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Abstract 

The Picornaviridae are a diverse family of non-enveloped positive strand RNA viruses whose 
members cause various human and veterinary diseases. Well-known picornaviruses include 
the foot-and-mouth-disease virus, which causes devastating outbreaks in cloven-hooved 
farm animals, and hepatitis A virus, a cause of severe liver disease in humans. The majority 
of picornaviruses that infect humans belong to the genus Enterovirus (EV), which includes 
poliovirus, coxsackieviruses, echoviruses, numbered enteroviruses, and rhinoviruses. These 
diverse and highly abundant viruses cause a variety of diseases, including non-specific febrile 
illness, hand-foot-and-mouth disease, neonatal sepsis-like disease, encephalitis, paralysis, and 
respiratory diseases like the common cold and exacerbations of asthma and COPD. Poliovirus 
is undoubtedly the best-known enterovirus and, since its identification in 1908, has been 
intensively investigated to understand and control infection, spreading and the terrible disease 
it causes, poliomyelitis. In fact, enterovirus research not only formed the foundation of the field 
of molecular virology but also led to many important breakthroughs. For instance, poliovirus 
was the first virus to be propagated in cultured human cells and the first animal RNA virus from 
which the complete genome sequence was determined (1) and for which a reverse genetics 
system was established (2). Furthermore, poliovirus (3) and rhinovirus (4) were the first animal 
viruses for which the 3D structure was solved by crystallography. In recent years, several 
non-polio enteroviruses (NPEVs) have emerged as serious public health threats, resulting in 
a shift of the research focus from polioviruses to a wider range of enteroviruses. This chapter 
provides an overview of the picornavirus family and the diseases associated with its pathogenic 
members, focusing mainly on the Enterovirus genus. Moreover, this chapter summarizes the 
existing knowledge of each step in the viral life cycle, with emphasis on the process of viral entry 
into the host cell. 

Classification of picornaviruses 

The family Picornaviridae (Figure 1) currently contains 35 different genera of human and 
animal viruses and this number is rapidly increasing as new viruses are being discovered. Some 
genera containing important pathogens are Parechovirus (e.g. human parechovirus, which is 
associated with encephalitis in young children, and Ljungan virus), Hepatovirus (e.g. hepatitis 
A virus), Kobuvirus (e.g. Aichivirus, which causes acute gastroenteritis in humans), Cardiovirus 
(e.g. encephalomyocarditis virus (EMCV), Theiler’s murine encephalomyocarditis virus and 
Saffold virus), and Aphthovirus (e.g. foot-and-mouth disease virus). The genus Enterovirus 
consists of 13 species, of which 7 contain human pathogens. Besides three poliovirus serotypes, 
these 7 species contain more than 250 NPEV types. The enteroviruses that infect humans are 
subdivided into Enterovirus and Rhinovirus species. The four Enterovirus species (Enterovirus 
A-D) contain more than 100 human enterovirus serotypes. Besides poliovirus (Enterovirus C 
species member), these contain the coxsackieviruses A and B, echoviruses, and several more 
recently identified viruses that are simply named “enterovirus” (EV), followed by the species to 
which they belong and a number (starting with EV-D68). In 2012, rhinoviruses were reclassified 
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as enteroviruses and are grouped in 3 species (Rhinovirus A-C), which contain more than 
160 rhinovirus types. Enteroviruses are highly abundant viruses and have high mutation and 
recombination rates, which can lead to the emergence of new pathogenic strains. In the past, 
enteroviruses were discriminated using serology based on differences in the VP1 capsid protein, 
which contains epitopes for neutralizing antibodies. However, this has now been replaced by 
molecular typing methods, which are also based on VP1 and which correlate well with serotypes. 

Clinical impact of picornaviruses  

Non-enterovirus genera 

Most picornavirus genera contain only animal pathogens, such as the Aphthovirus genus that 
contains the foot-and-mouth disease virus (FMDV). FMDV causes blisters around the mouth, 
feet and mammary glands in cloven-hooved animals and is highly contagious (5). Although the 
mortality rate is low and the virus has been eradicated in some wealthy countries, the global 
economic impact of FMDV is still enormous, especially in African and Asian countries (6). 
Most members of the genus Cardiovirus circulate among rodents, but Saffold virus (SAFV) 
was recently discovered as a widespread human virus (7). Although the consequences of SAFV 
infection in humans are still poorly understood, the virus has been associated with diseases 
of the respiratory, gastrointestinal, endocrine, cardiovascular and neurological systems (8). 
Encephalomyocarditis virus (EMCV), another cardiovirus, causes outbreaks of myocarditis 
and encephalitis among captive animals, such as pigs, elephants, and non-human primates, 
usually with high fatality rates (9). EMCV occurs worldwide and is thought to circulate among 
rodents that occasionally transmit the virus to other animal species. In humans, however, 
EMCV infection appears to be asymptomatic or associated only with mild febrile illness (10). 
An important human pathogen is hepatitis A virus (HAV), a member of the genus Hepatovirus, 
which causes acute liver disease that is usually self-limiting, but may occasionally lead to death 
or require liver transplantation. Although a vaccine against HAV is available, this virus remains 
endemic in most countries and causes occasional outbreaks in wealthy countries (11).

Enterovirus A
Enterovirus B 
Enterovirus C 
Enterovirus D 

Genus (number of species) Selected species Selected serotypes

Enterovirus (13)

Aphthovirus (4)

Parechovirus (4)

Hepatovirus (9)
Kobuvirus (3)

Cardiovirus  (3)

29 other genera 

Rhinovirus A
Rhinovirus B
Rhinovirus C

Cardiovirus B
Cardiovirus C

Cardiovirus A

Foot-and-mouth-disease virus Foot-and-mouth-disease virus (7 types)
Bovine rhinitis A virus
Bovine rhinitis B virus 
Equine rhinitis A virus 
Parechovirus A
Parechovirus B
Aichivirus A
Hepatovirus A

Several CV-A types (e.g. CV-A6, CV-A10, CV-A16) and several numbered EVs (e.g. EV-A71)
CV-B types, echoviruses, and one CV-A (CV-A9)
Polioviruses, several CV-A types (e.g. CV-A21, CV-A24v), and several numbered EVs
Several numbered EVs (e.g. EV-D68, EV-D70)

Sa�old viruses (11 types), Theiler’s murine encephalomyelitis virus
Encephalomyocarditis virus (2 types) 

Boone cardiovirus 

Aichi virus 1
Hepatitis A virus 

Human parechoviruses (19 types) 
Ljungan virus

Figure 1. Schematic overview of the picornavirus family. Genera that contain the most relevant 
pathogens are shown. CV, coxsackievirus; EV, enterovirus. 



4

Chapter 1 

1

Enteroviruses 

Enteroviruses typically enter the body, replicate in, and spread via the fecal-oral or respiratory 
tract. From these primary sites of replication, they can disseminate and infect other tissues 
and organs, including the central nervous systems. Although most infections go unnoticed, 
enteroviruses can cause a wide range of disorders with varying presentation and severity, most 
often in infants, young children and immunocompromised people. The best known enterovirus 
is poliovirus, which causes poliomyelitis, a horrifying acute flaccid paralysis (AFP) disease that 
occurs in 0.5% of infected individuals. Besides lifelong disabilities, poliomyelitis can result 
in death by paralyzing the breathing muscles. Coxsackieviruses, echoviruses and numbered 
enteroviruses are the main viral cause of aseptic meningitis. They can also cause neonatal 
sepsis-like disease, encephalitis, acute flaccid paralysis (AFP), non-specific febrile illness, hand-
foot-and-mouth disease (HFMD), herpangina, pleurodynia, pericarditis and myocarditis (12). 
Moreover, coxsackieviruses B and echoviruses, which together group in the Enterovirus B species, 
have been implicated in the etiology of type I diabetes by invading pancreatic islets and cause 
β-cell damage, thereby triggering a (chronic) insulitis, culminating in the destruction of insulin-
producing β-cells by autoreactive T cells (13). Rhinoviruses all replicate in the respiratory tract, 
despite the large number of different serotypes. Rhinoviruses are the main cause of the common 
cold, but are also associated with severe lower respiratory tract diseases, such as pneumonia, 
bronchiolitis, and exacerbations of asthma and COPD (14). Ironically, despite their name and 
transmission route into the body, enteroviruses are not associated with gastrointestinal illnesses. 

Enterovirus A71 

In recent years, several NPEVs have emerged as serious public health threats. One of these is 
EV-A71, a major cause of HFMD, a childhood exanthema that is characterized by blisters on 
hands, feet and buttocks, oral vesicles and fever. This disease is usually mild and self-limiting, 
but serious and life-threatening neurological complications such as brain stem encephalitis, 
meningitis and poliomyelitis-like paralysis may occur (15). EV-A71, first isolated in 1965, 
became a major public health threat in the late 1990’s (12) and since then caused several large 
HFMD outbreaks associated with lethal cases in Malaysia, Taiwan, Singapore, China, Hong 
Kong, Japan, Korea, Vietnam and Cambodia (16). In China, >10 million HFMD cases were 
reported, including >80.000 cases associated with neurological disease and >3.000 fatalities 
(17), most of which were due to EV-A71 (18). Therefore, the Chinese government stimulated 
development of an EV-A71 vaccine, resulting in two inactivated EV-A71 vaccines that are 
currently commercially available in China (16). EV-A71 infections have also been detected in 
the US and Europe, but their incidence is low and lethal cases are rarely reported. 

Enterovirus D68 

Another NPEV that has recently gained attention is EV-D68, an atypical enterovirus that 
replicates in the respiratory tract. EV-D68 infections usually cause mild respiratory disease, but 
can also result in severe bronchiolitis or pneumonia, occasionally leading to death, especially 
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among children (19). EV-D68 was first isolated from children with respiratory infections in 
California in 1962. It was long considered a rare pathogen (only 26 cases reported until 2005), 
but since 2008 it has been increasingly detected during outbreaks of respiratory disease (20). 
This increase was accompanied by an expanded genetic diversity, and currently three EV-D68 
clades (A, B and C) co-circulate worldwide (21). In 2014, EV-D68 caused a large outbreak of 
severe respiratory disease in the USA, with many hospitalizations, 1153 confirmed infections and 
possibly millions of untested milder cases (21). This outbreak coincided with several clustered 
cases of acute flaccid myelitis (AFM), a form of AFP involving a sudden onset of weakness in 
arms or legs due to brain stem and spinal cord grey matter lesions. Infection with EV-D68 was 
confirmed in 5 out of 11 patients in one study (22), and in 12 out of 25 patients in another study 
(23). EV-D68 was detected in the cerebrospinal fluid only sporadically, but this is also true for 
established neurotropic enteroviruses (e.g. poliovirus, EV-A71). In 2016, EV-D68 was detected 
in patients with neurological complications in several European countries. Careful surveillance 
and research on virus spread, evolution, and pathogenesis is needed to better understand the 
role of EV-D68 in AFM. 

Coxsackievirus A24 variant 

Two enteroviruses, EV-D70 and coxsackievirus A24 variant (CV-A24v), are causes of acute 
hemorrhagic conjunctivitis (AHC), a painful and extremely contagious infection of the eye. 
Currently, CV-A24v is the main etiological agent of AHC, having caused over 10 million 
infections, numerous explosive outbreaks (24) and two pandemics (12, 25). In addition to AHC, 
CV-A24v causes respiratory symptoms and occasionally AFP (26, 27). Interestingly, CV-A24 
was previously not associated with a disease in humans, until the emergence of a pathogenic 
“variant” in 1970. Although descendants of this variant and the older “non-variant” strains 
co-circulate in the human population, ocular disease is caused exclusively by variant strains. 
The mechanism underlying this strict difference in pathogenicity is currently unknown.  

The need for antiviral drugs 

The use of poliovirus vaccines has resulted in an enormous reduction of the number of 
poliomyelitis cases. However, eradication of this virus remains a challenge, as poliovirus is still 
endemic in a small number of countries, which form a source of outbreaks in other countries. 
Also, apart from the inactivated EV-A71 vaccines that were recently marketed in China, there 
are currently no effective measures to prevent or treat NPEV infections. Hence, there is a great 
need to develop antiviral drugs, preferably with broad-range anti-enterovirus activity (including 
anti-poliovirus activity). Development of such drugs would benefit from detailed insights into 
the different steps of the viral life cycle, as each of these steps may contain targets for antivirals 
therapy. 
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The enterovirus life cycle 

Enteroviruses are non-enveloped viruses of ~30 nm in size with a single-stranded RNA genome 
of positive polarity (+RNA). The life cycle of all enteroviruses (Figure 2) starts with binding to 
one or multiple cell surface receptors, resulting in receptor-mediated endocytosis. Enteroviruses 
can use various endocytic routes, depending on the serotype and cell type. Receptor binding 
and/or pH changes in the endosomal system induce virus uncoating, which is the release of the 
viral genome from the capsid to the cytoplasm via a pore in the endosomal membrane. While 
different enteroviruses may use disparate receptors and entry pathways, many post-entry steps 

Figure 2. Schematic overview of the enterovirus life cycle. After binding to its receptor(s) and endocytic 
uptake in the cell, the virion delivers its positive-strand (+) RNA genome across the endosomal membrane 
into the cytoplasm. The viral genome is covalently linked to the viral protein VPg (3B), which is required 
as a primer for replication. Genome translation yields a single polyproteins that is proteolytically cleaved 
into replication proteins (2A-C and 3A-D) and capsid proteins (VP0, VP3 and VP1). Genome replication 
by the viral RNA-dependent RNA polymerase (3Dpol) starts with synthesis of a negative-strand RNA 
that serves as a template for synthesis of new (+) RNA molecules. Replication takes place on membranous 
replication organelles, in which a favorable lipid environment is created by viral proteins 2BC and 3A, 
aided by the host proteins ACBD3, PI4KB (which synthesizes PI4P) and OSBP (which recruits cholesterol). 
Nascent positive-strand RNA molecules can either enter a new round of replication or be packaged into 
progeny virions. Capsid proteins self-organize into protomers, pentamers and, in concert with replication 
machinery and genomic RNA, assemble into provirions that are converted into infectious, mature virions 
upon the genome-induced cleavage of VP0 into VP4 and VP2. Mature virions exit the host cell via non-lytic 
release of extracellular vesicles or via cell lysis in a late stage of infection. 
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are highly conserved. After delivery to the cytosol, the viral RNA is directly translated into a 
single large polyprotein, which is proteolytically processed by viral proteinases 2Apro, 3Cpro and 
3CDpro into 10 proteins (capsid proteins VP0, VP3 and VP1 and replication proteins 2A-C and 
3A-D) and some stable and functional cleavage intermediates. Enterovirus genome replication 
takes place at virus-induced membrane structures, termed replication organelles (ROs) (28), 
which are generated from remodeled host membranes that accumulate in the cytoplasmic area 
of the cell. ROs are thought to support replication by scaffolding the replication machinery as 
well as to occlude the viral RNA from antiviral defense systems. Genome replication by the 
RNA-dependent RNA polymerase 3Dpol unequivocally starts with formation of a negative-
strand copy of the incoming viral genome to generate a double-stranded RNA replication 
intermediate. The negative strand, in turn, serves as a template for synthesis of multiple new 
positive strands. Newly formed viral RNAs either enter another round of translation/replication 
or are encapsidated to form new virions. Enterovirus particles form by assembly of the structural 
capsid proteins VP0, VP3 and VP1 into protomers and pentamers. Together with a nascent 
viral RNA, pentamers form the provirion, a process which is intimately coupled with RNA 
replication. Finally, RNA-induced processing of VP0 into VP2 and VP4 yields mature virions. 

Besides cleaving the viral polyprotein, viral proteinases 2Apro and 3Cpro cleave several host 
proteins to optimize virus translation, replication and spreading, and to suppress antiviral 
cellular responses. For example, they induce a host shutoff (by cleaving cellular factors involved 
in transcription and cap-dependent translation of host mRNAs), disrupt nuclear-cytoplasmic 
trafficking (by cleaving nucleoporins), interrupt type I interferon and stress pathways (by 
cleaving RNA sensors and signaling proteins), and disrupt the cellular cytoskeleton (reviewed 
in (29–31)). Collectively, these changes induce dramatic changes in cellular morphology 
(the ‘cytopathic effect’) and culminate in death and lysis of the cell (reviewed in (32)). While 
enteroviruses are listed in textbooks as obligate lytic viruses that are released from ruptured cells, 
evidence is now accumulating that enteroviruses can also egress before cell lysis in membrane-
bounded structures that can accommodate multiple virions (reviewed in (33)). 

Enterovirus structure 

Rhinovirus 14 and poliovirus have played a historical role in structural biology as they were 
the first animal viruses for which three-dimensional structures were resolved (3, 4). In the 
decades that followed, numerous resolved high-resolution structures revealed that enterovirus 
particles share a similar architecture (Figure 3a). An enterovirus particle is constructed of 60 
repeating protomers, structural subunits consisting of the four structural proteins VP1, VP2, 
VP3 and VP4. Together they form the icosahedral shell with a pseudo T = 3 arrangement that 
encompasses the viral genome. The small protein VP4 is modified with a myristoyl moiety, a 
saturated fatty acid that is linked to the N-terminus of VP4 and that plays a role in both the 
entry and assembly process. VP4 is located on the inside of the virion whereas the surface of the 
particle is composed of subunits of VP1, VP2 and VP3, each adopting the typical eight-stranded 
antiparallel β-barrel fold. On the surface of the capsid, several exposed and highly variable loops 
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are present that are readily accessible to the human immune system and which account for 
the high antigenic diversity of enteroviruses. Most enteroviruses have a deep, circular surface 
depression or ‘canyon’ encircling each five-fold axis of symmetry which frequently serves as the 
receptor binding site (34). 

Despite having much in common, some enteroviruses display unique structural features. The 
capsid of rhinovirus C (RV-C), for example, contains remarkable protrusions on its surface 
contrasting most enterovirus particle surfaces which are more smooth and spherical (35) (Figure 
3b). As a consequence, RV-C particles have shallow, narrow and non-continuous canyons much 
resembling those of EV-D68 (36). The biological consequences of such ‘atypical’ canyons are 
yet to be determined. The floor of the canyon of all enteroviruses, with the exception of the 
above-mentioned RV-C (35), harbors a small, hydrophobic “pocket” in most instances filled 
with a lipid moiety or “pocket factor” which is involved in regulating particle stability. Although 
not much structural variation exists within the enterovirus genus, a high number of unique 
and distinctive structural features can be found among other picornavirus genera. For example, 
Aichivirus contains poly-L-proline type II helices on their capsid (37) whereas HAV is more 
angular and its surface is devoid of any sort of canyon or depression (38). Similarly, Ljungan 
virus lacks a depression on its capsid surface, but instead possesses marked protrusions that arise 

Figure 3 Picornavirus structure. a. Schematic representation of a picornavirus particle, showing the 
asymmetric unit (outlined in blue), the different symmetry axes (red) and the location of the canyon 
(green). 60 protomers consisting of the surface proteins VP1, VP2, VP3 and the internal VP4 constitute 
the capsid shell. b. Comparison of capsid surfaces between different picornaviruses belonging to the genus 
Enterovirus: poliovirus (PDB 2PLV), enterovirus A71 (PDB 3VBS), enterovirus D68 (PDB 4WM8) and 
rhinovirus C15a (PDB 5K0U); the genus Hepatovirus: hepatitis A virus (PDB 5WTE); and the genus 
Kobuvirus: Aichi virus (PDB 5GKA). Surfaces are colored according to their distance from the center of 
the virion as shown in the color bar. 
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from the fivefold axes (39). Due to new developments in structural biology (high-resolution 
cryo-electron microscopy (cryo-EM) and high-speed fixed-target X-ray crystallography at 
X-ray free-electron lasers) (40), it is conceivable that the number of structures will increase 
in the near future and hand in hand also our knowledge on the structural diversity within the 
picornavirus family. 

Enterovirus receptors 

One of the key determinants of viral tropism and pathogenesis is the availability of a specific 
cell surface receptor that can be engaged by the invading pathogen. In 1989, CD155 (41) and 
ICAM-1 (42) were the first enterovirus receptors identified of respectively poliovirus and major 
rhinoviruses. Onwards, many different NPEV receptors have been identified of which the 
majority belongs to the cell surface immunoglobulin-like or integrin receptor family (Table 1). 
The fact that enteroviruses can employ such a large repertoire of different receptors provides a 
likely explanation for the diverse spectrum of diseases that are caused by these viruses. 

Receptors can be categorized as “uncoating” or “attachment” receptors. Uncoating receptors, 
which are usually proteins, induce conformational changes in the viral capsid that destabilize the 
particle, eventually leading to genome release. Beside their crucial role in virion destabilization, 
uncoating receptors often also facilitate virus attachment and uptake into the cell. Attachment 
receptors do not induce any conformational changes in the capsid but primarily serve to facilitate 
cell attachment and may promote virus uptake. Nevertheless, also attachment receptors can be 
of great importance for infection. For instance, engagement of the attachment receptor decay-
accelerating factor (DAF) by group B coxsackieviruses activates signaling events in polarized 
epithelial cells that liberate the uncoating receptor (coxsackie- and adenovirus receptor, CAR) 
from tight junctions, making CAR accessible to the virus (43). 

For EV-A71, two different receptors have been identified: scavenger receptor B2 (SCARB2) (44) 
and P-selectin glycoprotein ligand-1 (PSGL-1) (46). All EV-A71 strains tested thus far require 
SCARB2 (44, 59), whereas only some strains employ PSGL-1 as a receptor (46). In contrast to 
SCARB2, which was shown to induce uncoating (59), it is still unclear how PSGL-1 supports 
EV-A71-PB infection. PSGL-1 is primarily expressed on leukocytes, although expression in 
human neuronal tissue was also reported (60). SCARB2 is expressed on neurons and glial cells 
(60) and transgenic mice expressing human SCARB2 develop similar pathological features 
as humans (61), suggesting that SCARB2 is the main determinant for the development of 
neurological disease. At the start of the work described in this thesis, the receptor requirements 
of EV-D68 were poorly understood. This virus had been shown to bind sialic acid (Sia) on 
human erythrocytes (62), but no knowledge was available about the importance of Sia for 
infection of cells, its role in EV-D68 entry, or the existence of additional EV-D68 receptors. 
CV-A24v was previously shown to employ Sia for attachment to cells (63), but a structure of a 
CV-A24v-Sia complex did not reveal structural changes upon Sia binding (64), suggesting that 
Sia does not serve as an uncoating receptor for this virus. 
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Receptor identification is not only useful to better understand viral pathogenicity, but also for the 
development of suitable cell- and/or animal-model systems to study the biology of a virus and 
to identify antiviral drugs. This is exemplified by RV-C, a major cause of severe respiratory tract 
infections (see also Box 2). Despite its discovery more than 10 years ago (65), our knowledge 
of this virus was greatly hampered due to its inability to grow in standard cell cultures (66). 
The recent discovery of the airway epithelium-expressed cadherin-related family member 3 
(CDHR3) as the protein receptor and the generation of a CDHR3-overexpressing cell line that 
supports RV-C infection can thus be considered as important milestones in RV-C research (54). 
In differentiated human bronchial epithelial cell cultures, RV-C was found to preferentially infect 
CDHR3-expressing ciliated cells, providing a first glimpse into RV-C tropism (67). Intriguingly, 
a coding single nucleotide polymorphism in CDHR3 that was previously associated with an 
increased risk of severe childhood asthma exacerbation was shown to enhance RV-C infection 
in cell culture by increasing CDHR3 expression at the cell surface (68). 

Although many NPEV receptors have been identified, the interplay between different receptors 
and the exact mechanism by which these receptors mediate infection is still poorly understood. 
Further studies are thus still necessary to improve our understanding of virus tropism and 
pathogenesis and to define new targets for intervention. 

Abbreviations: CAR, coxsackievirus–adenovirus receptor; CDHR3, cadherin-related family member 
3; CV-A, coxsackievirus A; CV-A24v, coxsackievirus A24 variant; CV-B, coxsackievirus B; DAF, decay-
accelerating factor; DC-SIGN, dendritic cell-specific ICAM-grabbing non-integrin; E, echovirus; EV-A, 
enterovirus A; EV-A71-PB, enterovirus A71 PSGL-1 binder; EV-D, enterovirus D; ICAM, intercellular 
adhesion molecule; LRP, LDL-R related protein; PVR, poliovirus receptor; VLA-2, very late antigen-2; (V)
LDL-R, (very) low-density lipoprotein receptor. 

