more hits. The clinical isolate of CVB had thirty-nine antiviral 

hits, E11 had fifty-eight antiviral hits, and EV71 had fifty-six antiviral hits. These numbers 

combine both species libraries and cell types without accounting for overlap of genes. Therefore, 

the number of antiviral genes is likely much lower. However, this shows that we have identified 

many ISGs with a range of antiviral activity. 

Two ISGs that had strong antiviral phenotypes were ZC3HAV1 and OAS1. One of the 

strongest antiviral factors in the screen was ZC3HAV1, also known as ZAP, which is a zinc finger 

protein that has been shown to be a cytosolic RNA sensor331. In addition, it is known to recruit 

cellular RNA degradation machinery to specific CG-rich viral RNA as a mechanism to degrade 

viral RNA and inhibit replication (Figure 38)332. Due to this known function of ZC3HAV1, it is 

not surprising that it would be a strong inhibitor of enterovirus replication. While it seems to 

restrict both laboratory and clinical isolates similarly, it was far more restrictive in Caco-2 cells 

compared to HBMECs. We don’t yet understand why this would be the case. This could be due to 

timing of viral infection. Caco-2 infections were much shorter than HBMEC infection as Caco-2 

cells are more permissive. It could be that the viruses are able to overcome the restriction of 

ZC3HAV1 during a longer infection cycle. Alternatively, it is possible that an essential binding 

partner of ZC3HAV1 is not as highly expressed in HBMECs compared to Caco-2 cells. 
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One binding partner that has been reported to be essential for ZC3HAV1 antiviral activity 

is TRIM25333,334. TRIM25 is an E3 ubiquitin ligase. It is still unclear exactly how TRIM25 

interacts with ZC3HAV1 and how together they exhibit antiviral activity. But it is known that 

TRIM25 depletion significantly reduces ZC3HAV1 antiviral activity335. The lab has previously 

run RNAseq on both HBMECs and Caco-2 cells. Both cell types seem to have moderate levels of 

TRIM25 (10 RPKM in Caco-2 cells and about 11 RPKM in HBMECs)59,184, so it does not seem 

to be the case that ZC3HAV1 activity would be impacted by not having TRIM25 expressed. 

Another binding partner that has been reported to interact with ZC3HAV1 is OAS3336. One study 

showed that ZC3HAV1 and OAS3 colocalize within infected cells329. Additionally, when OAS3 

was depleted, ZC3HAV1 antiviral activity was decreased329. Within our RNAseq data sets, OAS3 

is lowly expressed in both cell types (1 RPKM in Caco-2 and 2 RPKM in HBMECs). Although 

low expression overall, it seems each cell type has similar levels suggesting that lack of OAS3 

expression does not account for the differences in ZC3HAV1 restriction between both cell types. 
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Figure 38 ZC3HAV1 mechanism of antiviral activity 

Following virus entry into a cell, viral RNA undergoes replication. The replication intermediate of double stranded RNA (dsRNA) 

can be detected by many cytosolic host factors which triggers the production of IFN-β. When secreted, IFN-β can act in an autocrine 

or paracrine manner to induce the production of ISGs, in this case ZC3HAV1. Once induced, ZC3HAV1 binds CG rich RNA and 

inhibits ribosomal translation of both viral and host cellular RNA. This results in a nonspecific shut down of all translation in the 

cell, to limit viral replication. 

 

In addition to ZC3HAV1, OAS1 was a major antiviral host factor that restricted CVB and 

E11 but not EV71. While the macaque isoform of OAS1 was a very strong hit, the human isoform 

only slightly restricted infection. OAS1, or 2′, 5′-oligoadenylate synthetase 1, is a cytosolic double 

stranded RNA (dsRNA) sensor which is a catalytically active enzyme. The detection of dsRNA 

by OAS1 triggers a conformational change in OAS1 to allow the enzymatic pocket to be exposed. 
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Once this pocket is exposed, OAS1 converts (ATP) to 2’-5’-oligoadenylates337. This leads to the 

activation of RNaseL which degrades cellular and viral RNA (Figure 39)338. The replication 

intermediate of enteroviruses is dsRNA, a potential trigger of OAS1 activation. As a result, it 

would be expected that OAS1 has some antiviral activity against enteroviruses. While human 

OAS1 has been shown to be antiviral against a broad class of viruses, it has only been shown to 

be antiviral against CVB and the mechanism is not well understood339. While no one has tested 

the macaque isoform of OAS1 to determine any impact any virus replication. In our screens, we 

show that the macaque isoform of OAS1 is much more restrictive than the human counterpart, 

although the human isoform still restricts infection mildly. This suggests a potential species-

specific effect on viral replication. In addition, OAS1 is cell type specific with only antiviral 

activity in Caco-2 cells and not in HBMECs. One major binding partner that is essential for OAS1 

antiviral effects is RNaseL. RNaseL is the executioner of RNA degradation of the OAS1 pathway 

and without this essential binding partner, OAS1 likely would not be able to have any antiviral 

functions. In Caco-2 cells expression of RNaseL by RNAseq is slightly higher than in HBMECs 

(2.3 RPKM in Caco-2 cells and 1 RPKM in HBMECs). Although this level of expression is not 

much different, this could explain why OAS1 seems to have a cell type specific antiviral effect. 

Interestingly, OAS1 has a virus-specific antiviral effect against CVB and E11 but not EV71. This 

could be due to the timing of replication. Historically, EV71 has slightly slower replication kinetics 

compared to CVB and E11 or it could be that EV71 may have evolved some mechanism to evade 

OAS1 specific antiviral activity. In addition, CVB and E11 are members of the same enterovirus 

group (enterovirus group B or EVB) where as EV71 is a member of a different enterovirus group 

(enterovirus group A or EVA). This could be why CVB and E11 are similarly restricted by OAS1 

but EV71 is not. 
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Figure 39 OAS1 mechanism of antiviral activity 

As an enterovirus enters the cell and undergoes uncoating to expose its viral RNA. During replication, the double stranded RNA 

triggers a host innate immune response leading to the induction of hundreds of ISGs such as OAS1. OAS1 binds the double stranded 

viral RNA which leads to a confirmational change exposing the enzymatic binding pocket. Here, ATP is converted to 2’-5’ 

oligoadenylate. This byproduct activates RNaseL leading to the degradation of both cellular and viral RNA. 