Table 1 Enterovirus receptors 
Receptor Virus Role Ref
PVR (CD155) poliovirus Uncoating (41)
SCARB2 EV-A71, CV-A7, CV-A14, CV-A16 Uncoating (44, 45)
PSGL-1 EV-A71-PB, CV-A2, CV-A7, CV-A10, 

CV-A14, CV-A16
Attachment (46,47)

Annexin II, DC-SIGN, 
nucleolin, vimentin

EV-A71 Attachment reviewed in (48)

Heparan sulfate EV-A71, E-5 Attachment reviewed in (48, 
49)

Sialic acid EV-A71, EV-D70, CV-A24v, EV-D68 Attachment 
Uncoating

(48),(50,51)

ICAM-5 EV-D68 Uncoating (52)
LDL-R/VLDL-R/LRP Rhinovirus (minor) Attachment (53)
ICAM-1 Rhinovirus (major), CV-A21, CV-A24 Uncoating (49),(42),(50)
CDHR3 Rhinovirus C Unknown (54)
DAF (CD55) CV-B1,-B3,-B5, E-3, E-6, E-7, E-11, E-12, E-13, 

E-19, E-20, E-21, E-25, E-29, E-30, CV-A21
Attachment (55) and 

reviewed in (49)
CAR CV-B1, -B2, -B3, -B4, -B5, -B6 Uncoating (56)
Integrin αvβ3 CV-A9, E-1, E-9 Attachment (49),(57)
Integrin α2β1 (VLA-2) E-1, E-8 Attachment (58)
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Enterovirus uncoating 

Uncoating stages 

Although the entry mechanism by which enveloped viruses fuse with the cellular membrane is 
relatively well understood, it is less clear how enteroviruses deliver their genome into the host 
cell. While enteroviruses employ a highly diverse set of receptors and endocytic routes, the 
uncoating mechanism of PV and NPEVs follows a number of conserved steps, which gradually 
destabilize the virus particle and guarantee the appropriate timing and location of genome 
release. Early studies on poliovirus have identified three distinct particle types that occur 
during the entry process (Figure 3A), based on differences in their sedimentation coefficients 
and antigenic properties: the 160S, 135S and 80S particle (69). The 160S particle is the native, 
infectious form of the virion. The 135S particle (altered particle or “A-particle”) is a destabilized, 
infectious particle type that is formed in vitro, but it remains unclear whether this intermediate 
also exists during the uncoating process in a cell. The 80S particle is the empty virion, which 
has released its genome and is a non-infectious end-product of the uncoating process. The 
structure of the native particle is dynamic and undergoes “breathing”, which is the recurrent 
expansion and shrinkage of the virion, accompanied by transient exposure of VP4 and the 
N-terminal extension of VP1 (70). Cellular uncoating cues lock the virion in its expanded state, 
forming the so-called “A-particle”. Unlike the native particle, this uncoating intermediate is 
hydrophobic, due to the irreversible externalization of the VP1 N-terminus, which contains 
an amphipathic helix that allows the virion to interact with membranes (71) (Figure 3B). The 
A-particle is no longer bound to its receptor, lacks the internal protein VP4 (72) and has a ~4% 
increased radius compared to the native virion (69), probably to allow rearrangement of the 

Figure 3. The enterovirus 
uncoating mechanism. a. Particle 
types observed during uncoating 
of enteroviruses in vitro, with 
their respective sedimentation 
coefficients between brackets. 
Uncoating cues (receptor binding 
or low pH) induce changes that 
convert the native virion into the 
A-particle. These changes include 
capsid expansion, externalization 
of the VP1 amino-terminus and 
release of myristoyl-VP4. The 
subsequent release of the RNA 
genome yields the empty particle. 
b. During cell entry, the first 
destabilizing event after receptor 
binding is the release of the 
pocket factor (a lipid that stabilizes the virus particle) from the virion. Subsequently, the externalized 
VP1 N-terminus anchors the virion to the endosomal membrane and myristoyl-VP4 forms hexameric 
membrane pores. The viral RNA genome is translocated through these pores into the cytoplasm, aided by 
the host protein PLA2G16 via an unknown mechanism. 

the virion to the membrane58. It was proposed that these 
connectors represent genomic RNA and viral proteins, 
which might shield the RNA during translocation. 
Consistent with this observation, a recent study showed 
that the poliovirus genomic RNA is protected from deg-
radation by co- endocytosed RNase during the entry pro-
cess59, supporting a scenario in which a discrete channel 
connects the virion to the host cell membrane.

Genome release. Other major questions in studies of 
viral uncoating concern the exit site and orientation 
of the viral RNA during egress from the virus parti-
cle. So far, our understanding of the directionality of 
RNA release is based solely on a study of RV- A2, which 
revealed that the 3′ end of the genome exits the virion 
before the 5′ end60. The site of RNA release from the 
virion was originally proposed to be located at the five-
fold axis61, but cryo- EM structures of uncoating inter-
mediates (A- particles or empty particles) revealed holes 
in the capsid at the twofold axis and near the quasi- 
threefold axis51,62. The opening at the quasi- threefold 
axis was found to serve as a channel for externalization 
of the VP1 N terminus63. Indications of the site of RNA 
release are based on asymmetric cryo- EM reconstruc-
tions of heated poliovirus particles that are in the pro-
cess of genome release64. Although the resolution was 
low (~50 Å), these structures implicated a region span-
ning the twofold and quasi- threefold axes. A limitation 

of most cell- free uncoating studies performed to date 
is that viral uncoating is triggered by numerous cues 
(for example, heat, acid or soluble receptor molecules) 
that act on the entire virion (that is, global stimulation), 
whereas uncoating during a natural infection is prob-
ably asymmetrical, because only one side of the virion 
interacts directly with the membrane. In a recent study, 
asymmetric coxsackievirus B3 uncoating was induced 
with receptors embedded in lipid bilayer nanodiscs, 
generating the first high- resolution structures of an 
enterovirus uncoating intermediate attached to a mem-
brane65. Unlike particles formed upon global stimula-
tion, this structure revealed an opening at the threefold 
axis. Together, these findings show that more studies 
employing lipid membranes, as well as high- resolution 
cryo- EM, are required to determine the exact site of 
RNA exit from the virion.

The pan- enterovirus host factor PLA2G16. Although 
receptor binding is the only known uncoating cue for 
many enteroviruses, genome release does not take place 
immediately after receptor binding on the cell surface 
but after a period of internalization into the cell66. For 
that reason, several studies have suggested the existence 
of an additional unknown uncoating cue that controls 
the moment at which the virion releases its genome65,67. 
A plausible candidate for this role is the host factor 
phospholipase A2 group xVi (PLA2G16), a lipid- modifying 
enzyme of which the physiological function remains 
poorly understood. PLA2G16 was identified as a uni-
versal enterovirus host factor that facilitates the displace-
ment of viral genomes from virus- containing endocytic 
vesicles68. It is likely that PLA2G16 is involved in the 
formation, expansion or maintenance of the membrane 
pore, either by directly interacting with viral proteins or 
RNA, or indirectly, by creating a hospitable lipid envi-
ronment that favours pore formation. For instance, lipids 
modified by PLA2G16 may affect membrane fluidity or 
interact with pore components, thereby facilitating their 
insertion into the endosomal membrane. Interestingly, 
some (non- Enterovirus) picornaviruses possess a non- 
structural 2 A protein with homology to PLA2G16. 
Although these 2 A proteins have never been found in 
association with virions, the possibility exists that these 
proteins perform a similar function in virus entry as 
PLA2G16. Analogously, most parvoviruses have a capsid 
protein that contains a phospholipase A2 domain, which is 
thought to modify the membrane of endocytic vesicles 
to allow viral genome release into the cytoplasm69. These 
findings suggest that various non- enveloped viruses 
have independently evolved to employ lipid- modifying 
enzymes for virus entry via mechanisms that are not yet 
fully understood.

Targeting the uncoating stage of enterovirus infec-
tion could be a promising strategy in the development of 
antiviral drugs against NPEVs. In addition to pocket fac-
tor analogues, which stabilize the virion, molecules that 
prevent genome translocation by targeting viral proteins 
or host factors that are involved in pore formation might 
be promising candidates. The pan- enterovirus host fac-
tor PLA2G16 could be an excellent drug target, because 
all enteroviruses tested to date require this factor and 
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Fig. 3 | The enterovirus uncoating mechanism. a | Particle types observed during 
uncoating of enteroviruses in vitro, with their respective sedimentation coefficients 
between brackets. Uncoating cues (receptor binding or low pH) induce changes that 
convert the native virion into the altered particle (A- particle). These changes include 
capsid expansion, externalization of the capsid protein VP1 amino terminus and release 
of myristoyl- VP4. The subsequent release of the RNA genome yields the empty particle.  
b | During cell entry , the first destabilizing event after receptor binding is the release of 
the pocket factor (a lipid that stabilizes the virus particle) from the virion. Subsequently , 
the externalized VP1 N terminus anchors the virion to the endosomal membrane, and 
myristoyl- VP4 forms hexameric membrane pores. The viral RNA genome is translocated 
through these pores into the cytoplasm, aided by the host protein phospholipase A2 
group XVI (PL A2G16)
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genomic RNA in preparation of its release. Following its externalization, the myristoylated VP4 
protein forms a multimeric pore spanning the endosomal membrane (73). During the final 
stage of the uncoating process, the RNA genome is translocated through this pore from the 
membrane-anchored virion into the cytoplasm of the host cell, via a mechanism that remains 
poorly understood. 

Uncoating cues 

All enteroviruses undergo similar structural changes during uncoating, but the cues driving these 
destabilizing events are diverse. For most enteroviruses, the first uncoating cue encountered 
during cell entry is receptor binding. These uncoating receptors bind in the canyon, where 
they engage the GH loop of VP1, causing collapse of the hydrophobic pocket and expulsion of 
the pocket factor (74). In addition to receptor binding, some enteroviruses rely on endosomal 
acidification as a cue to initiate uncoating. Because a low pH is restricted to specific cellular 
compartments, this chemical cue allows a virus to control the moment and site of genome 
release. Whereas endosomal acidification is the only known uncoating cue for minor-group 
rhinoviruses (75), some other enteroviruses require simultaneous stimulation by their receptor 
and a low pH to fully uncoat. An example of such a virus is EV-A71 (76), which was found to 
uncoat in vitro in the presence of soluble SCARB2 protein at a pH of 6.0 or lower, but not at 
neutral pH (59). This pH dependency of EV-A71 is likely due to a conformational change in 
the three-helix bundle of human SCARB2 that occurs only at low pH and may promote the 
uncoating capacity of the receptor (77).

Pore formation 

Although numerous structural studies describing enterovirus uncoating intermediates have 
provided extensive information about the molecular events that occur between receptor binding 
and A-particle formation, the subsequent process of RNA release is still poorly understood. 
Because enteroviruses lack an external membrane, the viral genome must be translocated across 
a membrane to reach the cytoplasm. Early studies on poliovirus genome delivery showed that 
virions interact with lipid membranes and induce formation of ion-permeable channels (78), 
a capacity which was found to be abrogated by mutations in VP4 (79). Indeed, recombinant 
myristoylated VP4 of RV-16 was shown to independently induce membrane permeability (80) 
by forming multimeric pores, in a myristoylation-dependent manner (73). These pores have a 
channel size consistent with the size required for passage of the single-stranded RNA genome 
(73). Whether the virion is directly associated with this transmembrane channel during genome 
egress has long been unclear. Yet, an electron tomography study of PV bound to receptor-
decorated liposomes revealed approximately 50Å-long “umbilical” connectors linking the 
virion to the membrane (81). It was proposed that these connectors are composed of egressing 
genomic RNA as well as viral proteins, which might shield the RNA during transport across 
the membrane. Consistently, a recent study showed that the PV genomic RNA is protected 
from degradation by co-internalized RNase during the entry process (82), supporting a scenario 
where a discrete channel directly connects the virion to the host cell membrane. 
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Genome release 

Other major questions in uncoating studies concern the exit site and orientation of the viral 
genome during egress from the virus particle. So far, information about the directionality 
of RNA release stems solely from a study on RV-A2, which revealed that the 3’-end of the 
genome exits the virion before the 5’-end (83). The site of RNA release from the virion was 
originally proposed to be located at the five-fold axis (84), but cryo-EM structures of uncoating 
intermediates (A-particle or empty particle) revealed holes in the capsid at the two-fold axis 
and near the quasi-threefold axis (74, 85). The opening at the quasi-threefold axis was found to 
serve as a channel for externalization of the VP1 N-terminus (86). Indications about the site of 
RNA egress stem from asymmetric cryo-EM reconstructions of heated PV particles that are in 
the process of genome release (87). Although the resolution was low (~50 Å), these structures 
pointed towards a region spanning the two-fold and quasi-threefold axes. A limitation of most 
cell-free uncoating studies performed to date is that virions are stimulated globally (with heat, 
acid, or soluble receptor molecules), while uncoating during a natural infection is probably 
asymmetrical, since only one side of the virion interacts directly with membrane. In a recent 
study, Lee et al. induced asymmetric coxsackievirus B3 uncoating with receptor embedded 
in lipid bilayer nanodiscs, generating the first high-resolution structures of an enterovirus 
uncoating intermediate attached to a membrane (88). Unlike particles formed upon global 
stimulation, this structure revealed an opening at the three-fold axis, suggesting that the exact 
site of RNA egress from the virion might be in a different location than previously thought. 

Identification of PLA2G16 as a universal enterovirus host factor 

Although receptor binding is the only known uncoating cue for many enteroviruses, genome 
release does not take place immediately after receptor binding on the cell surface, but requires a 
given period of internalization into the cell (89). For that reason, several studies have suggested 
the existence of an additional unknown uncoating cue that controls the moment at which the 
A-particle releases its genome (88, 90). A plausible candidate for this role is the recently discovered 
host factor PLA2G16, which is a small lipid-modifying enzyme with phoshpolipase A1 and A2 
activity against phosphatidylcholine and phosphatidylethanolamine (91, 92). It was found to 
function as a regulator of adipocyte lipolysis in mice (93), but its precise mechanism of action 
remains poorly understood. Staring et al. identified PLA2G16 as a host factor in haploid genetic 
screens with poliovirus 1, CV-B1, CV-B3, CV-A7, and EV-A71, together with the respective 
receptors of these viruses (94). Besides these enteroviruses, PLA2G16 was shown to play a 
role for the cardioviruses EMCV and Saffold virus. PLA2G16 knockout (PLA2G16KO) did not 
affect PV binding to cells or internalization into endocytic vesicles, nor did it affect translation 
or replication of viral RNA delivered into the cell by transfection, showing that PLA2G16 is 
required for a step in the life cycle between virus uptake and genome translation. Microscopic 
analysis of the viral RNA content of endocytic vesicles showed that PLA2G16KO inhibits the 
dissociation of RNA from virus-containing endosomes, suggesting a role of PLA2G16 in 
RNA translocation or transport. A suppressor screen for genetrap insertions that restore PV 
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infectivity in PLA2G16KO cells identified galectin-8 and components of the autophagy pathway. 
Galectin-8 was found to function as a sensor of virus-induced membrane damage that marks 
virus-containing endocytic vesicles for degradation by the autophagy machinery, revealing 
a novel antiviral clearance mechanism. Both galectin-8 and PLA2G16 were independently 
recruited to sites of virus-induced membrane damage, as well as sites of sterile membrane 
damage. This suggests that the role of PLA2G16 in uninfected cells involves sensing of damaged 
membranes, possibly to repair the membrane or to recruit other lipid-modifying factors for 
membrane repair. During picornavirus infection, it is likely that PLA2G16 is involved in the 
formation, expansion, or maintenance of the membrane pore, either by directly interacting with 
viral proteins or RNA, or indirectly, by creating a hospitable lipid environment that favors pore 
formation. For instance, lipids generated by PLA2G16 may affect membrane fluidity or interact 
with pore components, thereby facilitating their insertion into the endosomal membrane. 

 Genome translation and replication 

Following its delivery to the cytosol, the viral genome is directly translated by ribosomes, 
yielding capsid proteins and viral proteins that mediate genome replication. Translation is 
mediated by an internal ribosome entry site (IRES), a highly-structured RNA element in the 5’ 
untranslated region (UTR) that allows cap-independent translation initiation. The mechanism 
of RNA replication is well conserved among all enteroviruses (95). The core enzyme of the 
replication machinery is the viral RNA-dependent RNA polymerase 3Dpol. Replication is 
initiated at higher-order RNA elements in the 5’ and 3’ UTRs and requires a primer, the viral 
peptide 3B (a.k.a. VPg) coupled to two uridines. 3Dpol operates in conjunction with several 
viral proteins, including 3CDpro and 3AB, which together bind to structural RNA elements 
involved in priming, and 2C, which has ATPase-dependent helicase and ATPase-independent 
RNA chaperone activities. Besides viral proteins, several RNA-binding host proteins are 
involved in replication. Replication occurs on virus-induced, tubulovesicular ROs, which are 
thought to originate from endoplasmic reticulum (ER) and/or Golgi membranes. RO formation 
requires the viral membrane-associated proteins 2BC and 3A (96) and a specific set of hijacked 
host factors. 3A interacts with acyl CoA-binding domain-containing 3 (ACBD3), a protein 
that regulates structure and function of the Golgi complex, to recruit phosphatidylinositol 
4-kinase type IIIβ (PI4KB), a Golgi-localized lipid kinase that generates phosphatidylinositol 
4-phosphate (PI4P). The accumulation of PI4P attracts oxysterol-binding protein (OSBP), 
a protein that exchanges PI4P lipids for cholesterol at membrane contact sites, leading an 
accumulation of cholesterol in RO membranes (28, 97). Increased levels of PI4P and cholesterol 
are important for RO formation and efficient genome replication, possibly by facilitating 
proper processing of the viral polyprotein (98–101). 3A also binds Golgi-specific brefeldin 
A-resistance factor 1 (GBF1), but its exact role in replication is yet unclear. The roles of 2BC, 
2B, and 2C in membrane reorganization are less well understood. 2B has viroporin activity 
(102),(103). 2C binds reticulon-3, an ER protein that promotes membrane curvature, but the 
importance of this interaction for RO formation has not been investigated (104). Several other 
host proteins have been implicated in enterovirus replication, but their role(s) in replication are 
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often poorly understood. Additionally, enteroviruses trigger activation of autophagy. Although 
autophagosomes have been suggested to play a role in genome replication (105), it is currently 
thought that virus-induced autophagosomes are primarily involved in non-lytic virion release 
(see below). 

Virion assembly and release 

Assembly 

The enterovirus life cycle ends with the formation of new infectious progeny, a highly complex, 
stepwise process that is only poorly understood (106). In a first step, heath shock protein 90 
(Hsp90) associates with the myristoylated capsid precursor P1, catalyzing the proteolytic 
processing by 3CDpro to yield VP0, VP1 and VP3 (107). This yields a protomeric particle that 
subsequently self-oligomerizes to form pentameric particles. These pentamers are stabilized by 
their myristate moieties (108, 109) and, for some enteroviruses, by association with glutathione 
(110, 111). The current model is that in a next step, pentameric particles condense around 
replicating viral RNA to form the next-higher-order particle, the “provirion”. Concomitantly with 
encapsidation, and as a last quality control step, most enteroviruses rely on viral RNA-mediated 
VP0 cleavage into VP2 and VP4 to generate mature virus particles (112). Although many RNA 
viruses exploit at least one RNA packaging signal (PS) to provide specificity and precision, no 
PS’s have been identified thus far in the genome of enteroviruses. For enteroviruses it is currently 
believed that encapsidation specificity is governed by direct protein:protein interaction between 
2C, as part of the replication complex, and the viral capsid protein VP3 without an apparent 
involvement of a (traditional) RNA packaging signal (113). Intriguingly, parechovirus 1 and 
FMDV were recently shown to contain multiple short regions of ordered RNA structures that 
bind capsid proteins, dispersed throughout the genome (114, 115). Whether enterovirus or 
other picornavirus genomes also contain such structures needs to be investigated.

Virion release 

Enteroviruses are typically considered cytolytic viruses that need to kill and destruct their host 
cell to be released. However, several studies have revealed that enteroviruses can also be released 
in a non-lytic manner, in vesicles that mediate en bloc transmission of virions (33, 116–119). 
The current model is that enteroviruses trigger autophagy and upregulate the formation of 
double-membrane autophagosomes that engulf clusters of virions (105). Fusion of these 
autophagosomes with lysosomes is inhibited by the virus to prevent degradation of their content. 
Instead, fusion of the outer membrane of virion-containing double-membrane autophagosomes 
with the plasma membrane releases single-membrane vesicular structures filled with virions to 
the extracellular milieu. The membranes of these extracellular vesicles are enriched in the lipid 
phosphatidylserine, which assists uptake in other cells, likely via phosphatidylserine-receptors 
(118). Nevertheless, the “genuine” virus receptor is still needed for infection, implying that at 
some point virions are released from the extracellular vesicles (118). Non-lytic release may be a 
much wider adopted transmission strategy of picornaviruses and has also been implicated for 
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HAV, which evades neutralizing antibodies by cloaking itself in exosome-like structures (120, 
121). Thus, non-lytic release may enhance infection efficiency, but its exact role in enterovirus 
dissemination and pathogenesis remains to be explored. 

Antiviral drugs targeting enteroviruses 

Despite numerous attempts, no anti-enteroviral drugs have been marketed to date. Broad-range 
drugs are eagerly awaited to treat enterovirus infections. In addition, they can be of great use 
in the global poliovirus eradication, to rapidly respond to possible outbreaks in the post-
eradication era and also to treat the so-called “chronic shedders”, immune-deficient people 
who excrete poliovirus for prolonged times after receiving OPV, imposing a threat to successful 
eradication (122). Generally, antiviral compounds can target viral proteins (direct-acting 
antiviral; DAAs) or essential host proteins. Because DAAs target viral proteins, they usually 
have limited side effects. However, viral proteins often rapidly mutate and become resistant to 
DAAs because 3Dpol lacks proofreading activity. Known DAAs against enteroviruses include 
capsid binders (e.g. pleconaril, vapendavir), 3Cpro inhibitors (e.g. ruprintivir), 3Dpol inhibitors 
(e.g. ribavirin, GPC-N114), and 2C inhibitors (e.g. TBZE-029, guanidine) (Table 2). Inhibitors 
targeting conserved host factors are active against a broad range of enteroviruses and host 
factors are unlikely to mutate and acquire insensitivity to the inhibitors. However, host-directed 
antivirals are more likely to cause side effects than DAAs. Examples of host factor inhibitors 
are drugs targeting the PI4KB-OSBP pathway (e.g. enviroxime, TTP-8307) (Table 2). Several 
compounds, mostly capsid binders and some 3Cpro peptidomimetics, have been tested in clinical 
trials, mainly to treat rhinovirus infections, but all failed due to lack of efficacy or toxicity issues 
(123). Besides developing inhibitors of known targets, an alternative approach yielding novel 
avenues for antiviral therapy is drug repurposing. Repurposed drugs with anti-enterovirus 
activity include the antidepressant fluoxetine (Prozac®) (124),(125), which likely targets 2C, 
the antifungal drug itraconazole (Sporanox®) (126), which targets OSBP, and the anti-cancer 
drug gemcitabine (Gemzar®) (127), a nucleoside analogue. Itraconazole and gemcitabine have 
antiviral activity in mouse infection models (128),(129), and fluoxetine was successfully used to 
treat an immunocompromised child with chronic enteroviral encephalitis (130). The successful 
development of highly effective antiviral drugs against another +RNA virus, hepatitis C virus, 
implies that it should be possible to develop antiviral drugs against enteroviruses, provided that 
sufficient investments are made. 

Genome-wide genetic screens 

To develop antiviral compounds targeting host factors, it is crucial to uncover the identity of 
these factors. For a long time, host factor discovery depended on biochemical assays that revealed 
direct interactions between a virus and unknown proteins from cell extracts. The development 
of genome-wide genetic screens has made the discovery of host factors, including receptors, 
much more efficient, since these methods assess the importance of a factor for infection, rather 
than the strength of its interaction with viral proteins. The first loss-of-function screening 
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Table 1. Selection of pharmacologic inhibitors of the human enterovirus life cycle 
Inhibitor Remarks Inhibiteda Not inhibiteda Ref.

Capsid

Pleconarilb FDA application for common cold (rhinovirus) rejected (safety 
concerns)
Phase II trial for asthma exacerbations (rhinovirus): No results 
published
Phase II trial for neonatal sepsis (NPEV): No results published

EV-B, EV-C, 
EV-D68, RV-A, 
RV-B

EV-A71, E-24, 
PV-1, RV-B17, 
RV-A45, RV-C

(123)e,(131–
138) 

Pirodavirb Phase II trial for common cold (rhinovirus): Development 
halted

EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B

RV-A8, RV-A25, 
RV-A45, RV-C

(123)e,(132–
138)

Vapendavir 
(BTA798)

Pirodavir analog
Phase IIb trial for asthma exacerbations (rhinovirus): Not 
active

EV-A71, EV-C, 
EV-D68c, RV-A, 
RV-B

EV-D68c (123)
e,(133–135, 
138, 139) 

Pocapavir 
(V-073 or
SCH 48973)

Phase II trial for polio eradication: Effective EV-B, EV-C EV-A71, 
EV-D68, 
RV-B14

(135, 139, 
140),(141)

NLD Developed against EV-A71 by structure-based drug design EV-A71 (142)

3Cpro

Rupintrivir 
(AG-7088)

Peptidomimetic inhibitor
Phase II trial for common cold (rhinovirus): Development 
halted

EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B, 
RV-C

(123)e, 

(136),(137) 

AG7404 
(V-7404)

Rupintrivir analog
Phase I trial for common cold (rhinovirus): Development 
halted

EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B

(123)e,(143)

DC07090 Non-peptidomimetic inhibitor EV-A (144)

3Dpol

NITD008 Nucleoside analog that is effective in animals EV-A (145)

Ribavirin Repurposed nucleoside analog (hepatitis C virus) that is 
effective in animals

EV-A71, EV-B, 
EV-C, RV-A, RV-B

(146),(147)

Amiloride Repurposed drug (antikaliuretic-diuretic) that acts as non-nu-
cleoside inhibitor

CV-B3 (148)

2C 

Dibucaine Repurposed drug (local anesthetic) EV-A71, CV-B3, 
EV-D68 

PV-1, RV-A2, 
RV-B14

(149)

Fluoxetine Repurposed drug (antidepressant) that was used successfully 
in a patient

EV-B, EV-D EV-A, EV-C, 
RV-A2, RV-B14

(124, 125, 
130)

HBB Effective in animals EV-B, EV-C (150)

Pirlindole Repurposed drug (antidepressant) CV-B3, EV-D68 EV-A71, PV-1, 
RV-A2, RV-B14

(149)

PI4KB

Enviroxime Phase II trial for common cold (rhinovirus): Development 
halted

EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B

(123)e,(132–
134)

BF738735 An analog with increased bioavailability is effective in animals EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B

(151)

MDL-860 Allosteric inhibitor that is effective in animals EV-B, EV-C, 
RV-A, RV-B

(152),(153)

OSBP

Itraconazole Repurposed drug (antifungal) that is effective in animals EV-A, EV-B, EV-C, 
EV-D, RV-A, RV-B

EV-D68c (126, 
129),(134) 

OSW-1 Natural compound EV-A71, CV-B3, 
CV-A21, RV-B14

(126),(154)

Hsp90

Geldana-
mycin

Natural compound of which an analog is effective in animals EV-A71, PV-1, 
CV-B3, RV-B14

(107),(155) 

N-myristoyltransferase 1

2-hydroxy-
myristic acid 

Prevents VP4 myristoylation EV-A71 (156)

Glutathioned

Buthionine 
sulfoximine

Inhibits glutathione biosynthesis EV-A, EV-B, EV-C
RV-B14

EV-A71, E-11, 
PV-1

(111, 
157),(110)

TP219 Depletes glutathione
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approach to identify viral host factors was based on siRNA-mediated gene knockdown, a 
method that was first applied to a virus at genome-wide scale for human immunodeficiency 
virus (158, 159). Although siRNA screens have been very useful, this technique is limited by the 
incomplete silencing of gene expression by siRNA knockdown and can only be performed in 
an arrayed setting. Haploid genetic screens (160, 161) rely on the insertion of genetrap vectors 
at random sites in the genome, which results in truncated mRNA and protein products. These 
screens employ haploid cell lines (KBM7 or HAP1), to ensure that the insertion of inactivating 
genetrap vectors in a gene has a dominant effect on the phenotype of the cell. A major advantage 
of haploid screens is the use of a cell pool, which is genetrap mutagenized and selected with 
a cytotoxic agent (virus, bacterium or drug), followed by the expansion of cells that carry 
mutations conferring resistance to the treatment. The mutations responsible for cell survival 
are identified by deep sequencing of genomic DNA extracted from the entire cell population. 
Due to the pooled nature of haploid screens, expensive equipment such as pipetting robots 
and high-throughput imaging devices are not necessary. Haploid genetic screens have been 
successfully used to identify receptors for several viruses, such as Ebola virus, Lassa fever 
virus, Lujo virus and adeno-associated virus (162–165), as well as the picornavirus host factor 
PLA2G16 (94). A similar, more recently developed genome-wide screening method is the use 
of CRISPR-Cas9 instead of genetrap mutagenesis for gene inactivation (166, 167). Advantages 
of CRISPR-based screening methods are the relatively simple sequencing procedure and the fact 
that these screens can be performed in any cell line, not only in haploid cells. Nevertheless, due 
to the use of pre-designed single guide RNA (sgRNA) libraries, CRISPR-based screens are less 
unbiased than haploid screens. Also, sgRNAs can have off-target effects, which might increase 
the experimental background noise. 