 

While these two host factors seem to be strong antiviral candidates and would be interesting 

to follow up on more closely, we decided to take a bit broader approach to determine which host 

factors would be interesting for a follow up study. As mentioned before, enteroviruses encode two 

viral proteases, 2Apro and 3Cpro. These proteases cleave the viral polyprotein after translation as 

well as act to cleave host proteins. Several studies have mapped the potential protein cleavage 

sequences of each of the viral proteases340,341. While historical studies have suggested that 2Apro 

preferentially cleaves between tyrosine-glycine pairs and 3Cpro cleaves between glutamine-glycine 
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pairs341, other studies have shown the cleavage sites can be more variable. We believe that although 

some of these host factors are antiviral when overexpressed in the context of our ISG screen, that 

in the context of a natural infection, the proteases may cleave some of these host factors to try to 

evade the innate immune response. To investigate this, we took all the ISGs that restricted infection 

by 60 percent in either cell line or any of the six viruses and mapped potential protease cleavage 

sites for each host protein (Table 3). Future studies will investigate how these viruses potentially 

overcome these antiviral ISGs. 
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Table 3 Potential enterovirus protease cleavage sites 

Gene 2A 3C 
C19orf66 1 1 

IDO None None 
LAMP3 2 2 
MKX 2 3 
THBD 4 3 
ZBP1 10 None 

ZC3HAV1 5 2 
ELF1 2 None 
Mx1 None 1 
Mx2 1 1 

OAS1 None 1 
HERC5 None 1 
ADAR 6 8 
CD80 None 1 

CTCFL 2 None 
DDX58 1 1 
HPSE 4 1 
RIPK2 1 2 

TNFSF10 2 2 
TRIM25 1 2 

FLT1 1 None 
TCF7L2 2 2 
MDA5 None None 
IRF1 None None 

ISG20 1 None 
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6.4 Materials and Methods 

6.4.1 Cell lines  

HBMECs were obtained from Kwang Sik Kim, Johns Hopkins University, Baltimore, MD, 

described previously243, and grown in RPMI-1640 supplemented with 10% FBS (Invitrogen), 10% 

NuSerum (Corning), non-essential amino acids (Invitrogen), sodium pyruvate, MEM vitamin 

solution (Invitrogen), and penicillin/streptomycin. Caco-2 cells were purchased from the American 

Type Culture Collection (ATCC) and cultured in MEM supplemented with 10% FBS, non-

essential amino acids, sodium pyruvate, and penicillin/streptomycin. HeLa cells (clone 7B) were 

provided by Jeffrey Bergelson, Children’s Hospital of Philadelphia, PA, and cultured in MEM 

supplemented with 5% FBS, non-essential amino acids, and penicillin/streptomycin. HEK 293T 

were purchased from the American Type Culture Collection (ATCC) and cultured in DMEM 

supplemented with 10% FBS with gentamicin. 

6.4.2 Enteroviruses 

Experiments were performed with CVB3 (RD strain) and echovirus 11 (Gregory) that were 

provided by Jeffrey Bergelson and originally obtained from the ATCC. Enterovirus 71 (EV71, 

1095) which was obtained from the American Type Culture Collection (ATCC). Clinical isolates 

used were provided under an MTA with the Centers for Disease Control. The clinical isolates used 

were CVB3 (USA/2018-2303/STSPRD3 1/18/2019), E11 (USA/2018-23290/STSPRD3 

1/15/2019), and EV71 (USA/2018-23092/STSPRD3 1/15/2019). Enteroviruses were propagated 
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in HeLa cells and purified by ultracentrifugation over a sucrose cushion, as described 

previously245. 

6.4.3 ISG Screens 

The production of ISG-expressing lentiviral pseudoparticles were performed as described 

previously325,342,343. Briefly, ISG-encoding lentiviral vectors (SCRPSY) were generated by 

cotransfection of 293T cells using polyethyleneimine with 25ng HIV-1 Gag-Pol and 5ng VSV-G 

expression vectors, along with 250ng of each SCRPSY-based ISG expression vector in a 96-well 

plate format (0.35x105 cells/well). Thereafter, culture supernatants were used to transduce the 

relevant susceptible target cells. HBMEC and Caco-2 cells were plated 24hrs prior to transduction 

(1x103 cells/well). Transduced ISG-expressing cells were challenged 48 hours later with the virus 

and MOI in Table 4 and Table 5. Infection was allowed to occur for various amounts of time 

dependent on the virus and cell type. At the indicated timepoint, cells were washed with 1xdPBS 

and dissociated using 0.05% trypsin-EDTA for 10 minutes at 37°C. Once disassociated, cells were 

transferred to a v-bottom 96-well plate. Cells were pelleted at 1000xg for 5 minutes and rinsed in 

cold 0.5% BSA in PBS. Cells were pelleted and fixed for 20 minutes in IC fixation buffer 

(Invitrogen). Fixed cells were then pelleted again and resuspended in blocking buffer (0.5% BSA 

+ 1% human serum in 1xPBS) for 15 minutes. The primary antibody against dsRNA was diluted 

in 1x IC permeabilization buffer (Invitrogen) and incubated overnight at 4°C. The following day, 

cells were pelleted, washed twice in 0.5% BSA in 1xPBS, and then incubated for 1hr at room 

temperature with Alexa-Fluor-conjugated secondary antibody (Goat anti-mouse total IgG, 488, 

Invitrogen). Following incubation, cells were washed twice with 0.5% BSA in 1XPBS and run on 
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an Attune Nxt flow cytometer (Invitrogen) where the percentage of TagRFP+ and Alexa-Fluor-

488+ cells were quantified. 