Aim and outline of this thesis 

Receptor binding is a crucial first step in the enterovirus life cycle that not only allows a virus to 
recognize its target cells, but generally also serves to overcome the high virion stability required 
for survival during transmission. As discussed in this chapter, many enterovirus receptors 
have been identified and for some viruses the molecular mechanism of receptor engagement is 

Table 1 footnotes: 
a Indicates against which viruses the compound has been tested. Viruses that are not listed have not been 
tested for sensitivity to the inhibitor. When the name of a species is given, this indicates that multiple (at 
least two), but not necessarily all virus types belonging to this species have been tested. 
b In some studies with pleconaril and pirodavir, it was observed that some specific strains within a large 
panel were not susceptible to drug inhibition. For reasons of clarity, these exceptions are not included in 
this table. 
c Some studies report an inhibition of EV-D68 by these compounds, whereas others do not find an 
inhibitory effect. It is currently unclear whether this is due to different strains used or due to technical 
differences.
d Susceptibility for inhibition by GSH depletion is determined by the absence of a surface exposed 
methionine which can be type or strain specific.
e  Review article, see also references therein. 
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understood in detail. Nevertheless, our knowledge of enterovirus receptors is far from complete, 
given the large number of enterovirus serotypes and the fact that viruses can use multiple 
receptors, which are either redundant or have sequential roles. Principally, the aim of this thesis 
is to reveal the identity and the roles of receptors used by two emerging enteroviruses, EV-D68 
and CV-A24v. Furthermore, we set out to identify a receptor for EMCV, a cardiovirus that has 
been used as a model in many cell culture studies. 

At the start of this project, the emerging EV-D68 was a very poorly understood virus on which 
only one study had reported binding to sialylated glycans in vitro. In chapter 2, we showed that 
sialic acid (Sia) is an essential factor for EV-D68 cell entry. To identify the binding site for sialic 
acid on the virus surface, we determined the crystal structure of the EV-D68 prototype Fermon 
in complex with sialylated ligands. Comparison of this structure with the unliganded crystal 
structure of EV-D68 Fermon revealed structural rearrangements in the capsid proteins in 
consequence to Sia binding, implicating Sia as an uncoating receptor. In chapter 3, we aimed to 
unveil the EV-D68 receptor repertoire via an unbiased genome-wide approach. We performed a 
haploid genetic screen with EV-D68-Fermon, which revealed that different Sia linkage types can 
serve as functional receptors for EV-D68, as well as for other EV-D serotypes. In addition, we 
compared the receptor requirements of EV-D68-Fermon with recent EV-D68 clinical isolates, 
identifying several isolates that are able to use an alternative cell entry receptor in the absence 
of Sia. In chapter 4, we aimed to identify this alternative receptor by further investigating one 
of the Sia-independent strains. To this end, we employed a second haploid genetic screen in 
a Sia-deficient knockout cell line, forcing this Sia-independent strain to use its non-sialylated 
receptor. Besides identifying this receptor, the screen revealed that receptor choice can 
determine the dependency of the virus on PLA2G16. To understand the mechanism by which 
receptor choice influences PLA2G16 dependency, we investigated the various uncoating cues 
that EV-D68 requires and performed cryo-EM studies to investigate the structural changes in 
the capsid upon binding of different receptors. 

In chapter 5, we aimed to identify a protein receptor for CV-A24v and further investigated the 
roles of this protein receptor, ICAM-1, as well as the secondary receptor Sia. To understand the 
molecular details of receptor binding, we determined the cryo-EM structure of CV-A24v bound 
to ICAM-1 and identified the amino acid residues mediating this interaction. Finally, we used 
phylogenetic analysis to identify a capsid residue in the Sia-binding site that differs between 
non-pathogenic CV-A24 strains and pandemic AHC-causing strains, followed by site-directed 
mutagenesis to establish whether this residue affects receptor binding. 

The aim of chapter 6 was to identify novel host factors for EMCV using a genome-wide haploid 
screen, which identified two proteins as candidate receptors. We confirmed the relevance of 
these proteins using knockout cells and studied whether these factors play a role in the viral 
entry phase.  

Chapter 7 provides a summary of the findings in this thesis, a discussion of these topics, and 
future perspectives for antiviral therapies. 
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Abstract

Human enterovirus D68 (EV-D68) is a causative agent of childhood respiratory diseases and 
has now emerged as a global public health threat. Nevertheless, knowledge of the tissue tropism 
and pathogenesis of EV-D68 has been hindered by a lack of studies on the receptor-mediated 
EV-D68 entry into host cells. Here we demonstrate that cell surface sialic acid is essential for 
EV-D68 to bind to and infect susceptible cells. Crystal structures of EV-D68 in complex with 
sialylated glycan receptor analogues show that they bind into the ‘canyon’ on the virus surface. 
The sialic acid receptor induces a cascade of conformational changes in the virus to eject a 
fatty-acid-like molecule that regulates the stability of the virus. Thus, virus binding to a sialic 
acid receptor and to immunoglobulin-like receptors used by most other enteroviruses share a 
conserved mechanism for priming viral uncoating and facilitating cell entry.

Introduction

Piconaviruses are a family of non-enveloped, icosahedral, positive-stranded RNA viruses. 
Enteroviruses (EV), an important genus of this family, include a variety of human pathogens 
(1), such as polioviruses and the human enterovirus D68 (EV-D68). EV-D68 is a causative 
agent of childhood respiratory infections (2) and occasionally leads to neurological diseases (3). 
Recent outbreaks of EV-D68, including the 2014 outbreak in the United States (4), indicate that 
this virus has now emerged as a global public health threat (5). However, the tissue tropism and 
pathogenesis of EV-D68 is poorly understood. Specifically, there is a lack of knowledge on the 
receptor-mediated EV-D68 entry into host cells. 

The capsid of EVs consist of 60 copies of each of the viral proteins VP1, VP2 and VP3, that form 
an icosahedral shell with pseudo T=3 symmetry, and 60 copies of VP4 that form a network 
on the interior surface of the capsid (6,7). A depression on the virion surface, the canyon, that 
encircles each five-fold axis, has limited accessibility to neutralizing antibodies (6). This region 
is frequently the binding site for immunoglobulin-like (Ig-like) receptors (8). In most EV 
structures, a hydrophobic pocket in VP1 is located underneath the canyon and accommodates 
a ‘pocket factor’, which is a fatty-acid like molecule that stabilizes the virion (9,10,11). Many EVs 
interact with their cognate Ig-like receptors in a two-step mechanism (12,13), which involves 
a competition between the pocket factor and the receptor (10,14). The binding of an Ig-like 
receptor at physiological temperatures leads to an irreversible conformational switch to an 
expanded A (altered) particle (15,16), an intermediate during viral uncoating (17). Binding of 
Ig-like receptors facilitates virus entry and subsequently genome release into the cell cytosol for 
successful viral replication. Thus, a series of capsid-binding inhibitors (for example, pleconaril 
(18)), which replace the pocket factor in binding EVs (19,20), were developed to inhibit EV 
infections by interfering with cell entry of EVs. Carbohydrate receptors, including sialic acid and 
heparin sulfate, have also been identified as receptors for a number of EVs (21-26). Nevertheless, 
it is not known whether these can also initiate virus uncoating to facilitate virus infection.
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EV-D68 belongs to the poorly characterized species EV-D. However, it had been reported that 
EV-D70, a close relative of EV-D68, uses sialic acid as a cellular receptor (21,27). Furthermore, a 
glycan array analysis showed that EV-D68 can bind to synthetic glycoproteins with a terminally 
linked sialic acid (28). In addition, sialic acid terminated molecules are widely distributed and 
abundantly expressed in the human respiratory tract (29).

Here we identify sialic acid as a receptor of EV-D68 and show that sialylated glycans bind to the 
virus ‘canyon’. We also show that binding of sialic acid causes a series of conformational changes 
that destabilize the virus by ejection of the ‘pocket factor’ to initiate infection.

Results

Identification of sialic acid as a receptor for EV-D68

The possible use of sialic acid as a cellular receptor by EV-D68 was examined by performing 
attachment and infectivity assays. We found that removal of cell surface sialic acid by 
neuraminidase treatment of HeLa cells, human rhabdomyosarcoma (RD) cells and human 
lung embryonic fibroblast (HELF) cells significantly reduced infectivity of the EV-D68 
Fermon prototype strain (Fig. 1a–c). These results suggest that sialic acid might be a functional 
receptor in these cell lines. To obtain further evidence that sialic acid is a functional receptor 
for EV-D68, human HAP1 cells were used in which the sialic acid activating enzyme cytidine 
monophosphate N-acetylneuraminic acid synthase (CMAS) had been knocked out. These cells 
are devoid of sialic acids on their surface and had previously been shown to be highly resistant 
to influenza A virus infection (30). We found that these cells were resistant to EV-D68 (Fermon 
strain) infection, further confirming the importance of sialic acid for EV-D68 infection (Fig. 
1d). Furthermore, neuraminidase treatment of RD and HELF cells led to significantly decreased 
virus attachment (Fig. 1e,f).

In view of these results as well as the previous glycan array analysis (29), and also because 
N-acetylneuraminic acid (Neu5Ac) is a frequently occurring sialic acid in humans, the sialylated 
trisaccharides Neu5Acα2-3Galβ1-4GlcNAc (3’SLN), Neu5Acα2-6Galβ1-4GlcNAc (6’SLN), and 
Neu5Acα2-6Galβ1-4Glc (6’SL) were used as potential receptor analogues. Preincubation of 
EV-D68 with these sialylated trisaccharides inhibited viral attachment and prevented killing of 
RD cells in a concentration-dependent manner (Fig. 1g,h). Therefore, sialic acid has a crucial 
role in EV-D68 attachment and infection.

The binding site of sialylated receptor analogues

The crystal structures were determined of EV-D68 when in complex with 3’SLN, 6’SL or 
6’SLN. The resolution of these structures ranged from 2.2 to 2.3 Å (Supplementary Table 1; 
Supplementary Fig. 1). The procedures for the structure determination of these complexes 
were based on non-crystallographic symmetry averaging and step-by-step phase extension (20) 
(Methods). All three receptor analogues were observed to bind near the ‘eastern end’ of the 
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canyon (Fig. 2). The EV-D68 canyon is unusually shallow and narrow compared with other 
picornaviruses that bind Ig-like receptor molecules (8,20). In all three structures the Neu5Ac 
moiety is well accommodated in a wide crater formed by VP1 and VP3 within the same protomer 
(6) (Fig. 2; Supplementary Fig. 2).

Figure 1: Cell surface sialic acid has a crucial role in EV-D68 (strain Fermon CA62-1) attachment 
and infection. (a–c) Growth curve of EV-D68 in susceptible cell lines cells. Neuraminidase treatment 
of susceptible cell lines inhibits EV-D68 infection. (d) HAP1 cells (WT and CMAS-KO) were infected 
with EV-D68 at an MOI of 1 and virus titres were determined at 0 h (T=0) or 10-h post infection. (e,f) 
Histograms showing virus binding to susceptible cells. P<0.0001 by Student’s t-test. (g) Preincubation of 
6’SL, 6’SLN or 3’SLN with EV-D68 prevents killing of RD cells caused by virus infection. (h) Preincubation 
of 6’SLN or 3’SLN with EV-D68 inhibits viral attachment to RD cells. All data are represented as mean±s.d. 
Experiments were performed at least in triplicate.
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Figure 2: Sialylated receptor analogues bind to the EV-D68 canyon. (a) An EV-D68 virus particle in an 
icosahedral cage (black). The white triangle represents one icosahedral asymmetric unit. The surrounding 
white rectangular outline represents the limits of the figures shown in (b,c). The thick white contour 
outlines the summation of five superimposed footprints of Ig-like receptors on the virus, whereas the 
thinner white contour represents the consensus footprint of at least four footprints. Shown also is the 
footprint of the sialylated trisaccharides (yellow). The background is a map of the EV-D68 surface residues 
coloured by polypeptide in (a,c) or coloured by radial distance in Å from the virus centre in (b).
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The sialic acid moiety (Neu5Ac) of these ligands is stabilized by a series of interactions provided 
by the surrounding residues Arg3104, Asp3232, Pro3231, Asn1275, Pro1274, Arg1270, Asp3091, 
Arg3095 and Ile3233 (Fig. 3) (The EV-D68 amino acid numbering system is based on the 
Fermon strain amino acid sequence. Residues in VP1, VP2 and VP3 are defined by adding 1,000, 
2,000 and 3,000 to their sequence number). Thus, like other viral attachment proteins that bind 
terminal Neu5Ac (ref. 31), EV-D68 makes polar interactions with the carboxylate group and 
the acetamido group nitrogen atom of Neu5Ac (Fig. 3). The residues that interact with Neu5Ac 
in EV-D68 are conserved except for an Arg to Lys change at position 1270 among 51 EV-D68 
isolates collected from sources on four continents between 1962 and 2014 (Supplementary 
Table 2). These isolates have been classified as belonging to three lineages, although lineage 
1 was the most dominant. It is, therefore, significant that these residues are also conserved in 
EV-D70, which is known to bind sialic acid as a cellular receptor (27). However, enteroviruses 
that bind Ig-like molecules in the canyon have quite different kinds of residues at the sialic acid 
binding site of EV-D68 (Supplementary Table 3). In addition, Coxsackievirus A24, which uses 
sialic acid as a receptor, also has different kinds of residues at the EV-D68 sialic acid binding 
site, suggesting that sialic acid would bind to a different site on Coxsackievirus A24 than on 
EV-D68. This is consistent with the fact that Coxsackievirus A24 binds to sialic acid at a site 
near each five-fold axis, as shown by a previous study on the structures of Coxsackievirus A24 
complexed with sialic acid or sialylated glycans (32). Moreover, the infectivity of the EV-D68 
strain (US/MO/14-18947) from the 2014 US outbreak (which has a lysine in position 1,270) 
was significantly reduced in neuraminidase-treated RD cells as compared with non-treated RD 
cells (Supplementary Fig. 3), suggesting that sialic acid might be a common receptor for a broad 
spectrum of EV-D68 strains.

Receptor specificity

Different conformations were observed between the 6’SLN and 3’SLN receptor analogues that 
might explain why EV-D68 preferentially recognizes sialic acid receptors with an α-2,6 linkage 
(28) (Supplementary Fig. 4). These are consistent with the fact that 6’SLN prevents EV-D68 
attachment and inhibits killing of RD cells more efficiently than does 3’SLN (Fig. 1g,h). This 
suggests that EV-D68 might have a tropism towards the human upper respiratory tract, where 
α-2,6 linked sialic acid molecules are more abundant and the temperature is optimal for EV-D68 
growth than in the lower respiratory tract (2).

The receptor analogues used here are trisacchrides and presumably could be a component of the 
glycoconjugate on the authentic receptor that might be a glycoprotein or glycolipid. However, 
a previous glycan array analysis (28) used 3’SLN and 6’SLN covalently linked to bovine serum 
albumin (BSA) through the GlcNAc moiety. This analysis found that the Fermon strain has 
a limited binding affinity for 3’SLN linked to BSA compared with 6’SLN linked to BSA. In 
the present study, structures of EV-D68 complexed with these sialylated glycans showed that 
3’SLN adopts a linear conformation such that it is lying against the eastern rim of the virus 
canyon (Supplementary Fig. 4; Supplementary Movie 1). Thus, if 3’SLN linked to BSA were to 
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bind to the same binding site, the virus would impose a large steric hindrance that would not 
accommodate the BSA. In contrast, 6’SLN (as also 6’SL) adopts a bent conformation such that 
the GlcNAc moiety, which is furthest away from the Neu5Ac moiety, is well clear of the virus 
surface which, therefore, permits the presence of BSA (Supplementary Fig. 4; Supplementary 
Movie 1). Therefore, steric hindrance might limit the binding of the virus to α-2,3 but not α-2,6 
linked sialic acid on the authentic sialylated receptors.

Sialic acid binding causes ejection of the pocket factor

The r.m.s.d. between all the equivalent atoms of the EV-D68 native structure and the EV-D68 
bound with any of the three receptor analogues is about 0.4 Å (Supplementary Table 4). Nearly 
all main chain atoms that were displaced by more than four r.m.s.d. were in the loops that form 
the connecting region between the sialic acid binding site and the VP1 hydrophobic pocket. 
The same conformational changes occurred in each of the three complexes. The conformational 
changes included the VP1 GH loop located at the boundary between the VP1 hydrophobic 
pocket and the canyon. Similar changes in the VP1 GH loop occur when CD155 binds to 
poliovirus (14). In particular, the Cα atom of residue Ile1217 moves 2.2 Å into the pocket (Fig. 
3). This results in a conformation of the VP1 GH loop much like that in the rhinovirus 14 
structure where no pocket factor is present (6). Thus binding of sialylated receptor analogues 
onto EV-D68 causes a partial collapse of the pocket, leading to the displacement of the pocket 
factor (Fig. 4). However, in these sialylated receptor analogue bound structures, the VP4 density 
is still present and the particle size is not altered, indicating that sialylated glycan binding of 
EV-D68 at room temperature represents an initial event of the viral entry process. In contrast 
to the conformational changes that occur when a sialic acid receptor binds into the canyon, 
binding of glycan receptors to other binding sites (Supplementary Table 5) on picornaviruses do 
not cause further conformational changes.

The contact region for all three receptor analogues is the VP1 C terminus, VP3 C terminus and 
VP3 CD loop. This site is ∼28 Å from the VP1 hydrophobic pocket in the same protomer and 
∼30 Å away from the VP1 hydrophobic pocket in a neighbouring protomer (Fig. 3). In contrast, 
all Ig-like molecules interact directly with the VP1 GH loop in the canyon (Supplementary Fig. 
5). Thus, binding of the sialylated receptor analogues displaces the pocket factor through long 
range structural rearrangements of the virus. The region connecting the sialic acid receptor 
binding site and the VP1 hydrophobic pocket is formed by the VP3 CD loop, the VP3 GH loop, 
the VP1 EF loop and the VP1 GH loop. These loops undergo the only significant conformational 
changes mentioned above (Supplementary Table 4). Thus the signal of receptor binding must 
be transmitted to the hydrophobic pocket through the structural rearrangements of these loops 
(Fig. 4a,b). These conformational changes might be initiated by charge repulsion between 
the negatively charged carboxylate group of Neu5Ac and the main chain carbonyl group of 
Gln3089. In partial agreement with this mechanism, two of the five mutations that resulted in 
the resistance of EV-D70 to neuraminidase treatment of HeLa cells occur in the VP1 EF loop 
and GH loop (33). Furthermore, the pocket factor was missing and the hydrophobic pocket was 
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collapsed in A particles of other enteroviruses (34), while three of the four loops mentioned 
above undergo dramatic conformational changes during virus expansion to A particle in the 
uncoating process (35). In summary, binding of sialic acid receptor analogues to EV-D68 ejects 
the pocket factor and therefore presumably destabilizes the virus to facilitate viral uncoating.

Furthermore, in analogy with the interaction of EVs with Ig-like receptors (10), the structure 
of EV-D68 complexed with sialylated trisaccharides suggests that the receptor molecule and 
the pocket factor compete to bind the virion in the initial step of EV-D68 entry into host cells. 
Consistent with this is that pleconaril inhibits viral attachment to HELF cells (Fig. 4c) because 
the bound pleconaril blocks the conformational change of the virus that favours sialic acid 
binding.

Figure 4: Competition between the sialic acid receptor and the pocket factor. (a) The conformational 
changes of the virus when sialylated receptor analogues bind the virus and eject the pocket factor. Amino 
acids in the native and in the receptor bound structures are shown in yellow and cyan, respectively. A water 
molecule is shown as a red sphere. Dash lines represent polar interactions. Red arrows indicate movements 
of the four loops. (b) Enlarged component of marked region in (a) shown in a slightly different orientation. 
(c) Preincubation of EV-D68 with pleconaril inhibits viral attachment onto non-treated HELF cells. Data 
are represented as mean±s.d. Experiments were done in triplicate. 
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Figure 3: Binding of sialylated receptor analogues to EV-D68 displaces the pocket factor. (a) 
Superimposition of the amino acids lining the VP1 hydrophobic pocket in the native structure (light grey) 
and the receptor bound complex (green). The pocket factor in the native structure is coloured grey. (b) 
Two protomers of the EV-D68 capsid are represented as Cα backbones with VP1, VP2 and VP3 coloured 
blue, green and red, respectively. The pocket factor (native structure) and the receptor analogue (receptor 
bound complex) are coloured grey and cyan, respectively. (c) The sialic acid moiety (Neu5Ac) (cyan carbon 
atoms) interacts with surrounding amino acids (green carbon atoms). A water molecule is represented by 
a red sphere. Dash lines indicate polar interactions. Oxygen, nitrogen and sulfur atoms in (a,c) are colored 
red, dark blue and yellow, respectively.
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Discussion

In the present study, a recent clinical isolate of EV-68 (US/MO/14-18947 from the 2014 US 
outbreak) was shown to have sialic acid dependency, as is the case for the prototype Fermon 
strain and another early strain isolated in the 1970s (ref. 36). Furthermore, RD and HeLa cells 
were found to be susceptible to infection by both the Fermon and US/MO/14-18947 strains. 
In particular, these two strains exhibited similar growth kinetics when using RD cells (Fig. 1; 
Supplementary Fig. 3). Thus the similarities between these two strains suggest that the results 
described here might be equally applicable to at least some of the recent isolates. However, 
the Fermon strain is likely to have undergone some changes since its isolation in 1962 due 
to a lengthy passage history, which may have changed its receptor binding properties and/or 
fitness in susceptible cell lines (37). Therefore, it is possible that some recent strains may have 
potentially altered receptor usage. It is also probable that some recent strains may not replicate 
as efficiently as the Fermon strain in cells lines such as RD, HeLa and HELF cells examined here.

Although EV-D68 causes mainly respiratory infections, some recent isolates were associated 
with neurological illness such as acute flaccid myelitis (38,39,40). These recent clinical isolates 
are all in the same clade as US/MO/14-18947 isolated from a patient with respiratory illness but 
who did not have a neurological disease (39). The amino acid sequences of the structural proteins 
of these isolates share ∼99% sequence identity to that of US/MO/14-18947. Furthermore, the 51 
strains used for sequence alignment, as mentioned above, include strains that were associated 
with neurological diseases. This suggests that these strains might also be sialic acid dependent, 
consistent with the fact that most EV-D68 associated acute flaccid myelitis cases had respiratory 
infections (39).

In summary, the structural and functional analyses showed that sialic acid is a functional cellular 
receptor for EV-D68. The prevalence of sialic acid in the human respiratory tract might allow 
efficient replication of EV-D68 that leads to human respiratory infection. Despite chemical 
and structural differences from the Ig-like receptors, the sialic acid receptor binds to the virus 
canyon and causes the expulsion of the pocket factor, suggesting that the enterovirus canyon 
is a sensor for receptors. Thus, the canyon transmits signals initiated by receptor binding to 
release the pocket factor, regulating the conformational state of EVs from being stable for virus 
transmission to being unstable during virus entry.

Methods
Viruses and cells. HeLa cells (H1-HeLa cells, ATCC CRL-1958) and human rhabdomyosarcoma (RD, 
ATCC CCL-136) cells were purchased from ATCC. Human embryonic lung fibroblast (HELF) cells and 
the prototype strain of EV-D68 were kindly supplied by Dr M. Steven Oberste at the Centers for Disease 
Control and Prevention (USA). CMAS knockout HAP1 cells were obtained from Haplogen GmbH 
(Vienna, Austria). RD and HELF cells were maintained in Dulbecco’s Modified Eagle Medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and nonessential amino 
acid (NEAA, Life Technologies), while HeLa cells were maintained in minimum essential medium (Life 
Technologies), 10% FBS and NEAA. CMAS knockout HAP1 cells, a near-haploid human cell line that was 
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derived from the human myeloid leukaemia cell line KBM7, were grown in Iscove’s Modified Dulbecco’s 
Medium (Life Technologies) supplemented with 10% FBS. An isolate of EV-D68 from the 2014 outbreak 
in the United States, US/MO/14-18947 (GenBank: AIS73051.1), was provided by Dr M. Steven Oberste 
through BEI Resources, National Institute of Allergy and Infectious Diseases, National Institute of Health. 
All EV-D68 stock was propagated in RD cells and stored at −80 °C.