Table 4 Infection conditions for ISG screen in HBMECs 

HBMEC 
CVB3-RD 50 pfu/cell 16hrs 
E11 100 pfu/cell 16hrs 
EV71 10 pfu/cell 16hrs 
CDC CVB3 50 pfu/cell 16hrs 
CDC E11 100 pfu/cell 16hrs 
CDC EV71 300 TCID50/cell 16hrs 

 

Table 5 Infection conditions for ISG screen in Caco-2 cells 

Caco-2 
CVB3-RD 3 pfu/cell 8hrs 
E11 5 pfu/cell 8hrs 
EV71 5 pfu/cell 16hrs 
CDC CVB3 0.66 pfu/cell 8hrs 
CDC E11 6 pfu/cell 8hrs 
CDC EV71 1.76 TCID50/cell 16hrs 

 

6.4.4 Antibodies 

The following antibodies or reagents were used—recombinant anti-dsRNA antibody 

(provided by Abraham Brass, University of Massachusetts) and described previously246.  
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Appendix A Supplementary Figures 

 

Figure 40 JEG-3 cells resist echovirus infection and express low levels of FcRn 

(A), The extent of infection of coxsackievirus B (CVB, grey bars) or the indicated echoviruses (blue bars) in Caco-2 

cells, HBMEC, JEG-3 cells, mouse embryonic fibroblasts (MEFs), or U2OS cells was assessed by 
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immunofluorescence microscopy for double-stranded viral RNA at 24hrs post-infection. Shown is quantification of 

the percent of DAPI-positive nuclei that were also positive for vRNA (vRNA+/DAPI) from a total of >1000 cells. 

Data are shown as mean ± standard deviation with significance determined with a Kruskal-Wallis test with Dunn’s 

test for multiple comparisons (***p<0.001) compared to CVB-infected controls. (B), Representative images from the 

experiments described in (A). DAPI-stained nuclei are shown in blue and vRNA in green. (C), Production of infectious 

E11 from HeLa or JEG-3 cells (shown as log10 TCID50/mL) at the indicated hours post-infection. (D), JEG-3 cells 

were infected with E11 or E30 for 24hrs or were transfected with 100ng of infectious vRNA for 24hrs. The extent of 

viral replication was assessed by immunostaining for double-stranded vRNA (green). DAPI-stained nuclei are shown 

in blue. (E), Comparison of infection of HBMEC, JAR cells, or JEG-3 cells by CVB, poliovirus (PV), or the indicated 

echovirus. The extent of infection was assessed at 24hrs post-infection by immunofluorescence microscopy for vRNA 

as described in (A). Data are shown as mean ± standard deviation from >1000 quantified cells. (F), Differential 

expression analysis of FcRn between JEG-3 cells and either Caco-2 cells, primary human enteroids (ENT), HBMEC, 

or JAR cells as determined by the DeSeq2 package in R. Shown is the log2 fold change, p-value, and adjusted p-value 

(padj). (G), RT-qPCR profiling of the level of expression of β2M (B2M), FcRn, or HLA-A in the indicated cell type. 

Data are shown as log10 relative expression normalized to actin and are shown as mean ± standard deviation. (H), 

Expression of HLA-A and FcRn as assessed by RT-qPCR analyses 24hrs following transfection of JEG-3 cells with 

cDNA expression vectors expressing HLA-A or FcRn. The level of expression is normalized to vector-transfected 

cells and was normalize to actin using the delta Ct method. (I), JEG-3 cells were transfected with vector control 

(pcDNA-EGFP), HLA-A, HLA-C, EGFP-fused HFE, or FcRn, infected with E11 24hrs post-infection, then infection 

assessed 24hrs post-infection by immunofluorescence microscopy for double-stranded vRNA (red, bottom). The 

extent of transfection was assessed using an antibody against HLA-A, HLA-C, or FcRn (in green) or by EGFP 

fluorescence (vector control and HFE).   
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Figure 41 Expression of human, but not mouse, FcRn restores echovirus infection in human and mouse cells 

(A), JEG-3 cells were transfected with vector control (pcDNA), human HLA-A, human FcRn (hFcRn), or mouse 

FcRn (mFcRn) for 24hrs and then infected with the indicated echovirus for 24h (E11G Gregory strain and E11S Silva 

strain). Viral replication was assessed by RT-qPCR for vRNA and is shown as mean ± standard deviation normalized 

to vector-transfected controls. (B), The relative expression of HLA-A, hFcRn, and mFcRn in JEG-3 cells transfected 

with vector control, HLA-A, hFcRn, or mFcRn as assessed by RT-qPCR for the indicated transcript 24hrs following 

transfection. Data are shown as mean ± standard deviation normalized to vector-transfected controls. (C), The relative 

expression of HLA-A, hFcRn, and mFcRn in MEFs transfected with vector control, HLA-A, hFcRn, or mFcRn as 

assessed by RT-qPCR for the indicated transcript 24hrs following transfection. Data are shown as mean ± standard 

deviation normalized to vector-transfected controls. (D), CHO cells were transfected with vector control (pcDNA), 

human HLA-A or human FcRn (hFcRn) for 24hrs and then infected with the indicated echovirus for 24hrs. Viral titers 

(log10 TCID50/mL) are shown as mean ± standard deviation with significance determined. 
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Figure 42 Loss of FcRn expression reduces echovirus infection 
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(A), HBMEC were transfected with an siRNA against β2M (orange bar) or two independent siRNAs against in 

combination (FcRn 1+2) (blue bars), or scrambled control siRNA (CONsi, grey bars) for 48hrs and then infected with 

CVB or the indicated echovirus for an additional 16hrs. Shown is the extent of viral replication as assessed by RT-

qPCR for viral RNA. Data are shown as mean ± standard deviation percent change from CONsi-transfected cells. 

Significance determined with a Kruskal-Wallis test with Dunn’s test for multiple comparisons (***p<0.001). (B), 

HBMEC transfected with siRNAs as described in (A) were infected with E11 for 24hrs and then infection assessed 

by immunofluorescence microscopy for double stranded viral RNA (a replication intermediate, in green). DAPI-

stained nuclei are shown in blue. The average level of infection (as determined by the percent of DAPI-stained nuclei 

that were positive for vRNA is shown at bottom as mean ± standard deviation.  (C), U2OS cells were transfected with 

an siRNA against β2M (orange bar) or two independent siRNAs against FcRn (FcRn-1 and FcRn-2) alone or in 

combination (FcRn 1+2) (blue bars), or scrambled control siRNA (CONsi, grey bars) for 48hrs and then infected with 

CVB or the indicated echovirus for an additional 16hrs. Shown is the extent of viral replication as assessed by RT-

qPCR for viral RNA. Data are shown as mean ± standard deviation percent change from CONsi-transfected cells. 

Significance determined with a Kruskal-Wallis test with Dunn’s test for multiple comparisons (***p<0.001). (D), 

HBMEC were transfected with an siRNA against β 2M or siRNAs against HLA-A, HLA-B, HLA-C, or HFE for 48hrs 

and then infected with CVB (grey bars) or the indicated immunofluorescence microscopy for double-stranded viral 

RNA at 24hrs post-infection. Shown is quantification of the percent of DAPI-positive nuclei that were also positive 

for vRNA (vRNA+/DAPI) from a total of >1000 cells. Data are shown as mean ± standard deviation percent change 

from CONsi-transfected cells. Significance determined with a Kruskal-Wallis test with Dunn’s test for multiple 

comparisons (***p<0.001). (E)HBMEC transfected with scrambled control siRNA (CONsi) or FcRn siRNA (FcRnsi-

1) for 48hrs were infected with E11 or transfected with infectious E11 viral RNA for an additional 24hrs. Shown are 

viral titers (log10 TCID50/mL) as mean ± standard deviation with significance determined with a t-test (***p<0.001, 

ns not significant). (F), Efficiency of silencing of β2M, FcRn, HLA-A, HLA-B, HLA-C, or HFE in HBMEC 

transfected with the indicated siRNA for 48hrs. Data are shown as mean ± standard deviation percent change from 

CONsi-transfected cells. Level of knockdown of target transcripts was assessed in each experiment described, with 

data across experiments shown here. (G), High-content based RNAi screening in 96-well plates for infection in 

HBMEC transfected with an siRNA against B2M (orange bar) or two independent siRNAs against FcRn (FcRn-1 and 

FcRn-2) alone or in combination (FcRn 1+2) (blue bars), or scrambled control siRNA (CONsi, grey bars) for 48hrs 
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and then infected with CVB or the indicated echovirus for an additional 16hrs. Cells were fixed and immunostained 

for double-stranded viral RNA and counterstained with DAPI. Automated image analysis using an inverted IX83 

Olympus microscope and CellSens software using the MultiPoint module was performed from four independent sites 

from three independent wells and the extent of infection measured as the percent of vRNA+ cells over total cells 

(DAPI) using the CellSens Count and Measure module.  Data are shown as mean ± standard deviation percent change 

from CONsi-transfected cells from >2000 total cells. 
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Figure 43 Loss of FcRn expression and blocking antibodies against B2M reduce echovirus infection 

(A,B), Control (wild-type, WT) U2OS cells or cells lacking FcRn expressing by CRISPR/Cas9-mediated gene editing 

(FcRnKO) were infected with the indicated echoviruses, or with CVB as a control, and infection assessed by RT-qPCR 

for viral RNA (A) or immunostaining for double stranded viral RNA (in green, B) ~20hrs post-infection.  DAPI-

stained nuclei are shown in blue in (B). Data in (A) are shown as mean ± standard deviation as fold change from WT 

with significance determined with a Kruskal-Wallis test with Dunn’s test for multiple comparisons (C), U2OS cells 

were incubated with anti- β2M or anti-DAF (IF7 clone) monoclonal antibodies or control IgG for 60min at 4oC, then 

pre-adsorbed with coxsackievirus B (CVB), poliovirus (PV), or the indicated echovirus in the presence of the indicated 

antibody for an additional 1hr at 4oC. Cells were washed with 1x PBS or media (IF7) and then infected at 37oC for 

24hrs. Shown are viral titers (log10 TCID50/mL) as mean ± standard deviation with Significance determined with a 

Kruskal-Wallis test with Dunn’s test for multiple comparisons (*p<0.05). (D), Confocal micrographs of fetal-derived 

primary human intestinal epithelial (HIE) cells immunostained for FcRn (left, green) or β2M (right, green) and 

counterstained for actin (left and right, red). DAPI-stained nuclei are shown in blue. Three-dimensional cross-sections 

are shown at top and right. Scale bars at bottom left. 
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Figure 44 Expression of hFcRn in primary mouse cells renders cells sensitive to infection 

(A), Primary fibroblasts were isolated from wild-type C57Bl/6 mice or mice expressing human FcRn (hFcRnTg) were 

immunostained with an antibody recognizing the extracellular domain of hFcRn (in green). DAPI-stained nuclei are 

shown in blue. (B), Primary fibroblasts isolated from WT or hFcRnTg mice were infected with the indicated echovirus, 

or mock infected as a control, and then the level of viral replication assessed at 6hrs post-infection by 

immunofluorescence microscopy for double-stranded viral RNA (a replication intermediate, in green). DAPI-stained 

nuclei in blue. (C), E11 titers in the indicated tissues as determined by TCID50 assays from WT C57Bl/6 mice (5 

total) of hFcRnTg mice (5 total) infected for 3 days by oral gavage with 106 E11 particles. 
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Figure 45 E11 infection in tissue isolated from hFcRn mice by immunohistochemistry 

(A, B) Immunohistochemistry for E11 using an antibody recognizing the VP1 capsid protein from WT or hFcRnTg 

inoculated by oral gavage. Shown are H&E (left) and IHC (right) from colon (A) or stomach (B) in animals infected 

for 7 days. Black arrows denote positive staining for VP1. Scale bars are shown at bottom left. 
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Table 6 RT-qPCR primers used in the study 

 
Target Forward Primer Reverse Primer 

B2M AAGGACTGGTCTTTCTATCTC GATCCCACTTAACTATCTTGG 

FcRn GAAACCTGGAGTGGAAGGAG CGGAGGGTAGAAGGAGAAGG 

HFE CAGGGTTCAAGAGGAGC TCTAGTTTTGTCTCCTTCCC 

HLA-A CTTGTAAAGTGAGACAGC CTTCAAGTCACAAAGCGAAG 

HLA-B CTGAGATGCAGGATTTCTTC GAACAAGAAAGATGACTGGG 

HLA-C CATCACTTGTAAAGCCTGAG CTCTTGAAGTCACAAAGGAG 

 