Virus production and purification. The EV-D68 prototype strain (41) (Fermon CA62-1, GenBank: 
AY426531.1) was used for structural studies in this work. The virus was grown in RD cells at 33 °C using an 
multiplicity of infection (MOI) of ∼0.01. A mixture of supernatant and cells was collected at around 3 days 
post infection and was then spun down. The resultant cell debris was subject to multiple cycles of freezing 
and thawing, which was followed by homogenization and centrifugation. All supernatant was pooled up 
and pelleted using a Ti50.2 rotor. The pellets were resuspended in 250 mM HEPES, 250 mM NaCl (pH 
7.5) and treated with 0.01 mg ml−1 DNAse (Sigma-Aldrich), 7.5  mg ml−1 RNase (Sigma-Aldrich) and 
0.8  mg ml−1 trypsin (Sigma-Aldrich) in a sequential manner. On another round of centrifugation, the 
resultant pellets were resuspended and applied to a potassium tartrate gradient (10–40%, w/v) in 250 mM 
HEPES, 250 mM NaCl (pH 7.5) using a SW 41 rotor. A bluish band in the middle of the tube, which 
corresponds to full particles, was extracted. Multiple rounds of buffer exchange was then conducted to 
remove potassium tartarate in the sample.

Crystallization and soaking and data collection. Cubic-looking crystals (∼0.1 mm in each dimension) 
were grown within 3 days at room temperature using the hanging vapour diffusion technique. A drop of 
0.5 μl of virus (2–3  mg ml−1 in phosphate buffer saline) and 0.5 μl of reservoir solution (3.5 M sodium 
formate, 0.1 M sodium acetate, pH 4.5) was used for EV-D68 crystallization. Crystal soaking experiments 
were performed in a soaking solution that contains a given concentration of a sialylated trisaccharide in 
reservoir solution at room temperature for ∼8 h. The concentration used for 3′-sialyl-N-acetyl-lactosamine 
(3′SLN, V-Labs Inc.), 6′-sialyllactose (6′SL, V-Labs Inc.) and 6′-sialyl-N-acetyl-lactosamine (6′SLN, 
V-Labs Inc.) were 10, 20 and 10 mM, respectively. Crystals were cryoprotected in the aforementioned 
soaking solution containing glycerol (with gradually increased concentration from 0 to 20% (v/v)) and 
then flash-frozen in liquid nitrogen. X-ray diffraction data on single crystals were collected at 100 K at 
beamline 14-BM-C of the advanced photon source. The detector was an ADSC Q315 charge coupled 
device. The oscillation angle was 0.2°. Data collection statistics are summarized in Supplementary Table 1.

Structure determinations. Procedures for determining all three complex structures were the same, as 
described below. X-ray diffraction data were processed using the program HKL2000 (ref. 42). The space 
group for all crystals was I222. Calculation of the Matthew’s coefficient indicated that there are two particles 
present in each unit cell. Thus the particles must be sitting on 222 symmetry positions. Calculation of a 
self-rotation function differentiated between the two possible 90° related orientations of the particle. The 
atomic model of EV-D68 (PDB accession number 4WM8) excluding the pocket factor and water molecules 
was employed to calculate phases to 8.0 Å resolution. Phases were improved by 10 cycles of 15-fold non-
crystallographic symmetry (NCS) averaging using the program AVE (ref. 43). The mask defining the 
volume of NCS averaging was generated by selecting all grid points within a radius of 5 Å from each atom 
of the initial model using the program MAMA (44). Phases were then iteratively extended to the resolution 
limit of the data set using a step size of (1/a)Å−1, where a is the length of the cell dimension in the a 
direction. Each step was followed by five cycles of NCS averaging at the current resolution limit. Manual 
model building was performed using the program Coot (45). The resultant structure was subjected to 
atomic position and B factor refinement with simulated annealing by applying NCS constraints using the 
program CNS (46). Water molecules were finally added and checked with the program Coot. All atomic 
models were validated based on the criteria of Molprobity (47) using the program package Phenix (48). 
Other calculations were done using the CCP4 program suite (49). The structures of symmetry related 
icosahedral asymmetric units were generated using VIPERdb (ref. 50). Figures were made using Pymol 
(http://www.pymol.org/). Roadmaps were generated using the program RIVEM (51).
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Plaque assays. A series of 10-fold dilution were made for each sample. The resultant sample with a given 
dilution was added to confluent HeLa cells in a six-well plate. After virus absorption at room temperature 
for 1 h, cells were covered with an overlay of 0.9% agarose in MEM and 5% FBS per well. Plates were 
allowed to be incubated at 33 °C for ∼5 days. Plaques were visible and counted after neutral red or crystal 
violet staining.

Virus infection assays. Each of the three cell lines, HeLa, RD and HELF cells, grown to ∼90% confluency 
in 24-well plates were treated with either 100 mU ml−1 neuraminidase from Clostridium perfringens 
(Sigma-Aldrich) in Dulbecco’s Modified Eagle’s Medium (DMEM) and 1XNEAA (solution A) or solution 
A only at 37 °C for 1 h. Cells were then washed with DMEM once and infected with the EV-D68 strain 
Fermon CA62-1. The MOI for HeLa, RD and HELF cells were 0.3, 0.001 and 0.01, respectively. After 
absorption at 33 °C for 1 h, the inoculum was removed and cells were washed twice with DMEM. Cells 
were incubated at 33 °C in a medium of DMEM supplemented with 5% FBS and NEAA for 0, 24, 48 or 72 h 
post attachment. Samples were collected at each of these time points. These samples were freeze-thawed 
multiple times and then subjected to virus titer determination using plaque assays. For the EV-D68 strain 
US/MO/14-18947, infection experiments on RD cells were performed in the same way as described above 
for the Fermon prototype strain. All experiments were done in at least triplicate.

For virus infection of HAP1 cells, HAP1 WT and CMAS-KO cells were seeded in a 96-wells plate at 20.000 
cells per well. Cells were treated with neuraminidase (from C. perfringens, New England Biolabs) 1:50 
diluted in Iscove’s Modified Dulbecco’s Medium for 30 min at 37 °C. After neuraminidase was removed, 
EV-D68 (strain Fermon CA62-1) was added to the cells at an MOI of 1 and incubated for 1 hr at 37 °C. 
Virus was removed and neuraminidase (or only medium) was added again to the cells. Cells were frozen 
immediately (T=0) or 10 h after addition of the virus. Virus titres (expressed as TCID50 ml−1) were 
determined by an end-point dilution assay using RD cells at 33 °C.

Competition experiments. Cytopathic effect inhibition assays (52) were conducted in the following way. 
For each of the three glycans, 6’SL, 6’SLN and 3’SLN, EV-D68 (strain Fermon CA62-1) diluted in DMEM 
was incubated with a series of concentrations of glycans ranging from 0 to 4 mM at 33 °C for 1 h, where 
0 mM was designated as the non-treated virus control. For each given concentration of glycan, a control 
was performed in which DMEM was incubated with glycan. The resultant mixture was added into ∼90% 
confluent RD cells in each well of a 96-well plate. The MOI was 0.001. After virus absorption at 33 °C 
for 1 h, the inoculum was removed and cells were washed twice with DMEM. Cells were allowed to be 
incubated in DMEM supplemented with 5% FBS and NEAA at 33 °C for 3 days, which ensured that almost 
all cells became detached in the non-treated virus control. After removal of the medium, cell viability 
was assayed using a Quick Cell Proliferation Colorimetric Assay Kit (BioVision). The optical density for 
each well was recorded at a wavelength of 450 nm using a SpectraMax M5 Microplate Reader (Molecular 
Devices). Per cent inhibition was calculated as (ODcg-ODvg)/(ODc-ODv) * 100%, where ODcg and 
ODvg are the optical density of the uninfected and infected cell cultures treated with a given concentration 
of glycan, respectively. ODc and ODv are the optical density of the uninfected and infected cells treated 
with water only but no glycan, respectively. All experiments were done in triplicate.

Viral attachment assays. RD cells with ∼90% confluent in 24-well plates. These were treated with 
100 mU ml−1 neuraminidase in solution A or solution A only at 37 °C for 1 h. After washing with cold 
DMEM once, each well was treated with 500 μl of DMEM containing 1% bovine serum album (blocking 
solution) at 4 °C for ∼15 min. The blocking solution was then removed and purified EV-D68 (strain 
Fermon CA62-1) diluted in cold DMEM was added onto cells with an MOI of 10. After incubation at 4 °C 
for 1 h, the wells were washed three times with cold DMEM to remove unbound virus.

Competition assays were performed using purified virus incubated with either 3’SLN or 6’SLN in a series 
of concentrations ranging from 0 to 3.2 mM, where 0 mM represents the virus only control in which 
virus was incubated with water alone. The resultant mixture was cooled down on ice and added to ∼90% 
confluent RD cells in a 24-well plate after each well was blocked with the blocking solution as described 
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above. The MOI was 10. After incubation at 4 °C for 1 h, the wells were washed three times with cold 
DMEM to remove unbound virus.

To test the effect of pleconaril on EV-D68 attachment, purified virus was incubated with pleconaril in a 
series of concentrations ranging from 0 to 14 μM at 33 °C for 1 h, where 0 μM represents the virus only 
control in which the virus was incubated with only dimethyl sulfoxide . The resultant mixture was cooled 
down on ice and added to ∼90% confluent HELF cells in a 24-well plate right after blocking each well with 
the blocking solution as mentioned above. The MOI was 20. After incubation at 4 °C for 1 h, the wells were 
washed three times with cold DMEM to remove unbound virus. Similar results were obtained when the 
virus was incubated with pleconaril at 4 °C overnight.

For all virus attachment experiments, the RNA in each well was extracted using an RNeasy Mini Kit 
(Qiagen) per manufacturer’s protocol. The viral RNA of the bound virus in each sample was quantified 
using a quantitative real-time reverse transcription PCR (RT-PCR) protocol. All experiments were done 
in triplicate.

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was performed using a Superscript III 
Platinum SYBR Green One-step qRT-PCR Kit with ROX (Life Technologies) on an ABI 7300 real-time 
PCR system. A 25-μl reaction mixture containing RNA template, SYBR green reaction mix, SuperScript 
III RT/Platinum Taq Mix, primers and RNAse-free water was used, where the forward and reverse primers 
targeting the EV-D68 5’-untranslated region were EQ-1 (5’-ACATGGTGTGAAGAGTCTATTGAGCT-3’) 
and EQ-2 (5’-CCAAAGTAGTCGGTTCCGC-3’) (ref. 53). The thermal profile was 50 °C for 3 min, 
95 °C for 5 min followed by 40 cycles at 95 °C for 15 s and at 60 °C for 30 s. GAPDH, a housekeeping 
gene, was used as an internal control for normalization purpose. The primers for GAPDH were 
5’-CCCACTCCTCCACCTTTGACG-3’ (forward) and 5’-CACCACCCTGTTGCTGTAGCCA-3’ 
(reverse). The relative levels of EV-D68 RNA in different samples were determined using a comparative 
2−ΔΔCT method (54).
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Supporting information

Supplementary Figure 1. Representative 
non-crystallographic symmetry (NCS) 
averaged 2Fo – Fc electron density 
map for an EV-D68-sialylated receptor 
analogue complex at a contour level 
of 1.5 sigma. Fc is the structure factor 
determined by back Fourier transforming 
the previously NCS averaged map. The 
figure shows a stereo view of the residues 
2075-STGWWWKL-2082 and residues 
2121-ALLVVAIPEHQR-2132.

Supplementary Figure 2. A 
close-up view of the footprints 
of Ig-like receptors and 
sialylated receptor analogues. 
The footprint of Ig-like receptors 
on five EVs: intercellular 
adhesion molecule-1 for 
human rhinovirus 141, 
human rhinovirus 161 and 
coxsackievirus A212, CD155 for 
poliovirus 13, coxsackievirus 
and adenovirus receptor 
for coxsackievirus B34 are 
superimposed and placed onto 
the EV-D68 surface as in Fig. 2b. 
Shown also is the identity of the 
EV-D68 surface amino acids.

Supplementary Figure 3. Neuraminidase 
treatment of RD cells inhibits the 
infectivity of a current EV-D68 strain 
(US/MO/14-18947). Data are represented 
as mean ± SD. Experiments were done in 
at least triplicate.
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Supplementary Figure 4. Receptor specificity. The sialylated trisaccharides 6’SL (a, d), 6’SLN (b, e), and 
3’SLN (c, f) are colored using green for carbon atoms, red for oxygen atoms and blue for nitrogen atoms. 
The top row (a, b and c) shows these compounds in their difference map densities all oriented to place 
the icosahedral two-fold axis perpendicular to the page. Shown are the non-crystallographic symmetry 
averaged Fr-Fn difference map (at a contour level of 3.0 sigma, grey) densities, where Fr and Fn are the 
structure factors for the receptor analogue bound structure and the native virus structure, respectively. 
The lower three panels (d, e and f) show their interaction with the virus, oriented to resolve the projected 
atoms. Dashed lines indicate polar interactions. Water molecules are shown as red spheres.

Supplementary Figure 5. The VP1 GH loop is invariably in the footprint of Ig-like receptors used by 
EVs. Residues in the contact region are highlighted. Black arrows represent β-strands.
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Supplementary Table 1 Data collection and refinement statistics
EV68 – 6’SL EV68 – 6’SLN EV68 – 3’SLN 

Data collection 
Wavelength (Å) 0.9787 0.9787 0.9787 

Oscillation angle (°) 0.2 0.2 0.2 
No. of crystals (No. of frames) 1 (150) 1 (170) 1 (160) 

Space group I222 I222 I222 
Cell dimensions 

a, b, c (Å) 325.6, 347.1, 356.4 325.7, 347.4, 356.5 325.8, 347.2, 356.9 
α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution (Å) 50.0-2.32 (2.40-2.32)* 50.0-2.15 (2.23-2.15) 50.0-2.15 (2.23-2.15) 
No. of unique reflections 526043 (55652) 803405 (80335) 823936 (84149) 

Completeness (%) 61.4 (65.3) 74.6 (75.0) 76.3 (78.3) 
Redundancy 1.9 (1.8) 1.8 (1.6) 1.7 (1.6) 

Rmerge† 0.175 (0.722) 0.152 (0.865) 0.124 (0.529) 
I/σ(I) 4.16 (1.04) 5.37 (0.89) 6.05 (1.45) 

Refinement 
Resolution (Å) 50.0-2.32 (2.40-2.32) 50.0-2.15 (2.23-2.15) 50.0-2.15 (2.23-2.15) 

No. of reflections 525999 (55490) 802817 (79585) 823388 (84396) 
R factor 0.246 (0.333) 0.254 (0.327) 0.244 (0.314) 

Correlation coefficient‡ 0.886 0.922 0.921 
No. of atoms 6610 6647 6679 

Protein 6296 6303 6317 
Ligand 43 46 46 
Water 271 298 316 

RMSD bond (Å) 0.006 0.006 0.006 
RMSD angle (°) 1.378 1.393 1.392 

Mean B-factor (Å2) 19.3 25.1 20.0 
Ligand B-factor (Å2) 51.6 70.6 63.7 
Ramachandran plot§ 

Favored (%) 96.1 96.2 95.9 
Allowed (%) 3.9 3.7 4.1 
Outliers (%) 0.0 0.1 0.0 

*Values in parentheses represent the highest resolution shell
† Rmerge = ΣhklΣi |Ii (hkl)-< I (hkl) > | / ΣhklΣi Ii (hkl)
‡Correlation coefficient of Fo and Fc after the convergence of NCS averaging, where Fc are the structure 
factor amplitudes determined by back Fourier transforming the NCS averaged map
§According to the criteria of Molprobity5

Supplementary Table 2. Temporal and geographical origin of 51 EV-D68 isolates*

GenBank Accession number Country Collection date (year) Genetic group 
(lineage) † 

Genetic group 
(clade) ‡§ 

AY426531.1 USA 1962 prototype prototype 
EF107098.1 France 2006# 2 C 
KF726085.1 China 2008 3 A 
JX101846.1 USA 2009 3 A 
JX070222.1 New Zealand 2010 3 A 
AB601882.2 Japan 2010 2 C 
AB601883.2 Japan 2010 2 C 
AB601884.1 Japan 2010 2 C 
AB601885.1 Japan 2010 2 C 
KM892499.1 USA 2013 1 B 
KM892500.1 USA 2013 3 A 
KP100793.1 USA 2013 1 B 
KM851225.1 USA 2014 1 B 
KM851226.1 USA 2014 1 B 
KM851227.1 USA 2014 1 B 
KM851228.1 USA 2014 1 B 
KM851229.1 USA 2014 1 B 
KM851230.1 USA 2014 1 B 
KM851231.1 USA 2014 3 A 
KM881710.2 USA 2014 1 B 
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KM892501.1 USA 2014 1 B 
KP100792.1 USA 2014 1 B 
KP100794.1 USA 2014 1 B 
KP100795.1 USA 2014 1 B 
KP100796.1 USA 2014 1 B 
KP126911.1 China 2014 1 B 
KP240936.1 USA 2014 1 B 
KP745751.1 USA 2014 1 B 
KP745752.1 USA 2014 1 B 
KP745753.1 USA 2014 1 B 
KP745754.1 USA 2014 1 B 
KP745755.1 USA 2014 1 B 
KP745756.1 USA 2014 1 B 
KP745757.1 USA 2014 1 B 
KP745758.1 USA 2014 1 B 
KP745759.1 USA 2014 1 B 
KP745760.1 USA 2014 1 B 
KP745761.1 USA 2014 1 B 
KP745762.1 USA 2014 1 B 
KP745763.1 USA 2014 1 B 
KP745764.1 USA 2014 1 B 
KP745765.1 USA 2014 1 B 
KP745766.1 USA 2014 1 B 
KP745767.1 USA 2014 1 B 
KP745768.1 USA 2014 1 B 
KP745769.1 USA 2014 1 B 
KP745770.1 USA 2014 1 B 
KP114662.1 Canada 2014 1 B 
KP114663.1 Canada 2014 1 B 
KP114664.1 Canada 2014 1 B 
KP114665.1 Canada 2014 1 B 

*Strains that have the complete sequence of the capsid coding region as of May 2015 
†Imamura et al.6 
‡Tokarz et al.7 
§The relationship between the two classification systems mentioned above was reported by Meijer et al.8 
#Submission date of the sequence 
 

Supplementary Table 3 Alignment of amino acids that interact with sialic acid in EV-D68 with the 
equivalent amino acids in other EVs*

Receptor Virus Species Amino acids† 
  1270 1274 1275‡ 3091 3095 3104‡ 3231‡ 3232‡ 3233

Sialic acid EV-D68_4WM8§ EV-D R P N D R R P D I 
Sialic acid EV-D70†† EV-D R P N E R R P D I 
Scavenger 

receptor B2¶ EV-A71_3ZFE EV-A N P T D Q G S H I 

CARǁ Coxsackievirus B3_1COV# EV-B S T T S S N P F I 
CD155 Poliovirus 1_1ASJ# EV-C - - - D S N T H I 

ICAM-1** Coxsackievirus A21_1Z7S# EV-C - - - D S N P H I 
Sialic acid Coxsackievirus_A24_4Q4W EV-C - - - D Q N N H I 
ICAM-1** Human rhinovirus 16_1AYM# RV-A S H N - A S D L H 
ICAM-1** Human rhinovirus 14_4RHV# RV-B N V I - K Q Q T I 

*Viruses that belong to the species EV-D and bind to sialic acid are highlighted in green 
†Numbering based on the amino acid sequence of the EV-D68 Fermon CA 62-1 strain 
‡The amino acid provides polar interaction with the Neu5Ac moiety through side chain or main chain 
§Virus name_PDB accession number 
ǁCAR: Coxsackievirus and adenovirus receptor 
¶Scavenger receptor B2 was proposed to bind to the EV-A71 canyon9 
#The virus uses an Ig-like molecule as a cellular receptor 
 “–“ represents deletion at a given position 
**ICAM-1: Intercellular Adhension Molecule-1 
††Strain J670/71
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Supplementary Table 4 Root mean square deviations* (r.m.s.d) between two given structures with or 
without a bound receptor analogue

Structure A Structure B Overall 
3086-3091† 

(VP3 CD 
loop) 

3178-3179 
(VP3 GH 

loop) 

1149-1153 
(VP1 EF 

loop) 

1211-1219 
(VP1 GH 

loop) 
EV-D68-6’SL EV-D68 0.40 1.93 2.28 2.72 1.91 

EV-D68-3’SLN EV-D68 0.36 1.78 2.31 2.65 1.81 
EV-D68-6’SLN EV-D68 0.35 1.80 2.19 2.24 1.83 
EV-D68-6’SL EV-D68-3’SLN 0.10 0.24 0.05 0.21 0.20 
EV-D68-6’SL EV-D68-6’SLN 0.11 0.21 0.48 0.48 0.21 

EV-D68-3’SLN EV-D68-6’SLN 0.06 0.09 0.33 0.34 0.09 
*VP1, VP2 and VP3 were used for superimposition. r.m.s.d. values (Å) were calculated using main chain 
atoms (N, Cα, C, O). 
†Residues are numbered according to the amino acid sequence of the EV-D68 strain Fermon CA 62-1.

Supplementary Table 5 List of glycan receptor binding sites on picornaviruses
Virus Bound glycan receptor PDB accession number Binding site Reference 

Coxsackievirus A24 Sialic acid (Neu5Ac) 4Q4X, 4Q4Y Near five-fold axes 10 
Foot-and-mouth 

disease virus Heparan sulfate 1QQP Near the center of 
protomers 11 

Equine rhinitis A 
virus 3’-sialyllactose 2XBO A shallow groove 

near the VP1 EF loop 12 

Theiler’s murine 
encephalitis virus 3’-sialyllactose Not available A depression formed 

by puff B of VP2 13 

Enterovirus D68 3’SLN, 6’SLN, 6’SL 5BNP, 5BNO, 5BNN Canyon This work 
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Abstract 

Enterovirus D68 (EV-D68) is an emerging pathogen that can cause severe respiratory disease 
and is associated with cases of paralysis, especially amongst children. Heretofore, information on 
host factor requirements for EV-D68 infection is scarce. Haploid genetic screening is a powerful 
tool to reveal factors involved in the entry of pathogens. We performed a genome-wide haploid 
screen with the EV-D68 prototype Fermon strain to obtain a comprehensive overview of cellular 
factors supporting EV-D68 infection. We identified and confirmed several genes involved in 
sialic acid (Sia) biosynthesis, transport and conjugation to be essential for infection. Moreover, 
by employing knock-out cell lines and gene reconstitution, we showed that both α2,6- and 
α2,3-linked Sia can be used as functional cellular EV-D68 receptors. Importantly, the screen 
did not reveal a specific protein receptor, suggesting that EV-D68 can use multiple redundant 
sialylated receptors. Upon testing recent clinical strains, we identified strains that showed a 
similar Sia-dependency, whereas others could infect cells lacking surface Sia, indicating they 
can use an alternative, non-sialylated receptor. Nevertheless, these Sia-independent strains 
were still able to bind Sia on human erythrocytes, raising the possibility that these viruses can 
use multiple receptors. Sequence comparison of Sia-dependent and Sia-independent EV-D68 
strains showed that many changes occured near the canyon that might allow alternative receptor 
binding. Collectively, our findings provide insights into the identity of the EV-D68 receptor and 
suggest the possible existence of Sia-independent viruses, which are essential for understanding 
tropism and disease. 

Significance statement 

EV-D68 is an emerging pathogen that recently caused a large outbreak of severe respiratory 
disease in the USA and is associated with cases of paralysis. Little is known about EV-D68 
host factor requirements. Here, using a genome-wide knock-out approach, we identified several 
genes in Sia biology as being essential for infection. We also showed that not only α2,6-linked 
Sia, which mainly occurs in the upper respiratory tract, but also α2,3-linked Sia, which mainly 
occurs in the lower respiratory tract, can serve as receptor. Moreover, we identified recent 
EV-D68 isolates that can use an alternative, non-sialylated receptor. Our findings are essential to 
understand tropism and pathogenesis of EV-D68 as well as the potential of using Sia-targeting 
inhibitors to treat EV-D68 infections. 

Introduction 

The genus Enterovirus of the family Picornaviridae contains many important pathogens 
for humans and animals. This genus consists of 12 species; four human enterovirus species 
(EV-A, -B, -C and -D), five animal enterovirus species and three human rhinovirus species. 
The best-known human enterovirus is poliovirus (EV-C), the cause of poliomyelitis and acute 
flaccid paralysis. Other well-known enteroviruses are the coxsackieviruses (EV-B and EV-C) – 
which are the main cause of viral meningitis, conjunctivitis, myocarditis, and herpangina – and 
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enterovirus A71, which causes hand-foot-and-mouth disease and is also associated with severe 
neurological disease, causing serious public health concerns in South-East Asia (1). 

Another emerging enterovirus that causes growing public health problems is enterovirus D68 
(EV-D68, a member of the species EV-D). Unlike most enteroviruses, which are acid-resistant 
and multiply in the human gastrointestinal tract, EV-D68 is an acid-sensitive enterovirus (2) 
that replicates in the respiratory tract. EV-D68 was first isolated from children with respiratory 
infections in California in 1962 (3). It was long considered a rare pathogen, but the frequency 
of detecting EV-D68 during outbreaks of respiratory disease has increased (4, 5) and over 
the past decades, three clades of EV-D68 (A, B and C) have emerged and spread worldwide 
(6, 7). EV-D68 infections mostly cause mild respiratory disease, but can also result in severe 
bronchiolitis or pneumonia, especially among children (4, 5). In 2014, a nationwide EV-D68 
outbreak in the USA was associated with severe respiratory disease and a cluster of acute flaccid 
myelitis and cranial nerve dysfunction in children, implicating EV-D68 as an emerging public 
health threat (8, 9). 