 
 

 

Figure 46 Treatment with an anti-IFNAR blocking antibody renders hFcRnTg32 animals susceptible to E11 

hFcRnTg32 adult animals treated with an isotype antibody (black, 4 animals) or an anti-IFNAR blocking antibody (red, 5 animals) 

were inoculated with E11 by the IP route and sacrificed 72 hours post inoculation. Viral titers in the liver (A) or stool (B). Data are 

shown with significance determined with a Mann-Whitney test (*p<0.05). 
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Figure 47 hFcRnTg32-IFNAR-/- animals have immune infiltrates and cell death in the liver 

WT (grey, 7 animals), hFcRnTg32 (light blue, 8 animals), IFNAR-/- (dark blue, 8 animals), and hFcRnTg32-IFNAR-/- (red, 

6 animals) adult mice were inoculated with E11 by the IP route and sacrificed 72 hours post inoculation. H&E sections were scored 

blinded to genotype based on severity of pathology using the following descriptors—1: retention of normal architecture and cord 
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pattern of liver cells, 2: Immune infiltration, 3: spotty/random hepatocytolysis, 4: punctate aggregates of hepatocyte necrosis/death, 

and 5: confluent areas of hepatocyte necrosis and death. (B) Representative image of an hFcRnTg32-IFNAR-/- adult animal with 

areas of necrosis are often associated with neutrophils (black arrows) around the edge, along with lymphocytes (yellow arrows), 

and plasma cells (red arrows). (C) Representative image of an hFcRnTg32-IFNAR-/- adult animal around the portal areas with 

macrophages (white arrows), lymphocytes (yellow arrows), and neutrophils (black arrows). (D) H&E staining of the livers in 

suckling mice. C57Bl/6 (WT), hFcRnTg32, IFNAR-/-, and hFcRnTg32-IFNAR-/- suckling mice were IP inoculated with 104 E11 and 

sacrificed 72 hours post inoculation. Black arrows denote areas of immune infiltration. (E) Immunohistochemistry using an 

antibody recognizing the cleaved form of caspase 3 from the livers of a representative suckling mouse of each genotype as indicated. 

Black arrows denote positive staining. Scale bars (100µm) are shown at bottom right. 
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Figure 48 The liver hFcRnTg32-IFNAR-/- animals has replicating E11 

WT, hFcRnTg32, IFNAR-/-, and hFcRnTg32-IFNAR adult (A) or suckling mice (B) were inoculated with E11 by the IP route and 

sacrificed 72 hours post-inoculation. Shown are representative images from immunohistochemistry for E11 using an antibody 

recognizing the VP1 capsid protein from the livers of a representative animal of each genotype. 
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Table 7 Probes used to detect echovirus 11 RNA 

Probe 
Pair 

  

B4P1 CCTCAACCTACCTCCAAC 
AATTTGTGTTGATACTTGCGCTCCCAT 

TCAAGCCGGTTTCATGCGCACCGG 
TATTCTCACCATATTCGCTTC 

B4P2 CCTCAACCTACCTCCAACAAC TG 
CCTATTTGCCGAGTTGGATGC 

TGAACTTACCAGGGTCTTGTGAAAA 
ATTCTCACCATATTCGCTTC 

B4P3 CCTCAACCTACCTCCAACAATGTC 
ACTGTACCCACACTCTTCAGC 

AGTTACCTAGTGTTATGGATCGCA 
CATTCTCACCATATTCGCTTC 

B4P4 CCTCAACCTACCTCCAACAAT GGC 
CTCATTGTCTTTCAGGTACTC 

CAGGGTGGGTTGGTTGATCTTCAG 
CATTCTCACCATATTCGCTTC 

B4P5 CCTCAACCTACCTCCAACAAC 
CGGGAATTTCCACCACCACCCGGG 

CGAAGAGCCCCATATCTTTTAGGG 
CATTCTCACCATATT CGCTTC 

B4P6 CCTCAACCTACCTCCAACAACCTG 
ATGGAATTTAGATGCATTACA 

CCGGTACACAGACCACTAGCAAGC 
AATTCTCACCATATTCGCTTC 

B4P7 CCTCAACCTACCTCCAACAAA 
GAATTTCTTAGCGGTCTCCCCCTC 

TGTTGGTCCCATTTGTGCTGGTAG 
AATTCTCACCATATTCGCTTC 

B4P8 CCTCAACCTACCTCCAACAAAATT 
TATCCACTGATGTGGGTATAT 

CGATGGTGGCGCAGTTATTGGTGC 
GATTCTCACCATATTCGCTTC 

B4P9 CCTCAACCTACCTCCAACAAGTAC 
AAAGGGAATAATCATTAGTGT 

TGGATGAATCTGAAGAATAGTCTA 
AATTCTCACCATATTCGCTTC 

B4P10 CCTCAACCTACCTCCAACAAATCC 
TTGCAATGAGGTTGAGAGCCT 

TGCTACCCGGTGTATTCATGACAG 
GATTCTCACCATATTCGCTTC 

 

  