Enteroviruses are small, non-enveloped viruses that contain a single-stranded RNA genome 
of positive polarity. To initiate infection, enteroviruses bind to specific receptors on host cells. 
To date, most known enterovirus receptors are cell surface proteins, many of which belong 
to the immunoglobulin (Ig) superfamily or the integrin receptor family (10). A majority of 
these receptors bind to the “canyon”, a depression on the virion surface, thereby destabilizing 
virions and initiating uncoating (11). In EV-D68, the canyon is unusually shallow and narrow, 
possibly excluding usage of large protein receptors (12). Both sensitivity of EV-D68 infection 
to neuraminidase treatment and hemagglutination assays point to the usage of Sia as receptor 
(13, 14). However, beside the role of a terminal Sia residue on the receptor, little is known about 
the type(s) of Sia that can be used by EV-D68 to infect cells, the composition of the underlying 
glycan, and whether specific sialylated proteins or glycolipids are required for infection.

Genome-wide genetic screening in human haploid cells is a powerful tool to reveal host factors 
involved in entry of various pathogens, including viruses (15, 16). In this study, we performed 
a haploid screen and demonstrate that genes involved in synthesis of sialylated glycans are 
essential for EV-D68 infection. Furthermore, we show that EV-D68 is able to use α2,6-linked as 
well as α2,3-linked Sia as a cellular receptor, and we provide first insights into the composition 
of the underlying sugar backbone. Finally, we report the identification of recent EV-D68 isolates 
that can infect Sia-deficient cells, indicating that these strains can use an alternative receptor. 

Results 

Multiple genes involved in Sia biology determine susceptibility of cells to EV-D68 infection 

We performed a haploid genetic screen (17, 18) by infecting mutagenized human HAP1 cells 
with the EV-D68 prototype strain Fermon CA62-1. The screen identified nine genes involved in 
Sia biology (Fig. 1A and B and Fig. S1), seven of which were in the top 10. Among these nine 



48

Chapter 3

3

hits are genes involved in the biosynthesis [UDP-GlcNAc-2-epimerase/ManAc kinase (GNE) 
and N-acetylneuraminic acid synthase (NANS)] and activation [cytidine monophosphate 
N-acetylneuraminic acid synthetase (CMAS)] of N-acetylneuraminic acid, the predominant 
form of Sia in humans. Other hits include transporters that transfer the activated sugars CMP-Sia 
and UDP-galactose [solute carrier family 35 member A1 and A2 (SLC35A1 and SLC35A2)] 
from the cytosol to the Golgi apparatus and four glycosyltransferases responsible for conjugation 
of N-acetylglucosamine (GlcNAc) to mannose residues in N-linked glycans [mannoside 
acetylglucosaminyltransferase 5 (MGAT5)], galactose [beta-1,4-galactosyltransferase 1 
(B4GALT1)], and Sia, either via α2,3 linkage [ST3 beta-galactoside alpha-2,3-sialyltransferase 4 
(ST3GAL4)] or α2,6 linkage [ST6 betagalactosamide alpha-2,6-sialyltranferase 1 (ST6GAL1)]. 
Together, these data provide insights into the identity and composition of the EV-D68 receptor, 
pointing to an important role of α2,6- and α2,3-linked Sia on N-linked glycans in infection. 

To confirm the results of the genetic screen, we used mutant cell lines lacking surface expression 
of Sia (SLC35A1KO and CMASKO) or having a defect in formation of α2,3- and/or α2,6-linked Sia 
(ST3GAL4KO, ST6GAL1KO and ST3GAL4/ST6GAL1DKO). The integrity of these mutant cell lines 
was confirmed by genetic analysis (Fig. S2A and B), lectin stainings (Fig. S2C), and infection 

Fig. 1. A haploid genetic screen for EV-D68 
identifies genes involved in synthesis of sialylated 
glycans (A) An overview of the different steps in 
synthesis of Sia and sialylated N-linked glycans. 
Significant hits related to Sia biology are shown 
in green. Sia, sialic acid; Gal, galactose; GlcNAc, 
N-acetylglucosamine; Man, mannose. (B) 
RefSeq gene structures of CMAS and SLC35A1 
are shown with the transcriptional orientation 
pointing from left to right. Gene-trap insertions 
predicted to disrupt gene function (intronic 
insertions in sense orientation and insertions 
mapping to exons) are illustrated for HAP1 
cells selected with EV-D68 (selected) and a cell 
population of similar complexity that had not 
been selected with EV-D68 (unselected). The 
FDR-corrected P-values for the enrichment of 
disruptive gene-trap mutations in the EV-D68-
selected population are indicated (see Materials 
and Methods). For insertion plots of the other 
hits, see Fig. S1. 
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with Sia-dependent and -independent control viruses. Analysis of the number of infected cells 
showed that SLC35A1KO and CMASKO cells were highly resistant to influenza A virus (IAV), 
whereas ST3GAL4/ST6GAL1DKO cells were partially resistant (Fig. 2A), consistent with the 
broad Sia-specificity of IAV (19). In contrast, coxsackievirus-B3, which does not require Sia, 
could infect all cell lines (Fig. 2A and B), whereas equine rhinitis A virus, a picornavirus that 
requires α2,3-linked Sia (20), could infect ST6GAL1KO but not ST3GAL4KO cells (Fig. 2C). Upon 
characterizing EV-D68 Fermon, we observed that infection was inhibited by NA treatment and 
almost completely blocked in CMASKO, SLC35A1KO, and ST3GAL4/ST6GAL1DKO cells, both at 
high (Fig. 2A and Fig. S2D) and low multiplicity of infection (moi) (Fig. 2B). Likewise, little, if 
any, production of progeny virus was observed in these mutant cell lines (Fig. 2C). 
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Fig. 2. Both α2,3- and α2,6-linked Sia can support EV-D68 infection. (A) HAP1 cells treated with 
neuraminidase (NA) or HAP1 clones having defects in Sia synthesis were challenged with EV-D68 
(Fermon), CV-B3 or IAV-GFP at a moi of 10. Infected cells were visualized by immunostaining and 
fluorescence microscopy. (B) Cells were infected at a moi of 0.1 and the percentage of infected cells was 
determined by immunostaining and counting. The mean ± s.e.m. of four biological replicates is shown. (C) 
Yields of infectious virus after a single cycle of virus production. ERAV, equine rhinitis A virus; EV-D70, 
enterovirus-D70; EV-D94, enterovirus-D94. The mean ± s.e.m. of three biological replicates is shown. In 
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cells transfected with plasmids encoding ST3GAL4 or ST6GAL1 cDNA were exposed to EV-D68 and 
yields of infectious virus were measured after a single replication cycle. (E) ST6GAL1KO or ST3GAL4/
ST6GAL1DKO cells (ST3/ST6DKO) transduced with retrovirus expressing ST3GAL4 cDNA were exposed to 
EV-D68 and stained with antibody against the viral capsid. 
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EV-D68 can use both α2,6- and α2,3-linked Sia to infect cells

Specificity for α2,3- or α2,6-linked Sia can greatly affect tissue tropism of respiratory viruses, 
since the Sia abundance varies between the upper (mainly α2,6-linked) and lower (mainly 
α2,3-linked) respiratory tract (21, 22). Identification of ST3GAL4 and ST6GAL1 suggested 
that both α2,6-and α2,3-linked Sia are used for infection. Indeed, ST6GAL1KO cells were less 
susceptible to EV-D68, whereas ST3GAL4KO cells were equally susceptible as wild-type cells 
(Fig. 2A-C), suggesting a preference of EV-D68 for α2,6-linked Sia. However, EV-D68 can also 
use α2,3-linked Sia as receptor as shown by the observation that ST3GAL4/ST6GAL1DKO cells 
were more resistant to infection than ST6GAL1KO cells (Fig. 2A-C). Consistently, ST3GAL4/
ST6GAL1DKO cells could be rendered more susceptible to EV-D68 by transfection of plasmid 
containing ST3GAL4 cDNA (and also ST6GAL1), but the effect was small due to the low 
transfection efficiency in HAP1 cells (Fig. 2D). Upon retroviral transduction with ST3GAL4 
cDNA, however, high infection efficiency was observed (Fig. 2E). 

Identification of ST3GAL4 in the genetic screen is likely due to heterogeneous expression of 
α2,3- and α2,6-linked Sia, which has been described in human airway epithelial (HAE) cultures 
but also occurs in cultured cells, including HAP1 (Fig. S2E). Hence, knockout of ST3GAL4 in 
cells already expressing α2,6-linked Sia at reduced levels likely conferred resistance to infection. 
In summary, our data show that both α2,6- and α2,3-linked Sia can be used for infection by 
EV-D68. 

Other EV-D members display a similar Sia preference profile 

We also investigated the Sia dependency of EV-D70 and EV-D94, two other members of 
the EV-D species. EV-D70 causes outbreaks of hemorrhagic conjunctivitis, which are often 
associated with neurological disorders (23). EV-D94 has been associated with acute flaccid 
paralysis (24), but information on the clinical relevance of this virus is scarce. EV-D70 was 
reported to be NA-sensitive (25), whereas any role of Sia in EV-D94 infection is unknown. 
Like EV-D68 Fermon, EV-D70 and EV-D94 could not replicate in CMASKO and SLC35A1KO 
cells. Also, ST3GAL4/ST6GAL1DKO cells were less susceptible to infection than ST6GAL1KO cells 
(although differences for EV-D70 were less pronounced), suggesting that EV-D70 and EV-D94 
can use both α2,6- and α2,3-linked Sia as receptor (Fig. 2C). Altogether, these data suggest 
conserved Sia usage between EV-D members.

Identification of EV-D68 strains that can infect cells in a Sia-independent manner 

EV-D68 Fermon was isolated more than 50 years ago and genetically differs from currently 
circulating strains. Therefore, we investigated the Sia dependence of six recent EV-D68 strains 
– belonging to the three different EV-D68 clades – isolated from patients with respiratory 
infections in 2009 and 2010 in the Netherlands (5). To minimize the emergence of genetic 
variants, these isolates were subjected to a limited number of passages in cell culture before they 
were analyzed for their ability to infect different HAP1 cell lines. Like EV-D68 Fermon, three 
clinical strains (670, 2042 and 2284) did not cause cytopathic effect (CPE) in Sia-deficient cells 
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(Fig. 3A) and were sensitive to NA treatment, 
as shown by analysis of virus production in 
a single cycle (Fig. 3B) or multiple cycles of 
replication (Fig. S3A and B). These strains, 
like Fermon, exhibited some virus production 
in ST6GAL1KO cells, despite the lack of CPE 
(Fig. S3A). Strikingly, the other three strains 
(947, 1348 and 742) were able to replicate in 
Sia-deficient and NA-treated HAP1 cells (Fig. 
3A and B). Sia-independence of these strains 
was not specific for HAP1 cells, as these 
viruses also efficiently infected NA-treated 
A549 and HeLa-R19 cells. (Fig. S3C). In 
summary, these data demonstrate that several 
recent EV-D68 strains strongly depend on 
Sia, while other strains can infect cells in a 
Sia-independent manner, pointing towards 
the usage of a non-sialylated receptor. 

Sia-independent EV-D68 strains retain 
Sia-binding capacity.

A recent study showed that in vitro, 
Sia-containing trisaccharides can bind 
to EV-D68 where the floor of the canyon 
would be in the major group rhinoviruses 
or polioviruses (26) (Fig. 4). To gain insight 
into the residues that allow Sia-independent 
infection and their location with respect to 
the Sia-binding site, we sequenced the capsid 
regions of the different EV-D68 strains. 
Amino acid sequence comparison showed 
that the genetically related Sia-dependent 
(670) and -independent (742 and 1348) strains in clade A differed at ten positions, whereas 
the Sia-dependent (2042) and -independent (947) strains in clade B differed at seven positions 
(Fig. 4 and Table S1 and Table S2). Although residues that differed between Sia-dependent and 
-independent strains in clade A show little overlap with those that were altered in clade B, some 
of the changed residues on the viral surface are near the Sia-binding site (26) (Fig. 4). 

To investigate whether the amino acid substitutions that established an alternative receptor-
binding site might have affected the Sia-binding capacity of these strains, we performed 
hemagglutination experiments with blood from nine different human donors. All EV-D68 

Fig. 3. Identification of EV-D68 strains that 
can infect cells independently of Sia. (A) HAP1 
clones were infected with different EV-D68 
strains and stained with crystal violet. (B) 
HAP1 cells treated with neuraminidase (NA) 
or CMASKO cells were infected with different 
EV-D68 strains and yields of infectious virus 
were measured after a single cycle of replication. 
Virus input levels (T=0) are indicated by a 
dashed line. ND, not detectable. The mean ± 
s.e.m. of three biological replicates is shown. 
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isolates agglutinated human erythrocytes, although two Sia-independent strains (1348 and 742) 
agglutinated erythrocytes from only one donor (Table 1). Pretreatment of erythrocytes with 
NA prevented hemagglutination by EV-D68 strains, but not by echovirus-7, which agglutinates 
erythrocytes by binding to its protein receptor, decay-accelerating factor (27). Remarkably, blood 
from three donors was not agglutinated by any of the EV-D68 strains, whereas hemagglutination 
titers of IAV were similar for all donors, indicating equal Sia expression levels. This variability 
suggests that EV-D68 does not merely bind any sialylated glycan, but has a preference for 
specific sialylated glycan structures that are differentially expressed between individuals. No 
clear correlation between EV-D68 hemagglutination and ABO blood groups was observed. 
In summary, these data indicate that Sia-independent strains have retained their Sia-binding 
capacity, albeit two strains (742 and 1348) seem to have a reduced affinity for Sia.

Discussion

In this study we provided important insights into the identity/nature of the EV-D68 receptor. 
Using a genome-wide haploid screen, we identified genes involved in biosynthesis (GNE and 
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Fig. 4. A map of the EV-D68 surface residues. Surface representation of the complete EV-D68 capsid 
structure (12) (left panel) and a close-up showing the Sia-binding site within the canyon (right panel). 
The black triangle shows an icosahedral asymmetric unit of the EV-D68 Fermon structure. Residues are 
colored by radial distance (Å) to the virus center. The black dashed lines outline the canyon in the human 
rhinovirus 14 structure. Variable residues determining Sia-(in)dependence of strains within clade A or 
clade B are highlighted by black and white contours, respectively. Note that residue 270 in VP1 (black and 
white contour) is variable both within clade A and clade B. Amino acids were numbered according to Liu 
et al, 2015 (12). 
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NANS), activation (CMAS), transport (SLC35A1) and conjugation of Sia to glycans (ST3GAL4 
and ST6GAL1) as factors required for EV-D68 infection. Using knock-out cell lines and gene 
reconstitution, we have shown that EV-D68 can use both α2,6- and α2,3-linked Sia as a receptor 
to infect cells. This finding extends  recent observations that both α2,6- and α2,3-linked 
Sia-containing trisaccharides can bind to the EV-D68 capsid and initiate virion uncoating in 
vitro (26). The observation that EV-D68 can not only use α2,6-linked Sia as receptor, but also 
α2,3-linked Sia, which resides mainly in the lower respiratory tract, may provide an explanation 
for its ability to cause severe lower respiratory tract infections.

Importantly, the screen did not identify a specific protein receptor, suggesting that EV-D68 can 
use multiple redundant receptors, given these are glycosylated with a suitable sialylated glycan. 
Our screen also provided insights into the preference of EV-D68 for specific sialylated glycans. 
Identification of glycosyltransferases responsible for conjugation of galactose (B4GALT1) and 
GlcNAc (MGAT5) pointed to the importance of Sia-galactose-GlcNAc chains, consistent with 
the substrate specificity of ST3GAL4 and ST6GAL1. Furthermore, the identification of MGAT5, 
which forms GlcNAc-β1,6-Man linkages, suggested that EV-D68 specifically recognizes 
N-linked glycans containing a β1,6-linked antenna. It should be noted that Sia-galactose-
GlcNAc, although mainly expressed on N-linked glycans, also occurs on O-linked glycans and 
glycolipids, and that we observed that HEK293S cells, which lack complex N-linked glycans 
(19), are susceptible to EV-D68. Further proof that EV-D68 does not merely bind any sialylated 
glycan, but has preference for specific glycans stems from our observation that erythrocytes of 
several donors could be agglutinated by IAV, but not by EV-D68. More research is required to 
explore the glycan spectrum that can be bound by EV-D68.

Upon characterizing recent EV-D68 isolates, we identified strains that are able to infect 
Sia-deficient cells, implying that these viruses can use an alternative entry receptor. Genetic 
comparison of Sia-dependent and -independent EV-D68 strains within clades A and B revealed 
little overlap of residues determining Sia-independence but pointed towards residues near 
the Sia-binding site as possible determinants for Sia (in)dependence. A similar scenario was 
described for Sia-dependent and -independent rotavirus strains, where only a few amino 
acid changes in the Sia-binding site could cause a receptor switch to a non-sialylated glycan 
(28). It remains to be investigated whether a single amino acid substitution or a combination 
thereof is required for the observed Sia-independent phenotype. Better understanding of the 
(combinations of) residues that facilitate Sia-independence could ultimately allow prediction of 
receptor requirement based on sequence alignments.

It has been shown in vitro that Sia binds to the to the EV-D68 canyon at a unique site, compared 
to the glycan-binding sites in other picornaviruses (Fig. S4). In EV-D68, binding of Sia 
induces virion destabilization and pocket factor release, which is the first step in the uncoating 
process (26). We identified several EV-D68 strains that can use a non-sialylated receptor while 
retaining a Sia-binding capacity, albeit with different affinities. This indicates that the formation 
of an alternative receptor-binding site does not necessarily result in loss of the Sia-binding 
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site and points to the possible existence of a dual receptor mechanism, where either Sia or a 
non-sialylated receptor can trigger similar structural conformational changes. However, it is 
unclear whether binding of Sia to the capsid of Sia-independent viruses still results in virion 
destabilization and pocket factor release as described for EV-D68 Fermon. Furthermore, more 
research is warranted to determine whether this alternative receptor is a protein or a sugar that 
lacks a terminal Sia-moiety.

Although it remains to be established whether Sia-independent strains circulate in the human 
population, the occurrence of strains that use an alternative receptor could have an impact on 
tissue tropism and pathogenesis of EV-D68. Also, application of the sialidase DAS-181 (Fludase) 
(29), an investigational drug against influenza virus that was shown to inhibit EV-D68 (30), 
may be ineffective against Sia-independent EV-D68 strains. Hence, detailed insight into the 
interactions of EV-D68 with its receptor(s) is required to understand viral pathogenesis and to 
develop effective antiviral treatment. 

Materials and Methods 
Haploid genetic screen with enterovirus D68. HAP1 cells were gene-trap mutagenized as described 
previously (31). Following expansion, 108 mutagenized cells were exposed to EV-D68 Fermon (moi 
3). After selection, surviving cells were expanded and used for genomic DNA isolation. Insertion sites 
identified in cells selected with EV-D68 (yielding 414.290 unique gene-trap insertions mapped to genes) 
and a population of matched control cells of comparable complexity (495.679 unique gene-trap insertions 
mapped to genes) were aligned to the human genome not filtering for close reads (31). Subsequently, 
disruptive insertion sites (in sense orientation of the affected gene or mapping to exons) in significantly 
identified genes were compared in the two cell populations and P-values for enrichment were calculated 
using a Fisher’s exact test as described previously (31). Disruptive insertion sites in virus-selected 
and control cells were plotted onto the RefSeq gene bodies for the following transcripts: NM_001497 
(B4GALT1), NM_018686 (CMAS), NM_001128227 (GNE), NM_002410 (MGAT5), NM_018946 
(NANS), NM_006416 (SLC35A1), NM_005660 (SLC35A2), NM_006278 (ST3GAL4) and NM_173216.2 
(ST6GAL1).

Generation of knockout cells. ST3GAL4KO and SLC35A1KO HAP1 cells have been described (31). CMASKO 
cells were obtained from Haplogen GmbH (Vienna, Austria). The CRISPR-Cas9 system was used to 
generate ST6GAL1KO cells. The entire ST6GAL1 locus was excised (Fig. S2A) and subclones were analyzed 
by genotyping (Table S3). ST3GAL4/ST6GAL1DKO cells were obtained by deleting an exonic region in 
ST3GAL4 from ST6GAL1KO cells using CRISPR-Cas9. 

Infectivity assays. Cells were infected with virus for 1 hour. After incubation for the indicated period, 
virus titers were determined by end-point dilution. Crystal violet staining was performed at 3 days post-
infection. Where indicated, cells were pre-treated with NA from Clostridium perfringens (NEB) or from 
Arthrobacter ureafaciens (Roche) in serum-free medium for 30 min.

Immunofluorescence assays. Paraformaldehyde-fixed cells were stained using rabbit anti-capsid serum 
against EV-D68 Fermon (produced in house; 1:1000) or a mouse monoclonal antibody against CV-B3 
protein 3A (1:100)(32) . For characterization with lectins, cells were stained with fluorescein-labeled 
Sambucus nigra lectin (Vector Laboratories; 1:1000) and biotinylated Maackia amurensis lectin I (Vector 
Laboratories; 1:500). Cells were examined by confocal microscopy (Leica SPE-II) or standard fluorescence 
microscopy (EVOS FL cell imaging system). The number of nuclei was quantified using ImageJ, the 
number of infected cells was quantified visually.
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Isolation and sequencing of EV-D68 strains from clinical specimen. Monolayers of tertiary monkey 
kidney cells (tMK) or human rhabdomyosarcoma (RD) cells were incubated with 250 μl EV-D68 positive 
clinical material (mixed nose and throat swabs) derived from patients with influenza-like illness or acute 
respiratory infection (5) and incubated at 34°C until CPE was observed. EV-D68 strains 4311000670 (Clade 
A; further referred to as 670) and 4311000742 (Clade A; 742) were isolated on tMK cells, whereas strains 
4310900947 (Clade B; 947), 4310901348 (Clade A; 1348), 4310902042 (Clade B; 2042) and 4310902284 
(Clade C; 2284) were isolated on RD cells. Viruses were harvested by one freeze-thawing cycle at -80°C and 
clarified by centrifugation. Subsequent passages of virus were done on tMK or RD cell monolayers. The full 
genome of the virus isolates was sequenced from passage 4 for strains 670 and 742 and from passage 2 of 
the remaining four strains. All infection experiments described in this study were performed with viruses 
that had undergone one or two more rounds of passage on RD cells. From these viruses the 5’UTR and 
capsid region was sequenced. The latter sequences were used for amino acid comparisons shown in Table 
S1 and Table S2. Detailed information on virus passages, sequences, and Genbank accession numbers is 
described in the SI Materials and Methods. 

Hemagglutination assays. The hemagglutination assay was performed using standard methods. Briefly, 
two-fold dilutions of the virus stocks were incubated with an erythrocyte suspension for 16 hours at 4 °C. 
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Supporting information

SI Materials and Methods 
Cells and viruses. HAP1 cells (Haplogen GmbH) were cultured in Iscove’s Modified Dulbecco’s Medium 
(Lonza) supplemented with 10% (vol/vol) FCS. HeLa-R19, A549, HEK293T (ATCC CRL-3216), and RD 
cells were cultured in DMEM (Lonza) supplemented with 10% (vol/vol) FCS. All cell lines were tested 
for mycoplasma contamination. HeLa-R19 cells were obtained from G. Belov (University of Maryland 
and Virginia-Maryland Regional College of Veterinary Medicine, Blacksburg, VA 24061, USA) (1). RD 
(rhabdomyosarcoma) cells were obtained from the European Collection of Cell Cultures, Salisbury, 
United Kingdom (Catalogue No.: 85111502). A549 cells, EV-D68 (Fermon CA62-1), EV-D70 (Morocco), 
EV-D94 (E210) and echovirus 7 (Wallace) were obtained from the National Institute of Public Health 
and the Environment, Bilthoven, The Netherlands. CV-B3 (Nancy) was obtained by transfecting in vitro-
transcribed RNA derived from full length infectious clone p53CB3/T7 as previously described (2). ERAV 
(NM11/67) was obtained from David Rowlands and Toby Tuthill (University of Leeds, Leeds, United 
Kingdom). Influenza A virus (IAV) PR8-Sinai and IAV-PR8-Sinai-GFP were from Adolfo García-Sastre 
(Department of Microbiology, Mount Sinai School of Medicine, New York, USA).  

Generation of knockout cells by CRISPR-Cas9. The CRISPR-Cas9 system was used to generate 
ST6GAL1KO cells. For this, haploid HAP1 cells were co-transfected with a pMX vector encoding GFP-
IRES-Blasticidin S-resistance gene and two px330-based constructs targeting a region upstream of the 
ST6GAL1 locus (5’-GG TCG CTA GCG AGC GGG CTT GGG-3’) and one downstream of ST6GAL1 
(5’-GA GAA CCC TAC TAG TCG GGT GGG-3’) to excise the entire locus (Fig. S2A). One day after 
transfection, cells were selected with Blasticidin S (30 μg/mL, Invivogen) for 24 hours, expanded and 
subcloned. Individual subclones were analyzed for the excision of the ST6GAL6 locus by genotyping 
(Table S3). ST3GAL4/ST6GAL1DKO cells were obtained by mutating ST3GAL4 in ST6GAL1KO cells using a 
px330 construct targeting an exonic region (5’-AG CAA GGC CTC TAA GCT CTT TGG-3’) in ST3GAL4 
(Fig. S2B). Cells were selected, expanded, subcloned and genotyped as described above. 

cDNA complementation in ST3GAL4/ST6GAL1DKO cells. Murine leukemia virus particles for 
reconstitution of ST3GAL4 were made by cotransfection of pBabe-puro containing ST3GAL4 cDNA 
(described previously (3)) with pCAGGS-VSV-G and pMLV-gag-pol in HEK293T cells. The supernatant 
containing retrovirus was collected 3 days post transfection and used for transduction of HAP1 ST3GAL4/
ST6GAL1DKO cells. One day later, transduced cells were selected with puromycin (1 μg/ml). Reconstitution 
of ST3GAL4 and ST6GAL1 with plasmid DNA was performed by transfecting ST3GAL4/ST6GAL1DKO 
cells with plasmids encoding either sialyltransferase. Cells were infected with EV-D68 Fermon 24 hours 
posttransfection. 

Sequencing of recent EV-D68 strains isolated from clinical specimen. The full genome of the virus 
isolates was sequenced from passage 4 (tMK3, RD1) for strains 670 and 742 (Genbank: 4311000670_
tMK3RD1, KT231905; 4311000742_tMK3RD1, KT231907), and from passage 2 (RD2) of the remaining 
four strains (Genbank: 4310900 947_RD2, KT231897; 4310901348_RD2, KT231899; 4310902042_RD2, 
KT231901; 4310902284_RD2, KT231903), using twenty-two primer sets (details available on request). 
cDNA was synthesized using the Thermoscript RT-PCR System (Invitrogen) followed by PCR using 
Phusion High-Fidelity PCR Master Mix with GC Buffer (Finnzymes). Amplification products were treated 
with ExoSAP-IT (Affimetrix) and sequencing reactions were performed using BigDye terminator reagent 
(Life Technologies) and analysis of product on ABI3700 automated sequencer. Derived trace files were 
trimmed from primer sequences and assembled using Bionumerics software version 6 (Applied- Maths).  All 
infection experiments described in this study were performed with viruses that had undergone one or two 
more rounds of passaging on RD cells. From these viruses either the full genome (Genbank: 4310900947_
RD3, KT231898; 4310902042_RD3, KT231902) or the 5’UTR and capsid region was sequenced (Genbank: 
4311000670_tMK3RD3, KT231906; 4311000742_tMK3RD3, KT231908; 4310901348_RD3, KT231900; 
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Fig. S1. Enrichment of gene-trap insertions in genes related to synthesis of sialylated glycans. RefSeq gene 
structures of identified genes related to sialic acid biology are shown with the transcriptional orientation 
pointing from left to right. Gene-trap insertions predicted to disrupt gene function (intronic insertions in 
sense orientation and insertions mapping to exons) are illustrated for HAP1 cells selected with EV-D68 
(selected) and a cell population of similar complexity that had not been selected with EV-D68 (unselected). 
The FDR-corrected P-values for the enrichment of disruptive gene-trap mutations in the EV-D68-selected 
population are indicated (see Materials and Methods). 

4310902284_RD3, KT231904), using the primers listed in Table S3. Importantly, a similar Sia-dependency/
independency profile was observed with viruses that had undergone one passage less on RD cells. 
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Fig. S2. Generation and characterization of Sia-deficient HAP1 cells. (A) Genetic characterization of 
ST6GAL1-deficient and ST6GAL1/ST3GAL4-deficient HAP1 cells. Top: Depiction of the ST6GAL1 locus 
with CRISPR target sites upstream (CRISPRup1) and downstream (CRISPRlo1). Bottom: Co-transfection 
of guide RNAs for both target sites lead to Cas9-mediated excision of a 148,889 bp fragment encompassing 
the entire ST6GAL1 locus, fusing the two CRISPR target sites, as revealed by sequencing in a HAP1 
clone. (B) ST3GAL4 was targeted by CRISPR-Cas9 in the ST6GAL1-deficient HAP1 clone generated 
in (A). Sequencing reveals a deletion of two bp (highlighted in yellow in wild-type control cells) in an 
early coding exon of ST3GAL4 in a HAP1 subclone, resulting in a frameshift mutation in ST3GAL4 (the 
amino acid sequence is indicated above the nucleotide sequence). (C) Lectin staining of HAP1 clones. 
HAP1 cells treated with neuraminidase (NA) or HAP1 clones having defects in sialic acid synthesis were 
stained with Sambucus nigra lectin (SNA; binds to Sia-a2,6-galactose-N-acetylglucosamine) and Maackia 
amurensis lectin I (MAL1; binds to Sia-a2,3-galactose-N-acetylglucosamine). NA treatment resulted in 
lower MAL1 staining, but did not have a profound effect on SNA staining. SNA staining was reduced in 
cells deficient for CMAS, SLC35A1 and ST6GAL1, confirming the absence of a2,6-linked sialic acids. 
Consistently, MAL1 staining was reduced in cells deficient for CMAS, SLC35A1 and ST3GAL4. Although 
genetic characterization in (B) and functional characterization (Fig. 2C; ERAV) confirmed the defect 
in ST3GAL4 expression in ST3GAL4/ST6GAL1 double-deficient cells, no reduction of MAL1 staining 
was observed in this clone, possibly due to upregulation of other sialyltransferases forming a2,3-linked 
Sia that cannot serve as a functional EV-D68 receptor. (D) Both α2,3-linked Sia and α2,6-linked Sia can 
support EV-D68 infection. Quantification of immunofluorescence images shown in Figure 2A. HAP1 cells 
treated with neuraminidase (NA) or HAP1 clones having defects in sialic acid synthesis were infected with 
EV-D68 Fermon at a moi of 10. Infected cells were visualized by staining with capsid-specific antiserum, 
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imaged by confocal microscopy and counted. The mean ± s.e.m. of three biological replicates is shown. 
P-values compared to WT were calculated by one-way ANOVA of log-transformed data with Bonferroni 
correction. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. (E) a2,3-linked and a2,6-linked sialic acids are 
heterogeneously expressed in cultured cells. HAP1 cells were fixed either 1 day or 3 days after seeding and 
stained with Sambucus nigra lectin and Maackia amurensis lectin I. Patches of cells staining predominantly 
with SNA or with MAL1 were observed both after 1 day and 3 days of growth, indicating that the differential 
expression of a2,3- or a2,6-linked Sia between cells is stable over time.
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Fig. S3. Replication and virus production of recent EV-D68 isolates on Sia-deficient cells (A) Virus 
production of EV-D68 isolates on Sia-deficient HAP1 clones. HAP1 cells treated with neuraminidase (NA) 
and HAP1 clones lacking Sia (CMASKO) or having a defect in α2,3-linked Sia (ST3GAL4KO) or α2,6-linked 
Sia (ST6GAL1KO) were infected with different EV-D68 strains or coxsackievirus B3 (CV-B3) at a moi of 
0.01. Cells were incubated for 3 days, followed by measurement of virus titers. ND, not detectable. The 
mean ± s.e.m. of three biological replicates is shown. (B) Comparison of Sia-dependent and -independent 
EV-D68 isolates in a multi-cycle virus production assay. HAP1 cells treated with neuraminidase (NA) or 
HAP1 cells deficient for CMAS (CMASKO) were infected with different EV-D68 strains or CV-B3 at an 
moi of 0.01 and incubated for ~3 days (EV-D68) or 1 day (CV-B3), followed by measurement of virus 
titers. ND, not detectable. The mean ± s.e.m. of three biological replicates is shown. (C) Sia-dependence 
of EV-D68 isolates on other cell lines. A549 (human lung carcinoma) and HeLa-R19 cells treated with 
neuraminidase (NA) were infected with different EV-D68 strains at a moi of 0.05 and incubated for 24 
hours, followed by measurement of virus yields. Virus input levels (T=0) are indicated by a dashed line. 
ND, not detectable. The mean ± s.e.m. of three biological replicates is shown. 

Fig. S4. Comparison of carbohydrate 
receptor binding sites on picornaviruses. All 
known  picornavirus-carbohydrate 
receptor  structures were superimposed. 
Two adjacent protomers of the EV-D68 capsid 
are represented as Cα backbones. The triangle 
outlines an icosahedral asymmetric unit of 
the virus capsid.  VP1, VP2, and VP3 are 
colored blue, green and red.  Carbohydrate 
receptors are shown as sticks. Cyan: Neu5Ac 
(coxsackievirus A24 variant, PDB accession 
number  4Q4X), magenta: 3’-sialyllactose   
(equine rhinitis A virus, PDB accession 
number  2XBO  ), yellow: 6’-sialyllactose 
(EV-D68, pdb accession number 5BNN), 
dark green: heparan sulfate (foot-and-mouth 
disease virus, pdb accession number 1QQP).

Table S1. Capsid residue differences between EV-D68 clade A strains Genomic sequences used for 
this comparison are 4311000670_tMK3RD3 (Genbank: KT231906), 4311000742_tMK3RD3 (Genbank: 
KT231908) and 4310901348_RD3 (Genbank: KT231900). * these residues correspond to VP1 residues 
134, 156, 206 and 270, respectively, in clade B strains and EV-D68 Fermon.

Protein Location Amino acid residue 
670 (Sia-dep.) 742 (Sia indep) 1348 (Sia indep)

VP2
138 T T N
142 R W G
247 A A T

VP3 47 V V I
238 Y H H

VP1

85 Q R Q
133* T R T
155* K E E
205* S S N
269* R K K
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Table S2. Capsid residue differences between EV-D68 clade B strains.  Genomic sequences used for this 
comparison are 4310900947_RD3 (Genbank: KT231898) and 4310902042_RD3 (Genbank: KT231902) 

Protein Location Amino acid residue 
2042 (Sia-dep.) 947 (Sia indep.)

VP2 29  V A 
116  K R 

VP3 52  L M
59  K E 

VP1
157  R K 
270  R K 
271  E K 

Table S3. Oligonucleotide primers used in this study. 
Primer use Sequence (5’-3’) 

Genotyping HAP1 ST6GAL1KO: excision of ST6GAL1 ATTCTAGATAAGAGCAACACGAGTCTTC
Genotyping HAP1 ST6GAL1KO: excision of ST6GAL1 TGAGAGTGGAAAGCGGTGTTAGAGC

Genotyping HAP1 ST3GAL4/ST6GAL1KO: frameshift in 
ST3GAL4 

GGTTCCAAGTGGAACTTAACT

Genotyping HAP1 ST3GAL4/ST6GAL1KO: frameshift in 
ST3GAL4 

CTTCTCTTCCCTCCCTGGCTT

EV-D68 cDNA synthesis TTTTTTTTTTTTTTTTTTTTGG
Sequencing complete genome of clade B isolates TGCCAGTGGAATGAATCTTGC
Sequencing complete genome of clade B isolates ACATTAAAATGCGGTGCGTT
Sequencing complete genome of clade B isolates TCAGAGGATTCACTGGGGAC
Sequencing complete genome of clade B isolates CCTGAGCTCCCATTATTAAAATCT
Sequencing complete genome of clade B isolates TAGTAACAACACATACATGGGTCTTC
Sequencing complete genome of clade B isolates CATAGCTGCCCAACAACAGA
Sequencing complete genome of clade B isolates GCGTACATACATCAAAATTCCC
Sequencing complete genome of clade B isolates TTGTCAAATCAATTGCAAAAGG
Sequencing complete genome of clade B isolates AAGTTGAAAAAGGGAAATCACG
Sequencing complete genome of clade B isolates GCCCACCCGTGAAGGTG
Sequencing complete genome of clade B isolates CGGAGGCTTTTGACTTTCTGCT

Forward primer for amplification of capsid region from 
clade A and C isolates for sequencing 

TATCCCGGGTTCTTAAAACAGCCTTGGGGT

Reverse primer for amplification of capsid region from clade 
A and C isolates for sequencing 

GATATCAGTGAAAGCTACAAT

Sequencing capsid region of clade A and C isolates ATTGTTACCATTTAGCTTGTCAAAT
Sequencing capsid region of clade A and C isolates GTGATATGAGATCCATTTGTGGC
Sequencing capsid region of clade A and C isolates CATGAAAGGTGAAGAAGGAGGGA
Sequencing capsid region of clade A and C isolates CCTCCAGGTGGGTCATG
Sequencing capsid region of clade A and C isolates CCCCCAGCCAGAATGAC
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Abstract

Picornaviruses are a major cause of human and animal disease, for which effective antiviral 
therapy is currently not available. Adipose-specific phospholipase A2 (PLA2G16) was recently 
identified as a picornavirus host factor that facilitates the delivery of the viral RNA genome 
from the endosomal compartment to the cytoplasm (1). However, details on the exact role of 
PLA2G16 during virus entry are lacking. Enterovirus D68 (EV-D68) is an emerging picornavirus 
that causes severe respiratory disease and neurological problems. Using a genome-wide haploid 
genetic screen, we previously identified sialic acid (Sia) as an essential EV-D68 receptor, yet 
found that some strains could still infect cells devoid of Sia (2). Here, we employ a haploid 
genetic screen in Sia-deficient SLC35A1KO cells to show that EV-D68-947 can use sulfated 
glycosaminoglycans (sGAGs) as a second glycan receptor, possibly as a consequence of 
adaptation to cell lines. Remarkably, this dual receptor-binding virus was able to bypass the host 
factor PLA2G16 only when engaging sGAGs. Consistently, introducing a sGAG-binding site in 
a strictly Sia-dependent strain reduced the reliance on PLA2G16. Cryo-EM analyses revealed 
that, in contrast to Sia, sGAGs stimulate genome release by causing the formation of unusually 
large holes around the two-fold axes of the capsid that serve as putative sites of genome egress. 
Together, our data reveal that EV-D68 can bypass PLA2G16 by engaging a receptor that induces 
extensive particle destabilization, suggesting that PLA2G16 serves as the final uncoating cue 
regulating picornavirus genome release. 

Introduction 

Picornaviruses are non-enveloped positive-stranded RNA viruses that need to deliver their 
genome across a membrane to infect a cell. Following receptor binding and endocytosis, 
virus particles uncoat by forming a proteinaceous pore spanning the endosomal membrane 
through which they eject their genome into the cytosol (3, 4). Cues triggering this uncoating 
process can either be acidification of the endosomal lumen and/or interaction with uncoating 
receptors, which bind to a depression on the outer surface of the virus called the “canyon” (5). 
Uncoating receptors induce structural changes in the virion, a process that usually starts with 
the displacement of a lipid, the “pocket factor”, from a hydrophobic pocket below the canyon 
(5). Recently, we identified the lipid-modifying enzyme PLA2G16 (6, 7) as a novel host factor 
involved in delivering the picornavirus genome into the cytosol. PLA2G16 functions as a 
regulator of adipocyte lipolysis in mice (8), but its pro-viral mechanism of action remains poorly 
understood. PLA2G16 was identified as a host factor in several enterovirus haploid genetic 
screens and was shown to support infection of members of enterovirus and cardiovirus species 
(1, 9). Knockout of PLA2G16 did not affect virus binding to the cell surface, endocytic uptake, 
translation or replication but hampered the dissociation of genomic RNA from virus-containing 
endosomes. It is currently unknown whether PLA2G16 functions to facilitate transmembrane 
pore formation, to translocate viral RNA through the pore, or to transport released RNA to 
translation sites. 
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EV-D68 is an atypical enterovirus that usually causes mild respiratory tract disease, but is also 
associated with severe lower respiratory tract infections and acute flaccid myelitis (10). EV-D68 
was long considered to be a rare pathogen. However, the incidence of EV-D68-associated illness 
has recently increased (11). Using a genome-wide haploid genetic screen with the EV-D68 
prototype strain Fermon, we previously identified Sia as an essential factor and showed that both 
α2,3- and α2,6-linked Sia can serve as functional receptors (2). Moreover, a crystal structure of 
EV-D68-Fermon in complex with sialylated trisaccharides revealed a Sia-binding site in the 
canyon and showed that Sia binding primes the uncoating process by dislodging the pocket 
factor (12). In contrast to EV-D68-Fermon, several recent EV-D68 clinical isolates (including 
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Figure 1. Both sialic acid and sulfated glycosaminoglycans can serve as receptor for EV-D68-947. 
a, Haploid genetic screen for host factors of EV-D68-947. Each circle represents a gene, with size 
corresponding to the number of genetrap insertions per gene. The y-axis indicates the significance of 
enrichment of insertions in a gene, compared to an uninfected control population. Genes were randomly 
distributed on the x-axis. b, Schematic overview of sulfated glycosaminoglycan (sGAG) synthesis, showing 
the functions of genes identified in the haploid screen, which are indicated in italics. UTP, uridine-5’-
triphosphate; UDP, uridine diphosphate; P, phosphate; Glc, glucose; GlcA, glucuronic acid; IdoA, iduronic 
acid; GlcNAc, N-acetylglucosamine; Gal, galactose; Xyl, xylose. c, EV-D68 strains were incubated with 
various concentrations of heparin or low-molecular-weight-heparin (LMWH), followed by infection of 
HeLa-R19 cells, dsRNA staining and quantification of infected cells. Error bars represent the mean ± s.e.m. 
of two technical replicates. d, HeLa-R19 cells were treated with neuraminidase (NA), sodium chlorate 
(NaClO3) or a combination of both and infected with EV-D68, followed by staining of dsRNA (green) and 
nuclei (blue). Shown are representative confocal micrographs. Percentage values denote mean ± s.e.m. 
of 3-4 technical replicates, normalized to mock. The experiment was conducted three times with similar 
results. 
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EV-D68-947) were able to infect Sia-deficient HAP1 SLC35A1KO cells (2), indicating that these 
strains can use alternative receptors. 

Results 

To identify the receptors that EV-D68 can use in the absence of sialylated glycans, we performed 
a genome-wide haploid genetic screen with EV-D68-947 in HAP1 SLC35A1KO cells. This screen 
identified many genes related to the synthesis of sGAGs, which are long, unbranched, highly 
sulfated polysaccharides (Fig. 1a,b). Hits include genes involved in synthesis of the GAG core 
tetrasaccharide (B3GAT3, FAM20B, B3GALT6, B4GALT7, UXS1 and XYLT2), elongation of 
heparan sulfate (EXT1, EXT2 and EXTL3), synthesis of UDP-glucuronate (UGP2, UGDH) 
and sulfation (SLC35B2, NDST1). Together, these hits pointed towards a role of sGAGs as an 
alternative receptor for EV-D68-947. 

To confirm that EV-D68-947 binds to sGAGs, we performed neutralization experiments using 
various soluble sGAG analogues. Virus incubation with soluble heparin or low-molecular-
weight-heparin (LMWH) neutralized infection with EV-D68-947, while the Sia-dependent 
EV-D68-Fermon was not neutralized (Fig. 1c). Similarly, EV-D68-947 infection was neutralized 
by soluble heparan sulfate as well as sulfated pentasaccharide and hexasaccharide related to 
heparin (Supplementary fig. 1a). To determine to what extent EV-D68-947 relies on Sia or 
sGAGs as receptor, cells were treated with neuraminidase (NA) to remove Sia or with NaClO3, 
which prevents cell-surface sulfation. As previously described (2), EV-D68-947 was more 
resistant to NA treatment of HeLa cells (Fig. 1d) and HAP1 cells (Supplementary fig. 1b) than 
EV-D68-Fermon. Treatment with NaClO3 only partially inhibited infection, while combined 
treatment with NA and NaClO3 inhibited EV-D68-947 to a similar extent as EV-D68-Fermon 
following NA treatment (Fig. 1d). Analogously, the combination of NA treatment and knockout 
of B3GALT6 (13), which is required for sGAG synthesis, synergistically inhibited EV-D68-947 
infection of HAP1 cells  (Supplementary fig. 1b). Together, these data indicate that EV-D68-947 
has a dual receptor-binding capacity, using either Sia or sGAGs as a functional glycan receptor. 
EV-D68 has also been described to use the neuron-specific protein intercellular adhesion 
molecule 5 (ICAM-5) as uncoating receptor (14). However, ICAM-5 was not among the haploid 
screen hits. We observed that HAP1 ICAM-5KO

 cells can be infected with EV-D68-947, albeit 
less efficiently (Supplementary fig. 1c). These data suggest a possible redundancy between 
ICAM-5 and other (protein) receptors. 

PLA2G16 has been identified as a host factor in several enterovirus haploid genetic screens (1, 
2), including a screen with EV-D68-Fermon (Fig. 2a). In contrast to these screens, no significant 
enrichment of disruptive gene-trap insertions in PLA2G16 was observed in the screen with 
EV-D68-947 in SLC35A1KO cells (Fig. 2a), suggesting that this strain has unusual properties 
that eliminate the need for this host factor under certain conditions. EV-D68-947 originated 
from a patient with mild respiratory tract disease and was isolated by two passages in RD cells 
(15). Deep sequencing analysis revealed that two substitutions in capsid proteins VP2 and VP1 
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were introduced during isolation (Supplementary fig. 2a), suggesting that EV-D68-947 may 
have acquired the ability to bind sGAGs as an adaptation to RD cells. Nevertheless, the absence 
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Figure 2. sGAG binding by EV-D68 reduced the dependency on PLA2G16. a, The RefSeq gene structure 
of PLA2G16 is shown with genomic positions at the bottom. An enrichment of gene-trap insertion 
in the sense orientation (which disrupt gene function) was observed in a haploid genetic screen with 
EV-D68-Fermon (2), but not in the haploid screen with EV-D68-947. b, WT or PLA2G16KO HeLa-R19 
cells were treated with neuraminidase (NA), sodium chlorate (NaClO3) or a combination of both and 
infected with EV-D68-947, followed by staining of dsRNA (green) and nuclei (blue). Quantifications 
shown at the right denote mean ± s.e.m. of 4 technical replicates. Shown are representative confocal 
micrographs. The experiment was conducted twice with similar results. c, Top, schematic representation 
of the enterovirus genome. Bottom, EV-D68-947 and 2042 differ in seven capsid residues, which were 
exchanged by site-directed mutagenesis. Grey circles indicate positions at which mutants reverted back to 
the 947 genotype. WT or CMASKO HAP1 cells were exposed to EV-D68 mutants and stained with crystal 
violet at 6 days postinfection. d, Viruses were incubated with low-molecular-weight-heparin (LMWH), 
followed by infection of mock- or NA-treated HeLa-R19 cells and staining of dsRNA (green) and nuclei 
(blue). Shown are representative confocal micrographs. Percentage values denote mean ± s.e.m. of 3 
technical replicates, normalized to mock. f, WT or PLA2G16KO HeLa-R19 cells were infected and stained 
for dsRNA, followed by quantification of infected cells. Fold inhibition by PLA2G16KO was calculated by 
dividing the number of infected cells in PLA2G16KO cells by that in WT cells. Error bars represent the 
mean ± s.e.m. of 4 technical replicates. The experiment was conducted twice with similar results. 
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of PLA2G16 in the haploid screen allowed us to use this virus as a tool to study the mechanism 
by which enteroviruses can circumvent PLA2G16 and to gain insights into its function during 
virus entry. In HeLa PLA2G16KO cells, EV-D68-947 required PLA2G16 only when using the 
Sia route (NaClO3 treatment) but not when using the sGAG route (NA treatment) (Fig. 2b), 
whereas neither of these treatments affected PLA2G16 dependency of the Sia- and sGAG-
independent coxsackievirus B3 (CV-B3) (Supplementary fig. 2b). These data show that the 
reliance of EV-D68-947 on PLA2G16 is reduced by its ability to engage sGAGs as receptor. To 
confirm that the PLA2G16 independency of EV-D68-947 is due to its sGAG-binding capacity, 
we generated a gain-of-function mutant of the strictly Sia-dependent EV-D68-2042, which 
differs from EV-D68-947 by only seven capsid residues (2) (Fig. 2c). Introduction of four 
surface-exposed capsid residues from EV-D68-947 into EV-D68-2042 (2042-4/5/6/7) enabled 
this virus to infect HAP1 CMASKO cells, another Sia-deficient cell line. Introducing a subset of 
these residues was tolerated for some combinations and led to reversion for other combinations. 
Mutant 2042-4/7, containing residues VP3 Glu59 and VP1 Lys271, could infect HAP1 CMASKO 
cells (Fig. 2c) and NA-treated HeLa cells (Fig. 2d and Supplementary fig. 2c) and had gained 
sensitivity to neutralization with LMWH (Fig. 2d), showing that introduction of two residues 
from EV-D68-947 into EV-D68-2042 was sufficient to confer sGAG-binding capacity. Analysis 
of infectivity in PLA2G16KO cells revealed that mutant 2042-4/7, when using sGAGs, was less 
reliant on PLA2G16 than was EV-D68-2042 (Fig. 2e and Supplementary fig. 2d). This finding 
confirms that sGAG usage is associated with a reduced PLA2G16 requirement. 

Figure 3. EV-D68-947 is acid-independent and has altered ICAM-5-binding properties. a, HeLa-R19 
cells were treated with 200nM bafilomycin A1 (BafA1), infected and stained for dsRNA, followed by 
quantification of infected cells. The experiment was conducted twice with similar results. b, Viruses were 
incubated at 48 °C for the indicated times, followed by infection of HeLa-R19 cells, dsRNA staining and 
quantification of infected cells. c, Viruses were incubated with soluble ICAM-5 (sICAM-5), followed by 
infection of HeLa-R19 cells, dsRNA staining and quantification of infected cells. The experiment was 
conducted twice with similar results. d, WT or ICAM-5KO HAP1 cells were infected and stained for 
dsRNA, followed by quantification of infected cells. Error bars represent the mean ± s.e.m. of 3 (a,b) or 4 
(c,d) technical replicates. 
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Although sGAG usage reduced the PLA2G16 dependency of 2042-4/7, this mutant was 
more dependent on PLA2G16 than EV-D68-947 (Fig. 2f), suggesting that additional factors 
influence the level of PLA2G16 requirement during virus entry. To explore whether EV-D68 
strains require different uncoating cues, we compared sensitivity to the V-ATPase inhibitor 
Bafilomycin A1 (BafA1). Virus production of EV-D68 strains Fermon and 2042 was inhibited 
by BafA1, indicating that these strains, like the positive control rhinovirus A2 (RV-A2) (16), rely 
on endosomal acidification during uncoating (Supplementary fig. 3a). Similarly, analysis of the 
number of infected cells showed that the gain-of-function mutant 2042-4/7 was BafA1-sensitive 
(Fig. 3b), whereas BafA1 treatment hardly affected the negative control CV-B3 and EV-D68-947 
(Fig. 3b and Supplementary fig. 3a), regardless of the infection routes (Supplementary fig. 3b). 
Thus, EV-D68-947 hardly requires endosomal acidification, but uncoats mainly via receptor-
mediated destabilization. Thermostability assays showed that this acid independency was not 
due to lower particle stability (Fig. 3c). Therefore, we hypothesized that EV-D68-947 might be 
more extensively destabilized by the interaction with its receptor(s). EV-D68-947 proved to be 
more sensitive than 2042-4/7 to neutralization with soluble ICAM-5 (Fig. 3d), but not with 
LMWH (Supplementary fig. 3c), despite similar ICAM-5 requirements (Fig. 3e), indicating 
a stronger or more disruptive interaction between strain 947 and ICAM-5. In summary, 
EV-D68-947 is acid-independent and has altered ICAM-5-binding properties. This virus is also 
less dependent on PLA2G16 when compared with the mutant 2042-4/7. These observations 
led to the hypothesis that the evasion of PLA2G16 might be enabled by an extensive receptor-
mediated virion destabilization. 