 196 

Table 8 Probes used to detecct mouse albumin RNA 

Probe Pair    
B1P1 GAGGAGGGCAGCAAACGGAA 

GAGGAGGAGGAGAAAGGTTACCCAC 
CCTGGAAAAAGCAGAGCCGGAGACG 
TA GAAGAGTCTTCCTTTACG 

B1P2 GAGGAGGGCAGCAAACGGAA 
TGCTCATCGTATGAGCATTTCTGGA 

TCTGTTACTTCCTGCACTAATTTGG 
TA GAAGAGTCTTCCTTTACG 

B1P3 GAGGAGGGCAGCAAACGGAA 
TCACGGAGGTTTGGAATGGCACACA 

CAGCAGTCAGCCAGTTCACCATAGT 
TA GAAGAGTCTTCCTTTACG 

B1P4 GAGGAGGGCAGCAAACGGAA 
GGCATAGAAATAAGGATGTCTTCTG 

CTGCTCAGCATAGTAAAGAAGTTCT 
TA GAAGAGTCTTCCTTTACG 

B1P5 GAGGAGGGCAGCAAACGGAA 
CACTCCTTGTTGACTTTGGTCAGGT 

GCGCATTCCAGCAGGTCACCATGGC 
TA GAAGAGTCTTCCTTTACG 

B1P6 GAGGAGGGCAGCAAACGGAA 
CTTGCACACTTCCTGGTCCTCAACA 

GAAGACATCCTTGGCCTCAGCATAG 
TA GAAGAGTCTTCCTTTACG 

B1P7 GAGGAGGGCAGCAAACGGAA 
GCTCTTCTACAAGAGGCTGAAATTC 

CACAGTTGGTTTTGACCAAGTTCTT 
TA GAAGAGTCTTCCTTTACG 

B1P8 GAGGAGGGCAGCAAACGGAA 
AGACAGATAGTCTTCCACACAAGGC 

CAGCAGACACACACGGTTCAGGATT 
TA GAAGAGTCTTCCTTTACG 

B1P9 GAGGAGGGCAGCAAACGGAA 
TCTCAGCTTTAAACTCTTTGGGGAC 

TGCAGATATCAGAGTGGAAGGTGAA 
TA GAAGAGTCTTCCTTTACG 

B1P10 GAGGAGGGCAGCAAACGGAA 
GAGAAGGTTGTGGTTGTGATGTGTT 

TCATGTCTTTTTTTCTCAGGGTAGC 
TA GAAGAGTCTTCCTTTACG 

 

 
Table 9 Probes used to detect mouse IFN-β RNA 

Probe 
Pair 

  

B1P1 GAGGAGGGCAGCAAACGGAA 
AGCCTGGCTTCCATCATGAACAACA 

GCAGGAACGCAGCGTGGAGGATCCA 
TAGAAGAGTCTTCCTTTACG 

B1P2 GAGGAGGGCAGCAAACGGAA 
GAGGTTGATCTTTCCATTCAGCTGC 

AGGGATCTTGAAGTCCGCCCTGTAG 
TAGAAGAGTCTTCCTTTACG 

B1P3 GAGGAGGGCAGCAAACGGAA 
CTTGGATGGCAAAGGCAGTGTAACT 

AGACAAGAAAGACATTCTGGAGCAT 
TAGAAGAGTCTTCCTTTACG 

B1P4 GAGGAGGGCAGCAAACGGAA 
GTACTGTCTTCAGAAACACTGTCTG 

TCAATCTTTCCTCTTGCTTTTCCTC 
TAGAAGAGTCTTCCTTTACG 

B1P5 GAGGAGGGCAGCAAACGGAA 
TGCACCCTCCAGTAATAGCTCTTCA 

TTGTACTTCATGAGTTTAAGGTACC 
TAGAAGAGTCTTCCTTTACG 

B1P6 GAGGAGGGCAGCAAACGGAA 
GCATCAACTGACAGGTCTTCAGTTT 

TTGCCTGCAACCACCACTCATTCTG 
TAGAAGAGTCTTCCTTTACG 

B1P7 GAGGAGGGCAGCAAACGGAA 
TAAAAAGTAGAAAATAATTTAAATT 

TTATTTTCTGAGGTTAAAAAGTTTA 
TAGAAGAGTCTTCCTTTACG 
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Figure 49 Sex differences 

7-day old pups were orally inoculated with 106 PFU of E5. (A) Survival curve of hFcRnTg32-IFNAR-/- animals 

broken down by sex. A log-rank test was used to analyze the statistical difference of the survival rate. (B) Viral titers of 

hFcRnTg32-IFNAR-/- animals at 3dpi broken down by sex. (C) Viral titers of hFcRnTg32-IFNLR-/- animals at 7dpi broken 

down by sex. Significance was determined by Mann-Whitney U test (p values shown). Each symbol represents an 

individual animal. 
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Figure 50 Luminex from blood of orally inoculated mice 

Neonatal mice were inoculated by the oral route with 106 PFU of E5 and sacrificed 3 dpi. Luminex-based multianalyte 

profiling of 26 cytokines was then performed from whole blood. (A) Heatmap demonstrating the induction (shown as 

fold-change from uninfected control) in E5-infected mice of the indicated genotype. Blue denotes significantly increased 

cytokines in comparison to untreated. Grey or white denote little to no changes (scale at top right). The IFNs are shown 

to the right as pg/mL IFNα (B), IFNβ (C), and IFNλ2/3 (D). Data are shown as mean ± standard deviation and individual 

animals (points). Data are shown with significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple 

comparisons (*p<0.05, **p<0.005, ns-nt significant). Each symbol represents an individual animal. 
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Figure 51 No dissemination of orally inoculated pups at 7dpi 

7-day old pups were orally inoculated with 106 PFU of E5. At 7dpi, animals were sacrificed to measure viral replication 

in tissues. Viral titers are shown as log10TCID50/mL in the blood (A), liver (B), pancreas (C), and brain (D). Data are 

shown as mean ± standard deviation and individual animals (points). Data are shown with significance determined with 

a Kruskal-Wallis test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005). Each symbol represents an 

individual animal. 
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Figure 52 No significant histological changes following oral inoculation 

7-day old pups were orally inoculated with 106 PFU of E5. At 3dpi, animals were sacrificed and intestines were collected 

for histology. (A) Hematoxylin and eosin staining of representative intestinal sections from uninfected, hFcRnTg32-

IFNAR-/-, or hFcRnTg32-IFNLR-/- animals. (B) Periodic Acid Schiff staining of representative intestinal sections uninfected 

or hFcRnTg32-IFNLR-/- animals to identify goblet cells. Scale bars at bottom right (100mm). 
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Figure 53 Tile scan of intestinal section 

Representative tile scan of an ileum from a hFcRnTg32-IFNLR-/- pup with vRNA shown in green and DAPI in blue. Tile 

scan was done at a 20x magnification with an area of 6 by 6 tiles combined for a total of 36 individual images that were 

stitched together. The total area of view is 4mm2 per image. 
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Table 10 HCR probes to detect echovirus 5 RNA 