To investigate whether sGAGs bypass PLA2G16 by destabilizing the EV-D68-947 particles, 
we studied the effects of different glycan receptor analogues on virion structure by cryo-EM. 
Structures were determined by incubation of EV-D68-947 in the absence of a receptor analogue, 
with 6’SLN (a sialylated trisaccharide), with dp6 (a heparin-derived hexasaccharide), or with 
LMWH at 33°C (Supplementary fig. 4 and 5 and Supplementary Table 1). A 2.4 Å resolution 
structure of the virus in complex with 6’SLN showed that EV-D68-947 binds to Sia in nearly 
the same way as does EV-D68-Fermon, despite differences near the receptor-binding site (Fig. 
4a,b). Density corresponding to dp6 or LMWH was not observed, either because these ligands 
interact with the virus via transient electrostatic interactions or because the bound ligands do 
not obey icosahedral symmetry. Nevertheless, the structure of the EV-D68-947 native virion 
showed a basic patch (formed by VP1 residues Lys268, Lys270, Lys271, and Arg272) that is not present 
in EV-D68-Fermon (Supplementary fig. 6a). This basic patch presumably serves as a binding 
site for the negatively charged sGAGs and contains the positively-charged Lys at VP1 position 
271, which conferred a sGAG-binding capacity to mutant 2042-4/7 (Fig. 2c, Supplementary fig. 
6b). Together, these data suggests that EV-D68-947 binds its two glycan receptors at adjacent or 
overlapping sites, while only engagement of sGAGs results in a reduced PLA2G16 dependency. 

The structural analysis revealed that, like 6’SLN, both sGAG analogues induced movements of 
the VP1 GH loop into the VP1 hydrophobic pocket, leading to the displacement of the pocket 
factor (Fig. 4c), as previously observed (12). This indicates that both Sia and sGAGs can prime 
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the uncoating process. Determination of the ratio between the number of EV-D68-947 full and 
empty particles after 1 hour incubation at 33 °C showed that, unlike 6’SLN, the hexasaccharide 
dp6 and the polymeric sGAG analogue (LMWH) promoted genome release (Fig. 4d and 
Supplementary fig. 7a-d). Structural comparison of LMWH-induced empty particles with 
empty particles formed in the absence of a ligand showed that LMWH induced the formation 
of unusually large openings in the capsid around the twofold symmetry axes that can serve 
as putative sites of genome egress (17, 18) (Fig. 4e and Supplementary fig. 7e). These data 
demonstrate that sGAGs, in contrast to Sia, stimulate genome release from EV-D68-947 by 
inducing extensive structural changes in the capsid, providing a possible explanation for the 
capacity of EV-D68-947 to bypass PLA2G16 when infecting a cell via sGAGs. 
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Discussion 

PLA2G16 was identified as a picornavirus host factor that is required for the efficient delivery 
of viral RNA into the cytoplasm (1). Here, we identified a dual glycan receptor-binding EV-D68 
strain and found that this strain can bypass PLA2G16 by using sGAGs as a glycan receptor. 
Furthermore, we showed that, in vitro, sGAGs induce structural rearrangements in the virion 
that promote genome release. Our findings may be explained by a model in which subsequent 
uncoating cues orchestrate the priming of the EV-D68 particle for RNA release (Fig. 4f). 
The catalytic activity of PLA2G16 may constitute the ultimate event that triggers the release 
of the genome. Requiring such a host factor as a final checkpoint for RNA release might be 
advantageous for the virus, as it postpones genome release until the appropriate intracellular 
compartment has been reached. Engagement of sGAGs could disturb the delicate balance of 
uncoating cues and excessively destabilize the particle, such that the virus releases its genome 
before encountering PLA2G16. 

Together, our data show an unexpected connection between receptor binding and the 
requirement of PLA2G16 in cells, representing the first and last steps of picornavirus entry, 
respectively. These findings suggest that PLA2G16 plays a role in a virus-associated entry step, 
such as transmembrane pore formation or RNA translocation across the membrane. PLA2G16 
might exert this function by directly interacting with viral proteins or RNA, or indirectly, 
by creating a lipid environment that favors pore formation. Additionally, our observations 
indicate that EV-D68 can infect a cell without the need of PLA2G16 by engaging a receptor 
that excessively destabilizes the virus. This implies that developing resistance against PLA2G16 
inhibitors is probably accompanied by premature virus uncoating, underscoring the promise of 
PLA2G16 as a target for antiviral drugs. 

Figure 4. sGAG analogues stimulate EV-D68-947 uncoating. a, Structure of the native virion of 
EV-D68-947. The density map was low passed to 14 Å resolution and colored based on radial distance to 
the particle center (Å). A pentangle, an oval, and two triangles (black) indicate five-, two-, and three-fold 
axes and define the limit of an icosahedral asymmetric unit. A black rectangle outlines the limit of the 
close-up view in (b). b, Sialic acid binding site. Shown are residues (yellow) that have a distance within 4 Å 
from any atom of sialic acid (green). Black dashed lines indicate polar interactions. c, Receptor analogues 
induce conformational changes of EV-D68-947 to eject the pocket factor. Left panel: a biological protomer 
of the capsid is colored blue (VP1), green (VP2), red (VP3), and orange (the VP1 hydrophobic pocket). 
A rectangle indicates the limit of close-up views of the pocket shown in the three panels on the right: 
superimposition of the native virus structure with that of the virus upon incubation with a receptor 
analogue. VP1 Ile217 moves into the pocket such that it would clash with a pocket factor if it were to bind 
into the pocket. d, EV-D68-947 particles were incubated for 1 hour at 33 °C with or without receptor 
analogues. The number of full and empty particles in cryo-EM images was counted. Error bars represent 
the mean ± s.e.m. of 3 technical replicates. e, Structure of EV-D68-947 empty capsids formed either in 
the absence of ligand or after treatment with LMWH. VP2 residues 53-60, 98-100, and 240-242 as well as 
VP3 residues 148-150, which line the hole around the two-fold axis, are less ordered in emptied particles 
formed after treatment with LMWH than in those formed without treatment with a receptor analogue. The 
color scale indicates the radial distance to the particle center (Å). f, Hypothetical model that summarizes 
the uncoating cues required by EV-D68 strains used in this study. 
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Methods 
Cells and viruses. HAP1, HAP1 CMASKO and HAP1 ICAM-5KO cells were obtained from Horizon 
Discovery Group plc (Cambridge, UK). HAP1 SLC35A1KO cells were described previously (19). HAP1 
B3GALT6KO and HeLa PLA2G16KO cells were obtained from Thijn Brummelkamp (Netherlands Cancer 
institute, Amsterdam). HeLa-R19 cells were obtained from G. Belov (University of Maryland and Virginia-
Maryland Regional College of Veterinary Medicine, US). Huh7/Lunet/T7 cells were obtained from Ralf 
Bartenschlager (Heidelberg University Hospital, Germany). RD (rhabdomyosarcoma) cells were obtained 
from the European Collection of Cell Cultures (Catalogue No.: 85111502). HAP1 cells were cultured 
in Iscove’s Modified Dulbecco’s Medium (IMDM, Lonza) containing 10% (v/v) fetal calf serum (FCS). 
HeLa, Huh7/Lunet/T7 and RD cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Lonza) 
containing 10% (v/v) FCS. All cell lines were tested for mycoplasma contamination. EV-D68-Fermon 
(CA62-1), EV-D68-947 (4310900947) and EV-D68-2042 (4310902042) were described previously (2) and 
were obtained from the National Institute of Public Health and the Environment (RIVM), Bilthoven, The 
Netherlands. The genomic sequence of EV-D68-947 in the patient sample was determined by Baseclear 
B.V., Leiden, The Netherlands. CV-B3 (Nancy) was obtained by transfecting in vitro-transcribed RNA 
derived from full length infectious clone p53CB3/T7 as previously described (20). 

Chemicals and reagents. The following chemicals and reagents were used in this study: Arthrobacter 
ureafaciens neuraminidase (Roche, 10269611001); heparin (Sigma-Aldrich, H4784); low-molecular-
weight-heparin (Sigma-Aldrich, 1304118 USP); heparan sulphate (Iduron, GAG-HS01 BN1); 
hexasaccharide dp6 (Dextra Laboratories, ID1006); fondaparinux (Sigma-Aldrich, SML 1240); 
sodium chlorate (Sigma-Aldrich, 1.06420 EMD Millipore); Recombinant human ICAM-5 (R&D 
systems, 1950-m5-050); bafilomycin A1 (Enzo Life Sciences, BML-CM110-0100); 6’SLN (6’-sialyl-N-
acetyllactosamine, V-LABS, Inc.). 

Haploid genetic screen with EV-D68-947 in HAP1 SLC35A1KO cells. The haploid genetic screen was 
performed as described previously (19, 21). Briefly, HEK293T cells were transfected with packaging 
plasmids and gene-trap plasmids (22). Gene-trap retroviruses were harvested and used to mutagenize 
HAP1 SLC35A1KO cells. For selection with virus, 100 million mutagenized HAP1 SLC35A1KO cells were 
seeded in 14 T175 flasks, followed by infection with EV-D68-947. Resistant colonies were recovered 
after approximately two weeks, pooled and used for genomic DNA isolation and sequencing. Gene-trap 
insertion sites were amplified using a LAM-PCR protocol with a single biotinylated primer as previously 
described (21). The resulting single-stranded DNA products were immobilized on magnetic streptavidin 
beads, washed and ligated to a single-stranded DNA linked to enable exponential PCR amplification (21). 
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Finally, the PCR products were purified and subjected to Illumina sequencing. To map gene-trap insertion 
sites, sequence reads were aligned to the human genome (hg19) not filtering for close reads (19). The 
number of disruptive gene-trap insertions (in sense orientation of the gene or mapping to exons) was 
compared to those present in a population of uninfected control cells, using a one-sided Fisher’s exact test 
(19). 

Infectivity assays. Cells were incubated with virus for 1 hour at 37°C, supplied with fresh medium and 
incubated at 37°C for a total of 8 hours, which represents a single replication cycle. In virus production 
assays, cells were subjected to three freeze/thaw cycles and virus titers were determined by end-point 
dilution. In neutralization assays, viruses were pretreated with ligands for 1 hour at 37°C. Neuraminidase 
treatments were performed by incubating cells with a 1:30 dilution of A. urefaciens NA in serum-free 
medium for 1 hour at 37°C. To test whether viruses require endosomal acidification, cells were exposed to 
the indicated concentration of bafilomycin A1 for 1 hour before infection, during infection and at least 5 
hours after infection. 

Immunofluorescence assays. Cells were fixed by submersion in a 4% paraformaldehyde solution for 15 
minutes. Fixed cells were stained with 1:2000 diluted mouse monoclonal anti-dsRNA (J2; English and 
Scientific Consulting). Cells were examined by confocal microscopy (Leica SPE-II) and the number of 
infected cells was quantified with ImageJ. 

Construction of EV-D68 infectious cDNA clones. Viral RNA was isolated from passage 3 (RD3) of 
strains 947 and 2042 (Genbank: 4310900947_RD3, KT231898; 4310902042_RD3, KT231902) and used 
to construct infectious cDNA clones. The 5’ and 3’ halves of the genomes were amplified separately and 
combined using an internal SpeI restriction site. Subsequently, the complete genomes were cloned into 
XmaI and SalI sites of pRib-CB3-Luc (20) from which the CB3-Luc region was deleted using the same 
enzymes, to yield pRib-EV68-947 and pRib-EV68-2042. Sequence analysis confirmed that the sequence 
of the viral cDNA was identical to that of the viral RNA. Single mutations were introduced using the Q5 
site-directed mutagenesis kit (New England biolabs). Mutant viruses were generated by transfection of 
plasmids into Huh7/Lunet/T7 cells, which initiate transcription from the T7 promotor lying upstream of 
the viral cDNA. The resulting virus was passaged once in RD cells followed by verification of the genomic 
sequence. 

Virus growth and purification. EV-D68 strain 947 was grown and purified essentially as previously 
described (23). Briefly, RD cells were infected with the virus using an multiplicity of infection of about 
0.01. At about 60hr post infection, cells and supernatant were harvested and separated by centrifugation. 
The pellets were subjected to multiple cycles of freezing and thawing, followed by removal of cell debris via 
centrifugation. All supernatant was combined and spun down at 278,000 x g (Ti 50.2 rotor) for 2hrs. The 
resultant pellets were resuspended in 250mM HEPES, 250mM NaCl, pH 7.5 (buffer 1), and sequentially 
treated with MgCl2, DNase, RNase, trypsin, EDTA solution (pH 9.5), and sodium n-lauryl-sarcosinate 
with a final concentration of 5mM, 10 µg/ml, 0.25 mg/ml, 0.8 mg/ml, 15 mM, and 1% (w/v), respectively. 
The resultant sample was spun down, yielding pellets that were then resuspended in buffer 1. The crude 
virus was purified through a potassium tartrate density gradient (10% (w/v) – 40% (w/v)) using a SW 41 
Ti rotor. Purified virus was stored in phosphate buffer saline at 4°C. 

Cryo-electron microscopy. For structure determination, purified EV-D68 947 was treated independently 
with 15mM 6’SLN for 30 min (dataset virus-6’SLN), with 5mg/ml LMWH for 30min (dataset 
virus-LMWH), with 5mg/ml dp6 for 1hr (dataset virus-dp6), or without a receptor analogue for 30 min 
(dataset virus-alone). These treatments were all at 33°C. Aliquots of 2.7 µl of the resultant sample was 
applied onto copper grids with a continuous Lacey carbon film (400 mesh, Ted Pella). After blotting for 
about 7s, the grid was plunge frozen into liquid ethane using a Cryoplunge 3 system (Gatan). Movies of 
EV-D68 particles embedded in a thin layer of vitreous ice were imaged on an FEI Titan Krios transmission 
electron microscope operated at 300 kV and equipped with a K2 Summit direct electron detector (Gatan). 
Data were automatically collected using the program Leginon (24). The dose rate was about 4 e-/pixel/s 
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for dataset virus-6’SLN and about 8 e-/pixel/s for all other datasets. Dataset virus-alone was collected at a 
nominal magnification of 22500× in electron counting mode with defocus ranging from 0.5 µm to 3.1 µm. 
This gave a pixel size 1.30 Å/pixel at the specimen level. A total electron dose of ~33 e-/Å2 was fractionated 
into 28 frames with a frame rate of 250 ms/frame. Datasets virus-dp6 and virus-LMWH were collected at 
a nominal magnification in super resolution mode, giving a super resolution pixel size of 0.65 Å/pixel. The 
defocus range was 0.7-5.4 µm (dataset virus-dp6) and 0.6-4.5 µm (dataset virus-LMWH). A total electron 
dose of ~33 e-/Å2 was fractionated into 35 frames with a frame rate of 200 ms/frame. Dataset virus-6’SLN 
was collected at a nominal magnification of 29000× in super resolution mode with a defocus range of 
0.4-3.6 µm. This gave a super resolution pixel size of 0.50 Å/pixel. A total electron dose of ~25 e-/Å2 was 
fractionated into 62 frames with a frame rate of 100 ms/frame. 

To test the effect of receptor analogues on viral stability, purified EV-D68 947 was incubated with 15mM 
6’SLN, 5 mg/ml dp6, or 5 mg/ml LMWH at 33°C for 1hr. As a control, virus was incubated in the absence 
of a receptor analogue. Cryo-EM sample preparation was performed as described above. Electron 
micrographs were manually collected at a nominal magnification of 29500× using a total electron dose of 
~25 e-/Å2 on an FEI Phillips CM200 TEM operated at 200 kV and equipped with a 4k × 4k charged coupled 
device (Gatan). The defocus ranged from 0.7 to 6.0 um. Particles were selected using e2boxer.py (part of 
the EMAN2 program package (25)), as will be detailed below. The number of full and empty particles was 
counted by three individuals. The total number of particles used for counting was 3690 (virus alone), 3023 
(virus with dp6), 3107 (virus with LMWH), or 3492 (virus with 6’SLN). 

Image processing. Movie frames were aligned using the program MotionCor2 (26). In this process, the 
first frame that had a large motion was discarded, and a reported dose weighting scheme was employed to 
down-weight the high resolution information in late frames (27). The aligned frames were summed up and 
binned by a factor of two to yield individual electron micrographs. Binning was performed for all datasets 
expect for dataset virus-alone at this stage. The non-dose weighted micrographs were utilized to estimate 
contrast transfer function (CTF) parameters using the program CTFFIND4 (28). Projections derived from 
a three-dimensional (3D) reconstruction of EV-D68 strain US/MO14-18947 (29) were low passed to 40 
Å resolution and served as templates for particle selection from the dose-weighted micrographs using 
e2boxer.py (25). Particle images were then extracted and subjected to two-dimensional classification using 
the program Relion (30). This procedure allowed for separation of full and empty particles and for removal 
of low quality particles. 

Samples of EV-D68 947 contained a mixed population of full particles after about two weeks of storage 
at 4°C. For datasets virus-alone and virus-dp6, images of full particles (5.20 Å/pixel) were subjected to 
3D classification using the program Relion, in which icosahedral symmetry was imposed, as has been 
previously described (29). This process enabled selection of a subset of particles that represented full 
virions rather than expanded uncoating intermediates (e.g., the A(altered)-particle). The following 
procedures were employed to reconstruct each of the six cryo-EM maps in this work using the 
program jspr (31). These were full-native (dataset virus-alone), emptied (dataset virus-alone), full-dp6, 
full-LMWH, emptied-LMWH, and full-6’SLN. In brief, particle images were divided into two halves. For 
each half, particle images (5.20 Å/pixel) were used to generate multiple initial models by assigning random 
orientations to each particle. A suitable initial model was selected and used as an initial 3D reference 
for the refinement of particle orientations and centers. This procedure was extended to particle images 
with a pixel size of 2.60 Å/pixel and subsequently to those with a pixel size of 1.30 Å/pixel. To improve 
the resolution of the reconstruction, parameters for particle orientations, centers, defocus, astigmatism, 
scale, beam tilt, and anisotropic magnification distortion (32, 33) were then included in the refinement 
process. The resolution of the final cryo-EM map was estimated based on Fourier shell correlation (FSC) 
between two independently calculated half maps that were masked with a soft mask using an FSC cutoff 
of 0.143 (34, 35). Maps were sharpened using a negative B-factor and low pass filtered using an FSC based 
filter (34). In this process, the effect of modulation transfer function of the detector on the map was also 
corrected.  
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Model building and refinement. The following procedures were applied to each of the six structures 
presented in this work. A predicted atomic model of strain 947 was generated based on amino acid sequence 
comparison of strains 947 and US/MO14-18947 using SWISS-MODEL (36). This model was refined 
against the cryo-EM map in real space using the program Phenix (37, 38), followed by model rebuilding in 
Coot (39). Then, a segment of the cryo-EM map was generated by selecting grid points within a radius of 
5 Å from any atom of the current atomic model. This map segment was back-transformed into structure 
factors, against which the B-factors, atomic positions, and occupancies of the atomic model was refined 
in reciprocal space using the program REFMAC5 (40). The resultant coordinates were further refined in 
real space using Phenix in which 60-fold non-crystallographic symmetry constraints were applied. Water 
molecules were added in Coot. The final atomic modes were assessed based on the criteria of MolProbity 
(41). Figures were produced using Chimera (42), Pymol (https://pymol.org) and RIVEM(43). 

Supporting information 

Supplementary figure 1. EV-D68-947 employs sialic acid, sGAGs, and ICAM-5 as receptor. a, 
EV-D68-947 or coxsackievirus B3 (CV-B3) were incubated with different concentrations of the sGAG 
analogues heparin sulphate, hexameric heparin, or pentameric fondaparinux, followed by infection of 
HeLa-R19 cells, dsRNA staining and quantification of infected cells. b, NA-treated WT or B3GALT6KO 
HAP1 cells were infected with EV-D68 and yields of infectious virus were determined after a single 
replication cycle. Error bars (a,b) represent the mean ± s.e.m. of 3 technical replicates. c, WT or ICAM-5KO 
HAP1 cells were infected with EV-D68 or CAR-binding CV-B3, followed by staining of dsRNA (green) 
and nuclei (blue). Shown are representative confocal micrographs. Percentage values denote mean ± s.e.m. 
of 4 technical replicates, normalized to mock. The experiment was conducted twice with similar results. 
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Supplementary figure 3. a, Bafilomycin A1 (BafA1)-treated HAP1 cells were infected with EV-D68 strains, 
rhinovirus A2 (RV-A2) or coxsackievirus B3 (CV-B3) and yields of infectious virus were determined after 
a single replication cycle. Error bars represent the mean ± s.e.m. of 3 technical replicates. The experiment 
was conducted twice with similar results. b, HeLa-R19 cells were treated with neuraminidase (NA), sodium 
chlorate (NaClO3), 200 nM BafA1, or a combination and infected, followed by staining of dsRNA (green) 

Supplementary figure 2. a, Top, schematic representation of the enterovirus genome. Bottom, circles 
represent capsid residues that differ between EV-D68-947 and EV-D68-2042, as was previously described. 
Black circles indicate positions at which EV-D68-947 differs from the viral genomic sequence obtained 
from patient material. b, WT or PLA2G16KO HeLa-R19 cells were treated with neuraminidase (NA), 
sodium chlorate (NaClO3) or a combination of both and infected with CV-B3 or EV-D68-Fermon, 
followed by staining of dsRNA (green) and nuclei (blue). Shown are representative confocal micrographs. 
Percentage values denote mean ± s.e.m. of 3 technical replicates, normalized to mock. c, HeLa-R19 cells 
were infected and stained for dsRNA, followed by quantification of infected cells. d, Raw data used to 
calculate values presented in Fig. 2f. Error bars represent the mean ± s.e.m. of ≥3 (c) or 4 (d) technical 
replicates. 
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Supplementary figure 5. Resolution assessment of cryo-EM maps of empty particles (a) and full 
particles (b) based on FSC curves. The two types of FSC curves are defined as in supplementary figure 4. 

Supplementary figure 4. The 2.4 Å resolution structure of EV-D68-947 in complex with 6’SLN. a, A 
typical electron micrograph of the virus after incubation with 15mM 6’SLN at 33°C for about 30min. 
Scale bar: 100 nm. b, Fourier shell correlation (FSC) curves. Gold standard FSC is the FSC between two 
independently reconstructed half maps (FSC cutoff = 0.143). The “model-map” FSC is the FSC between 
the cryo-EM map and a map based on the atomic model (FSC cutoff = 0.5). c-e, Typical cryo-EM map 
densities with the fitted atomic model. Neu5Ac: N-acetylneuraminic acid, Gal: galactose, GlcNAc: 
N-acetylglucosamine. 

a b

a

c d

b e

and nuclei (blue). Shown are representative confocal micrographs. The experiment was conducted twice 
with similar results. c, Viruses were incubated with low-molecular-weight-heparin (LMWH), followed by 
infection of HeLa-R19 cells, dsRNA staining and quantification of infected cells. Error bars represent the 
mean ± s.e.m. of 2 biological and 2 technical replicates. 
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4 Supplementary figure 6. Putative sGAG-binding residues in EV-D68-947 are in close proximity to 
the Sia-binding site on the virus. a, A map of amino acid residues on the outer surface of EV-D68-947. 
A black dashed rectangle indicates the limit of the close-up view shown on the right. An orange contour 
outlines the sialic acid binding site. The residues VP1 Lys271 (magenta) and VP3 Glu59 (red), which 
allow EV-D68 mutant 2042-4/7 to bind sGAGs, are located near the Sia-binding site. VP1 residues 
Lys268, Lys270, Lys271, and Arg272 (blue and magenta) form a basic patch in EV-D68-947 b, Sequence 
comparisons show that this basic patch is not present in strain Fermon or strain 2042. 