Probe 
Pair     

B4P1 CCTCAACCTACCTCCAACAAGGG
CTCAGTAAACTTTCCCGGGTCT 

CATGGATTTGATCATAAGGTCCTT
CATTCTCACCATATTCGCTTC 

B4P2 CCTCAACCTACCTCCAACAAAGC
CCTGATGGAACTTAGATGCGTT 

CTTCAGGCACACACACCACCAGGA
GATTCTCACCATATTCGCTTC 

B4P3 CCTCAACCTACCTCCAACAAGCA
TTACTATGGTGGCACAATTGTT 

TGTCCATCGGTACGCTATTAATGT
AATTCTCACCATATTCGCTTC 

B4P4 CCTCAACCTACCTCCAACAATGC
TGCACCATCCTATAGTGGGTTT 

ATGTAGCCTGCTGCTGAGTATTCA
TATTCTCACCATATTCGCTTC 

B4P5 CCTCAACCTACCTCCAACAAGTT
ATGCTCAGACTTGGGCACGTCA 

TTGGCCAAAGGCTCCATATGTGTG
CATTCTCACCATATTCGCTTC 

B4P6 CCTCAACCTACCTCCAACAAGTG
ATCAGGTCATCGTGATTTCTTA 

CCAATGAGGGCTAGTGTGGCAGTC
AATTCTCACCATATTCGCTTC 

B4P7 CCTCAACCTACCTCCAACAAGAT
CTTCCAATTAGATTTGTTGCTA 

ACTGAGCTGTTAAGCTTTTCAGCT
AATTCTCACCATATTCGCTTC 

B4P8 CCTCAACCTACCTCCAACAACTC
CCTGTATAACGGTGGTCCCTGA 

TGTCTCTGGTGCAACACTAATTTTG
ATTCTCACCATATTCGCTTC 

B4P9 CCTCAACCTACCTCCAACAATTA
GTGGGCGTGCCGCCCAGGTTTA 

GTGGGGAAGTTATACATGAGCATT
CATTCTCACCATATTCGCTTC 

B4P10 CCTCAACCTACCTCCAACAAAGC
GCTTCAAGACCCTCAGTACCGT 

TGGGTAACCGGCGCTCGTTGTTAG
ATATTCTCACCATATTCGCTTC 

B4P11 CCTCAACCTACCTCCAACAATGC
ACAAGTAGTCAATGTAGTTAGT 

GCTTGTCTCTGTACAGGTGATGGG
AATTCTCACCATATTCGCTTC 

B4P12 CCTCAACCTACCTCCAACAATTT
CACGAATGTTGATCTCCCACCT 

TCTCACACTTTCTACGTAGTTGCAC
ATTCTCACCATATTCGCTTC 
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Table 11 HCR probes to detect mouse Muc2 RNA 

Probe 
Pair     

B1P1 GAGGAGGGCAGCAAACGGAAGAG
AGGCCGGCCCGAGAGTAGACCT 

AGTGCATCTTCCCGGTTCCACATG
ATAGAAGAGTCTTCCTTTACG 

B1P2 GAGGAGGGCAGCAAACGGAACGC
AGGGCGAGCTGCTCTCCAGGTA 

TAACCTCCAGATGTGAGCATGTGT
CTAGAAGAGTCTTCCTTTACG 

B1P3 GAGGAGGGCAGCAAACGGAAAGT
CTTCAGGCAGGTCTGCTTGTCT 

CTTCTTGTCGTCAGTCAACAGCAC
GTAGAAGAGTCTTCCTTTACG 

B1P4 GAGGAGGGCAGCAAACGGAAGGA
ACACCAGTGCTCAGCGTAGTTG 

AAAGGGCGTCTCTGACCTCTTCAG
GTAGAAGAGTCTTCCTTTACG 

B1P5 GAGGAGGGCAGCAAACGGAAATA
CACTCAGTATGGTAATAGCCAG 

AGTCCATCGGGACACACACAGCCA
CTAGAAGAGTCTTCCTTTACG 

B1P6 GAGGAGGGCAGCAAACGGAAAGG
TACTGACCCACTTCCCGTGTGA 

ATGATGCCGGAGCTGGCTTCCACC
ATAGAAGAGTCTTCCTTTACG 

B1P7 GAGGAGGGCAGCAAACGGAAGAA
CTCCCAGTAGCAGAAGATACCA 

TTGCCCCACTGTTCCATTGGGGCC
GTAGAAGAGTCTTCCTTTACG 

B1P8 GAGGAGGGCAGCAAACGGAATTA
ATGGGGTGGTTGGTGAAGTAGT 

TTGTTGGTGAGGTGGTTGGTGAGG
TTAGAAGAGTCTTCCTTTACG 

B1P9 GAGGAGGGCAGCAAACGGAAAGA
TGGTTGGTGAGGTGGTTGAAGG 

TAGGAGAGATGGTTGATGTTGTTA
TTAGAAGAGTCTTCCTTTACG 

B1P10 GAGGAGGGCAGCAAACGGAAGTG
AACTGGTTGATGGAGTGGTAGG 

TTGGTGAGGTGGTTGATGGGGTGG
TTAGAAGAGTCTTCCTTTACG 

B1P11 GAGGAGGGCAGCAAACGGAAAGG
CACGAAGGCGTGGCACTGGGA 

CAGGCAAGCTTCATAGTAGTGCTT
GTAGAAGAGTCTTCCTTTACG 

B1P12 GAGGAGGGCAGCAAACGGAATAC
AGGGCACATGGGTACAGGAGAT 

GCTCAAAGCCAGAGCTGCAGGAG
ATTAGAAGAGTCTTCCTTTACG 
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Table 12 HCR probes to detect mouse CHGA RNA 

Probe 
Pair     

B1P1 GAGGAGGGCAGCAAACGGAAGCA
ATGCTATGCCGGCTTTTATATA 

ATGGTGGCGGTGGCGGCGGCAGCA
GTAGAAGAGTCTTCCTTTACG 

B1P2 GAGGAGGGCAGCAAACGGAAGAA
AGAGTGGACGAGCTGCTGCAGG 

GGAGCGCATAGCGAGCCGGACGG
TGTAGAAGAGTCTTCCTTTACG 

B1P3 GAGGAGGGCAGCAAACGGAAGTC
GGAGATGACTTCCAGGACGCAC 

AGGCATGGGGCTGGGTTTGGACAG
CTAGAAGAGTCTTCCTTTACG 

B1P4 GAGGAGGGCAGCAAACGGAAGCT
GCTGCTGCTGCTGCTGCTGCT 

TCAAAGCTGCTGTGTTGCTGCTCCT
TAGAAGAGTCTTCCTTTACG 

B1P5 GAGGAGGGCAGCAAACGGAATCT
TGGTTAGGCTCTGGAAAGGCCT 

GACTCACTGTCTCCCATCATGGGG
GTAGAAGAGTCTTCCTTTACG 

B1P6 GAGGAGGGCAGCAAACGGAACCT
TCTCTCTAGCCACAGCCTCCTC 

CTGCAGTGGGGACTTCTTCAGGCC
CTAGAAGAGTCTTCCTTTACG 

B1P7 GAGGAGGGCAGCAAACGGAAGGT
CCCTACCATGGCCTCTTCCCCA 

CCCGCCTTGGGGGAAGAGACCTTG
GTAGAAGAGTCTTCCTTTACG 

B1P8 GAGGAGGGCAGCAAACGGAACGG
GTCCGGAAGGAGAGCTTCATGG 

GGCCCAGGATCTCTGAAGCCATAG
GTGAAGAGTCTTCCTTTACG 

B1P9 GAGGAGGGCAGCAAACGGAAGCT
CTCTAGCTCCTGGTCCTCTGCT 

CTCCAGCTCTGCCTCGATGGCTGA
CTAGAAGAGTCTTCCTTTACG 

B1P10 GAGGAGGGCAGCAAACGGAAAAG
TGTCCAGGGCAGGGGCTGAGAA 

GTGCTGACATTCAGGGCTGCCCTG
CTAGAAGAGTCTTCCTTTACG 
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Figure 54 Animals inoculated with a high dose of E5 

(A) Survival of hFcRnTg32-IFNAR-/- mice inoculated with 104 PFU of E5 by the IP route and monitored for 3 days post-inoculation. 

Animals are broken down by sex (M-male, F-female) to represent any potential sex differences in mortality. The log-rank test was 

used to analyze the statistical difference of the survival rate with p value shown. (B) Brain titers from hFcRnTg32-IFNAR-/- animals 

broken down by sex. Data are shown with significance determined with a Mann-Whitney U test with p value shown. (C and D) 

The indicated genotype of mice inoculated with 104 E5 by the IP route. At 3dpi, animals were sacrificed and viral titers in liver (C) 

and pancreas (D) determined by TCID50 assays. Titers are shown as log10TCID50/mL with the limit of detection indicated by a 

dotted line. Data are shown as mean ± standard deviation with individual animals shown as each data point. Data are shown with 

significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005, 

***p<0.0001). 
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Figure 55 Animals inoculated with a low dose of E5 

(A) Survival of hFcRnTg32-IFNAR-/- and hFcRnTg32-IFNLR-/- mice which were inoculated with 103 PFU of E5 by the IP route and 

monitored for 2 days post-inoculation. The number of pups in each genotype are as follows: hFcRnTg32-IFNAR-/- (6) and hFcRnTg32-

IFNLR-/- (9). The log-rank test was used to analyze the statistical difference of the survival rate of hFcRnTg32-IFNAR-/- or hFcRnTg32-

IFNLR-/- pups. (B) Representative image of a hFcRnTg32-IFNAR-/- mouse with hemiplegia. Arrows denote limbs that are impacted. 

(C) Survival of hFcRnTg32-IFNAR-/- mice broken down by sex which were inoculated with 103 PFU of E5 by the IP route and 

monitored for 2 days post-inoculation. The log-rank test was used to analyze the statistical difference of the survival rate of between 

males and females with the p value shown. (D) Brain titers from hFcRnTg32-IFNAR-/- animals broken down by sex at either 1 or 

2dpi. Data are shown with significance determined with a Mann-Whitney U test, ns-not significant.  
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Figure 56 Luminex and RT-qPCR from infected brains 

(A-C) Luminex multiplex assays from brain tissue homogenates of hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-IFNLR-/- 

animals that were IP inoculated and sacrificed at 3dpi. Shown as the concentration in pg/mL IFN-α (A), IFN-β (B), and IFNλ1 (C). 

RT-qPCR for viral RNA (D) or CXCL10 (E) from the brains of uninfected, 1dpi, or 2dpi hFcRnTg32-IFNAR-/- animals. Data are 

shown with the significance determined with a Kruskal-Wallis test with a Dunn’s test for multiple comparisons (**p<0.005, 

***p<0.0005, ns-not significant). 
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Figure 57 HCR of E5 infected brains 

(A) Tile scan of the brains from an uninfected (left) and E5 inoculated at 3dpi (middle) hFcRnTg32-IFNAR-/- animal using 

Hybridization chain reaction RNA-FISH (HCR) from figure 4A. vRNA is shown in white. (B) HCR of brain sections from 

hFcRnTg32, hFcRnTg32-IFNAR-/-, and hFcRnTg32-IFNLR-/- animals at 3dpi. E5 viral RNA (vRNA) is shown in green and DAPI-

stained nuclei are shown in blue. White box is shown as a zoomed image below. White arrows at right denote areas of E5 vRNA. 

(C) Choroid plexus region within the brain from an uninfected (left) and E5 inoculated at 3dpi (right) hFcRnTg32-IFNAR-/- animal 

using HCR with vRNA (in green) and DAPI (in blue). White arrows show the choroid plexus. 
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Table 13 RT-qPCR primers used in this study 

Target Forward Primer Reverse Primer 
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
Echovirus 5 ACCCTACYGYAYTAACCGAAC CCGCACCGAAYGCGGAKAATTTAC 
CXCL10 AAAAAGGTCTAAAAGGGCTC AATTAGGACTAGCCATCCAC 
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Appendix B Copyright Permissions 

Chapters 1, 2, and 3 were previously published and are presented herein in a modified form 

under the Creative Commons BY license (Viruses, Trends in Immunology, PNAS, PLOS 

Pathogens): 
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