Supplementary figure 7. Sulfated glycosaminoglycans cause uncoating of EV-D68-947 in vitro. a-d, 
Purified EV-D68-947 was incubated in the absence of a receptor analogue (a), with 15mM 6’SLN (b), with 
5 mg/ml dp6 (c), or with 5 mg/ml LMWH (d) at 33°C for 1hr. In each panel, a typical portion of a cryo-EM 
micrograph of EV-D68 particles is shown. e, Close-up views of the openings around the twofold axis in 
empty particles of different viruses. The color scale indicates the radial distance to the particle center (Å). 
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Supplementary Table 1. Statistics for cryo-EM data collection and processing 

  Full-native Emptied Full-LMWH Emptied-LMWH Full-dp6 Full-6’SLN
Data collection and processing

Microscope Titan 
Krios

Titan 
Krios Titan Krios Titan Krios Titan 

Krios
Titan 
Krios

Accelerating voltage 
(kV) 300 300 300 300 300 300

Camera K2 
Summit

K2 
Summit K2 Summit K2 Summit K2 

Summit
K2 

Summit
No. of micrographsa 218 218 872 872 338 330
Pixel sizeb (Å/pixel) 1.30 1.30 1.30 1.30 1.30 1.00
Dose rate (e-/pixel/s) 8 8 8 8 8 4

Total dose (e-/Å2) 33 33 33 33 33 25
Frame rate (ms) 250 250 200 200 200 100
Defocus (µm) 0.5-3.1 0.5-3.1 0.6-4.5 0.6-4.5 0.7-5.4 0.4-3.6

No. particles for 
reconstruction 4306 2107 5104 9226 6693 5938

Resolutionc (Å) 2.86 3.56 2.79 3.03 2.76 2.43
Map sharpening 

B-factor (Å2) -111.7 -144.0 -94.1 -118.2 -104.9 -81.9

Model Statistics
Correlation coefficientd 0.868 0.836 0.872 0.859 0.862 0.858

No. of atoms
Protein 6306 5257 6278 5165 6270 6277
Water 0 0 157 0 198 337
Ligand 0 0 0 0 0 46

Avg. B-factor (Å2) 23.2 84.0 26.6 54.0 24.6 21.2
Avg. B-factor for ligand 

(Å2) - - - - - 40.5

r.m.s deviationse
Bond lengths (Å) 0.009 0.012 0.010 0.009 0.009 0.011
Bond angles (°) 1.197 1.296 1.236 1.197 1.199 1.308

Ramachadran plote
Favored (%) 96.8 90.3 95.5 95.9 97.2 95.5
Allowed (%) 3.2 8.8 4.4 4.1 2.8 4.4
Outliers (%) 0.0 0.9 0.1 0.0 0.0 0.1

aMicrographs from which particles were selected. bPhysical pixel size. cEstimated base on the Fourier 
shell correlation between two independently reconstructed half maps (FSC cutoff = 0.143). dBetween the 
cryo-EM map and a map calculated based on the atomic model where the resolution corresponds to that 
of the cryo-EM map. eAccording to the criteria of MolProbity
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Abstract 
Acute haemorrhagic conjunctivitis (AHC) is a painful, contagious eye disease, with millions 
of cases in the last decades. Coxsackievirus A24 (CV-A24) was not originally associated with 
human disease, but in 1970 a pathogenic “variant” (CV-A24v) emerged, which is now the 
main cause of AHC. Initially, this “variant” circulated only in Southeast Asia, but it later spread 
worldwide, accounting for numerous AHC outbreaks and two pandemics. While both CV-A24 
“variant” and “non-variant” strains still circulate in humans, only “variant” strains cause AHC 
for reasons that are yet unknown. Since receptors are important determinants of viral tropism, 
we set out to map the CV-A24 receptor repertoire and establish whether changes in receptor 
preference have led to the increased pathogenicity and rapid spread of CV-A24v. Here, we 
identify ICAM-1 as an essential receptor for both AHC-causing and non-AHC strains. We 
provide the first high-resolution cryo-EM structure of a virus-ICAM-1 complex, which revealed 
critical ICAM-1-binding residues. These data could help identify a possible conserved mode of 
receptor engagement among ICAM-1-binding enteroviruses and rhinoviruses. Moreover, we 
identify a single capsid substitution that has been adopted by all pandemic CV-A24v strains and 
we reveal that this adaptation enhances the capacity of CV-A24v to bind sialic acid. Our data 
elucidate the CV-A24v receptor repertoire and point to a role of enhanced receptor engagement 
in the adaptation to the eye, possibly enabling pandemic spread. 

Significance statement 
Acute haemorrhagic conjunctivitis (AHC) is a painful and highly contagious infection of the 
eye, with reported incidence rates of up to 48%. No drugs or vaccines are available for treatment 
or prevention of AHC. Coxsackievirus A24 variant (CV-A24v) is the main etiological agent of 
AHC, being responsible for >10 million AHC cases worldwide during the last decades. We have 
identified the CV-A24v protein receptor and determined the high-resolution structure of the 
virus-receptor complex. Furthermore, we found that an adaptation which enhances binding 
to the receptor sialic acid may have contributed to the pathogenicity and pandemic nature of 
CV-A24v. These findings highlight the importance of sialic acid for viruses with ocular tropism, 
such as influenza A virus and several adenoviruses. 

Introduction 
Acute haemorrhagic conjunctivitis (AHC) is characterized by a sudden onset of ocular 
pain, swelling, watering and extensive subconjunctival haemorrhaging. Since AHC is highly 
contagious, it spreads rapidly and can affect up to 48% of a population in a single outbreak 
(1, 2). Coxsackievirus A24 variant (CV-A24v), belonging to the genus Enterovirus within the 
family Picornaviridae, is the main etiological agent of AHC, being  responsible for >10 million 
AHC cases worldwide during the last decades (2, 3). Coxsackievirus A24 (CV-A24) was first 
isolated in South Africa in 1951 (4), but was not associated with disease in humans. However, in 
1970, a pathogenic variant of CV-A24 (CV-A24v) emerged that was responsible for a large AHC 
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outbreak in Singapore (5, 6). Initially, this AHC-causing variant circulated only in Southeast 
Asia, but later spread worldwide, suddenly causing numerous explosive AHC outbreaks and 
two pandemics, which started in 1985 and 2002 (7–9). Although both the CV-A24 variant and 
non-variant strains are being detected in clinical samples worldwide, only strains belonging to 
the “variant” clade are associated with AHC. As yet, the molecular mechanism underlying this 
difference in pathogenicity is unknown. Also, it remains unclear what has led to the sudden 
onset of CV-A24v pandemics. 

Receptor choice or the interplay between different receptors can be important determinants of 
viral tropism and pathogenicity. Most enteroviruses rely on an uncoating receptor that triggers 
destabilizing rearrangements of the capsid proteins, resulting in the formation of a capsid-
mediated pore in the endosomal membrane through which the viral genome is delivered into 
the cytoplasm (10). In addition to uncoating receptors, many enteroviruses employ one or more 
attachment receptors that do not participate in uncoating but facilitate cell binding. Previous 
reports have shown that sialic acid (Sia) plays a role in infection of CV-A24v (11). Despite these 
findings, it remains unclear whether CV-A24v requires additional cell surface receptors and 
whether differences in receptor preference exist between AHC- and non-AHC-causing CV-A24 
strains. 

In this study, we set out to identify a potential protein receptor and to investigate if possible 
changes in receptor requirements can explain the pathogenic and pandemic nature of 
AHC-causing CV-A24v strains. We identify ICAM-1 as an essential receptor for both AHC- 
and non-AHC-causing CV-A24 strains and provide the first high-resolution cryo-EM structure 
of a virus in complex with ICAM-1, revealing in detail the interactions between CV-A24v and 
its receptor. Moreover, by combining structural data, phylogenetic analysis and reverse genetics, 
we identify a single amino acid substitution in the viral capsid that provides an improved Sia 
binding capacity and has been adopted exclusively by pandemic CV-A24 “variant” strains. 
These findings point towards a role of enhanced Sia binding in the adaptation of CV-A24v to 
the eye, which may have been a prerequisite for its pandemic potential. 

Results 

ICAM-1 is an essential CV-A24v receptor 

CV-A24v can bind Sia, but Sia was not found to initiate uncoating (12), suggesting that CV-A24v 
employs an additional, yet unknown, receptor. In order to identify this receptor, we performed 
neutralization assays with a CV-A24v clinical isolate in Sia-deficient HAP1 CMASKO cells (13), 
using soluble receptor domains (VLDL-R) or antibodies targeting various known enterovirus 
receptors (ICAM-1, DAF, integrin α2, PVR, CAR, integrin αvβ3, and PSGL-1) (Fig. 1A). The 
ability of these ligands to suppress receptor binding was confirmed using positive control 
viruses (Fig. S1A). Only the antibody against ICAM-1, a cell adhesion molecule consisting of 
five Ig-like domains (14) (Fig. 1B), blocked CV-A24v infection (Fig. 1A). To determine whether 
ICAM-1 is essential for CV-A24v, we knocked out ICAM-1 in various cell types by CRISPR/



84

Chapter 5 

5

Cas9 genome editing (Fig. 1B). The ICAM-1 knockout (ICAM-1KO) genotype was verified by 
sequence analysis (Fig. S1B) and by assessing the susceptibility of ICAM-1KO cells to infection 
with ICAM-1-dependent coxsackievirus A21 (CV-A21) (15) and rhinovirus B14 (RV-B14) (16), 
and CAR-dependent coxsackievirus B3 (CV-B3) (17) (Fig. 1 F and G and S1 C-E). CV-A24v 
infection was reduced by ICAM-1 knockout in HAP1 CMASKO cells (Fig. S1C), wt HAP1 cells 
(Fig. S1D), as well as HeLa cells (Fig. 1C), and was rescued by transfecting ICAM1 cDNA 
(Fig. 1C). Bio-layer interferometry (Fig. 1D) and CV-A24v neutralization with soluble ICAM-1 
ectodomain in primary conjunctival cells (Fig. 1E) pointed to a direct interaction between 
CV-A24v and ICAM-1. Analysis of virus production in HeLa cells (Fig. 1F) and analysis of 
cytopathic effect induction in HeLa (Fig. 1G) or human corneal epithelial (HCE) cells (Fig. 
S1E) showed that several CV-A24v clinical isolates, the non-variant prototype strain Joseph, 
and a non-variant clinical isolate all require ICAM-1 for infection. Sialylation of ICAM-1 
was not found to be essential for interaction with CV-A24v and CV-A24 Joseph, as shown by 
bio-layer interferometry (Fig. S1F). Taken together, these data indicate that ICAM-1 functions 
as an essential receptor for AHC-causing variant strains as well as non-variant strains. 
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Figure 1. ICAM-1 is an essential CV-A24 receptor. (A) Yields of infectious virus after a single replication 
cycle. Sia-deficient HAP1 CMASKO cells were treated with antibodies against enterovirus receptors (ICAM-1, 
DAF, integrin α2, PVR, CAR, integrin αvβ3, and PSGL-1) or soluble receptor (VLDL-R) and infected 
at 37 °C with CV-A24v 110387. (B) Schematic representation of ICAM-1 showing immunoglobulin-
like domains 1-5 (D1-D5) and the two sites targeted by CRISPR/Cas9 (gRNA 1 and 2). Knockout was 
accomplished by disrupting a 1489 bp region of ICAM1 encoding the transmembrane domain (TM), either 
by excision of this region or by introducing a frameshift mutation. (C) HeLa-R19 ICAM-1KO transfected 
with plasmid encoding ICAM-1 cDNA were exposed to virus and yields of infectious virus were measured 
after a single replication cycle. (D) Bio-layer interferometry analysis of virus binding to either ICAM-1 or 
negative control receptor LAMP-1. (E) Relative levels of CV-A24v 110390 bound to primary conjunctival 
cells with expanded lifespan (HC0597), in the presence of ICAM-1 D1D5 or negative control receptor 
CAR D1. (F) HeLa-R19 cells were infected and yields of infectious virus were determined after a single 
replication cycle. Dashed lines (A, C and F) represent virus input levels (T=0). Error bars (A, C, E and 
F) represent the mean ± SEM of 3-4 biological replicates. (G) HeLa-R19 cells were infected with seven 
CV-A24v clinical isolates, two CV-A24 “non-variant” strains and ICAM-1-dependent (CV-A21, RV-14) or 
CAR-dependent (CV-B3) control viruses, followed by crystal violet staining of surviving cells. 
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The structure of CV-A24v in complex with ICAM-1 

To elucidate the molecular interaction of CV-A24v with ICAM-1, we determined the structure 
of a complex between purified virions and a recombinant D1-D2 fragment of ICAM-1 (Fig. 
2 A and B and Table S1). CV-A24v virions were immobilized on a lacey carbon support after 
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Figure 2. The structure of CV-A24v in complex with ICAM-1. (A) Enlarged tilted view of density denoted 
by a black triangle in (B), containing the corresponding atomic model. ICAM-1 D1 binds in the ‘canyon’ 
located at the quasi three-fold axis.  (B) The cryo-EM reconstruction of CV-A24v in complex with 
ICAM-1 (D1D2) viewed down the icosahedral two-fold axis. VP1-3 (3.6σ), D1 (1σ) and D2 (0.6σ). (C) 
Typical example of the cryo-EM electron density of VP1-3 and D1 domain. (D) Radially colored isosurface 
representation of CV-A24v in complex with D1 (grey) viewed down the icosahedral two-fold axis (left). 
The stereographic projection of the viral surface (right), where the polar angles θ and φ represent latitude 
and longitude, respectively. Amino acids which interact with ICAM-1 D1 are located at the floor and 
wall of the canyon (blue) and are circled in white. The radial colouring key is shown in angstroms. (E) 
Surface representation of the EM-derived atomic model for the quasi three-fold axis of CV-A24v (grey) 
and ICAM-1 D1 (pink), with residues forming salt bridges labelled and coloured in respect to their 
interacting partners. The left panel shows the surface of CV-A24v and the right panel shows the surface of 
ICAM-1 D1 that interacts with CV-A24v. Residues forming salt bridges are coloured according to charge 
(red is negative, blue is positive) and capsid residues that hydrogen bond with ICAM-1 are dark grey. (F) 
Overview of electrostatic interactions shown in (E) between ICAM-1 (pink) and CV-A24v (blue) with 
potential hydrogen bonds denoted as dotted black lines and EM density as a green mesh. 
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which D1-D2 was added 30 seconds at 8 °C prior to blotting and plunge freezing. This rapid 
on-grid binding approach allowed us to capture the cryo-EM structure of CV-A24v with bound 
D1-D2, whereas longer incubation resulted in loss of particle integrity, probably due to receptor-
mediated destabilization of the particle. The global resolution of the EM density is 3.9 Å (Fig. 
S2 A-D), the resolution of the viral capsid proteins ~3.6-3.8 Å and that of the capsid-interfacing 
region of ICAM-1 D1 ~3.7 Å (Fig. S2 E-H), sufficient to resolve bulky side chains in the electron 
density map (Fig. 2C). The surface of an enterovirus particle is comprised of 60 copies of the 
structural proteins VP1, VP2, and VP3 (Fig. 2A). A depression encircling each five-fold axis 
of symmetry forms the so-called ‘canyon’, which is the binding site for all uncoating receptors 
identified to date. The structure shows that the D1 domain binds in the canyon at the quasi-
threefold axis of the capsid (Fig. 2B). In contrast to earlier studies, the interface between the 
capsid and ICAM-1 D1 is well defined in the final EM density map, enabling us to resolve 
secondary structure and the majority of side chains in this portion of the structure. This, in turn, 
allowed us to calculate an accurate footprint of the D1 component of the receptor on the virus 
surface, shown as a ‘roadmap’ projection (Fig. 2D). The specificity in the interaction between 
ICAM-1 and CV-A24v is largely driven by electrostatic complementarity (Fig. 2E and S2I). 
Specifically, Lys29 (FG loop) of ICAM-1 interacts with VP3 Asp181 and VP1 Asp238 (Fig. 2F and 
S2J). In addition, Asp71 on the tip of the FG loop of ICAM-1 forms a salt bridge with VP1 Arg168. 
Finally, Lys50 (strand C) and Lys39 (strand D) of ICAM-1 form salt bridges with VP1 Asp228 and 
Asp225 (GH loop). Additional interactions include a hydrogen bonding network that tethers 
the DE loop of ICAM-1 D1 (Arg49, Asn47 and Pro45) to VP1 (Tyr230) and VP2 (Ala138, Lys139 
and Thr140) (Fig. S2K). Many of these residues are conserved among other ICAM-1-binding 
viruses belonging to the enterovirus C species, suggesting a conserved mode of interaction with 
ICAM-1 (18). On the contrary, only VP1 Asp238 and VP3 Asp181 are present in ICAM-1-binding 
rhinoviruses. 

Sia is an attachment receptor supporting ICAM-1-mediated CV-A24v infection

In addition to their uncoating receptor, several enteroviruses exploit additional receptors to 
enhance cell attachment. Since previous studies identified a role of Sia for CV-A24v (11, 12), 
we set out to investigate how Sia and ICAM-1 cooperate during CV-A24v infection. Removal 
of cell-surface Sia by CMAS knockout or NA treatment revealed that Sia supports CV-A24v 
infection (Fig. 3A and S3A). The role of Sia was more prominent when infection was performed 
on ice, compared to infection at 37°C (Fig. 3A). This may be due to stabilization of the interaction 
at low temperature, as was previously described for several other Sia-binding viruses (19, 20). 
NA treatment of several cell types revealed that Sia supports CV-A24v infection of HCE and 
HAP1 cells, but not of HeLa cells (Fig. 3B). This difference might result from variability in the 
expression levels of ICAM-1/Sia or in the types of Sia expressed on cells. Sia removal from 
HCE cells (Fig. 3C and 3D and S3B) or HAP1 cells (Fig. S3C) incompletely inhibited CV-A24v 
infection, whereas knockout of ICAM-1 completely blocked CV-A24v infection (Fig. 3D). 
Analysis of virus binding to HCE cells (Fig. 3E) and primary conjunctival cells (Fig. 3F) showed 
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that Sia plays a role in cell attachment of CV-A24v. Together, these results show that, while 
ICAM-1 is the main CV-A24v receptor, Sia functions as an auxiliary attachment receptor. 

Differential Sia dependency between AHC-causing strains and non-AHC strains 

Next, we tested whether AHC strains and non-AHC strains differ in their dependency on cell 
surface Sia, either by treating HCE cells with NA to remove Sia (Fig. 4A and S4A) or with NaIO3 
to oxidize carbohydrates (Fig. S4B). The AHC strains were more reliant on Sia than a non-AHC 
clinical isolate and the non-AHC prototype strain Joseph. Comparison of VP1 residues that 
constitute the Sia-binding site (12) showed that only one residue present in all AHC strains 
(VP1 Tyr250) was absent in the non-AHC strains (VP1 Phe250) (Fig. 4B). Although a Sia-binding 
site lacking this residue might be functional, the presence of Tyr250 could increase the affinity 
by hydrogen bonding with the 5-N-acyl carbonyl group in Sia (Fig. 4C). A similar mode of Sia 
stabilization is seen in other viral lectins, such as coronavirus hemagglutinin-esterases (20) and 
influenza neuraminidases (19) (Fig. S4C). 
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mediated CV-A24v 
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(1:30), infected with 
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infectious virus were determined after a single replication cycle. (C) NA-treated HCE cells were infected 
on ice with CV-A24v, Sia-dependent enterovirus D68 (EV-D68) and Sia-independent CV-B3, followed by 
staining of dsRNA (green) and nuclei (blue). Shown are representative confocal micrographs. Percentage 
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Pandemic CV-A24v strains have acquired a capsid residue that enhances sialic acid binding 

After its emergence in 1970 in Singapore, the pathogenic CV-A24 “variant” initially circulated 
only in Southeast Asia but started to spread globally in 1985, causing numerous AHC outbreaks 
and two pandemics. Concurrently, CV-A24 strains that do not belong to the “variant” clade 
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250 are highlighted in gray. (F) HCE cells were treated with NA and infected on ice with CV-A24v 110390 
or the VP1 Y250F mutant, followed by staining of dsRNA (green) and nuclei (blue). Quantifications shown 
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are representative confocal micrographs. (G) HCE cells were treated with a mixture of A. urefaciens and V. 
cholerae NA (1:30) and incubated with virus on ice, followed by qPCR analysis of bound virus. Error bars 
represent the mean ± SEM of 3 biological replicates. P-values (F and G) were calculated by an unpaired 
two-sided T-test; ns, not significant; P ≥ 0.05; **P < 0.01; ****P < 0.0001. 
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and do not cause AHC continued to circulate worldwide and are sporadically found in stool 
samples. To understand whether the presence of Tyr250 correlates with the ability of CV-A24v 
to cause AHC, we compared the Sia-binding sites between “variant” and “non-variant” strains. 
To classify these strains, we constructed a phylogenetic tree of all available complete CV-A24 
VP1 sequences (Fig. S4D), originating from isolates collected worldwide during seven decades, 
including the first AHC outbreak in 1970 and the two subsequent pandemics that started in 1985 
and 2002 (Fig. 4D). This tree showed that of the 226 strains, 189 belong to the “variant” clade, 
which is delineated by the earliest AHC-causing strain EH24/70 that was isolated in Singapore 
in 1970 (Fig. 4E). A comparison of amino acid frequencies in the Sia-binding site revealed that 
most “non-variant” strains, as well as the first AHC strain EH24/70 have a phenylalanine at 
VP1 position 250, whereas all “variant” strains isolated since the first AHC pandemic possess 
VP1 Tyr250 (Fig. 4E). Such a genetic change could result from a population bottle-neck that 
“variant” strains may have undergone when invading a new target tissue. However, the absence 
of this residue in the “ancestral” strain EH24/70 suggests that Tyr250 was not present during 
the initial tropism switch, but was adopted by its pandemic descendants in consequence of 
positive selection in the eye. The selective pressure to maintain this residue might be due to 
a more prominent role of Sia for infection in the ocular tissue to which AHC strains have 
adapted. To establish whether Tyr250 promotes Sia usage, we constructed an infectious cDNA 
clone of CV-A24v strain 110390 and mutated Tyr250 to Phe. This mutant and the wildtype virus 
were equally infectious in HeLa cells, in which Sia does not play a role. In HCE cells, however, 
wildtype CV-A24v was more infectious than the Tyr250Phe mutant (Fig. 4F) and this difference 
was abolished by NA treatment. Consistently, the wildtype virus bound better to Sia-expressing 
HCE cells than the Tyr250Phe mutant (Fig. 4G), indicating that Tyr250 increases the capacity 
of CV-A24v to bind Sia. Together, these data demonstrate that the tropism switch of CV-A24 
towards the eye was followed by the acquisition of a residue that enhances Sia-binding, an 
adaptation which coincides with the emergence of pandemic CV-A24v. 

Discussion 
This study provides new insights into the receptor requirements of CV-A24v and reveals that a 
subtle change in the engagement of a secondary attachment receptor, Sia, may have promoted 
the adaptation of a pathogen to a new niche. Although VP1 Tyr250 is not a prerequisite for Sia 
binding (Fig. 4F), our results show that the presence of this residue can enhance Sia binding. 
Possibly together with other mutations outside the Sia-binding site, the adoption of an enhanced 
Sia-binding capacity by pandemic AHC-causing strains may have been a crucial evolutionary 
step in becoming a well-adapted ocular virus that can rapidly spread worldwide and cause AHC 
pandemics. Sia is also a receptor for several other ocular viruses such as adenovirus type 37, 
enterovirus D70 and influenza A virus (21–23), suggesting that Sia is important particularly 
for infection of the eye. Improved Sia-binding properties may promote CV-A24v attachment to 
and infection of conjunctival cells, thereby increasing the viral load in the eye and enhancing 
transmission. Since CV-A24v is believed to be transmitted via hand-to-eye contact, the fate of 
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CV-A24v after the initial disposition into the eye might be largely determined by its capacity 
to attach to the conjunctival tissue before it is cleared by the continuous draining of tear film 
through the nasolacrimal duct. A weak and dynamic interaction with highly sialylated mucus 
proteins might facilitate this initial attachment and rapidly secure virions in the mucus layer, 
without eliminating virus mobility. 

While the emergence of pandemic CV-A24v may have been promoted by the acquisition 
of VP1 Tyr250, it remains unknown what has caused the initial adaptation of CV-A24 to the 
eye. The genetic change underlying this tropism switch may be a combination of multiple 
synergistic mutations, which could reside in the capsid-coding region, non-structural genes, 
or non-coding regulatory elements in the viral genome. For CV-A24v, it has been reported that 
the emergence of the AHC-causing CV-A24v “variant” was accompanied by a loss of amino 
acid diversity (Table S2), probably as a result of a population bottleneck (24). Consequently, 
numerous genetic differences exist between “variant” and “non-variant” strains. Such changes 
in amino acid diversity also occurred at several CV-A24 capsid sites that interact with ICAM-1 
(Table S3), some of which may have caused subtle changes in the engagement of ICAM-1 that 
facilitated ocular tropism. Thus, the identification of ICAM-1-binding residues in CV-A24v 
may help future studies investigating whether changes in ICAM-1 binding have contributed to 
the earliest manifestation of AHC. 
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Materials and Methods 

Electron microscopy. Cryo-EM grids were prepared by applying 3 µl of purified CV-A24v (10 mg/ml) to 
400 mesh lacey grids coated in a 3 nm carbon film (Agar Scientific, UK). The sample was left to adsorb 
for 30 seconds before most of the sample was blotted away manually. On-grid binding of the receptor 
was performed by applying 3 µl of ICAM-1 D1-D2 (9.85 mg/ml) to the pre-blotted, virus-containing 
grid, and leaving for 30 seconds before blotting and freezing using a Leica EM GP plunge freeze (Leica 
Microsystems) device. The Leica EM chamber temperature was set to 8 °C with 80 % relative humidity 
and liquid ethane was used for sample vitrification. Grids were glow discharged for 30 seconds prior to 
application of the samples. CV-A24v – ICAM-1 D1-D2 data was collected on an FEI Titan Krios (ABSL, 
University of Leeds) transmission electron microscope at 300 kV, using a total electron dose of 60 e-/Å2 
and a magnification of 75,000x. The final calibrated object sampling was 1.065 Å/pixel. A total of 2643 
exposures were recorded using the EPU automated acquisition software on a FEI Falcon III direct electron 
detector operating in linear mode. Each exposure movie had a total exposure of one second and contained 
40 frames. Image processing, model building and refinement are described in SI Materials and methods. 

Infectivity assays. Cells were incubated with virus for 1 hour at 37°C or, where indicated, on ice. After 
virus binding, cells were washed once with PBS (ice-cold PBS was used after virus binding on ice). Cells 
were supplied with fresh medium and incubated at 37°C for a total of 8 hours, which represents a single 
replication cycle. In virus production assays, cells were subjected to three freeze/thaw cycles and virus 
titers were determined by end-point dilution. Crystal violet staining was performed 4 days post-infection. 
In neutralization assays, cells were pretreated with antisera or soluble receptors for 45 minutes at 37°C. 
Unless otherwise indicated, neuraminidase treatments were performed by incubating cells with a 1:30 
dilution of A. urefaciens NA in serum-free medium for 1 hour at 37°C. Treatments with periodate, which 
oxidizes vicinal diols in glycans, was performed by incubation of cells with 5 mM NaIO3 in PBS for 1 hour 
on ice.

Immunofluorescence assays. Cells were fixed by submersion in a 4% paraformaldehyde solution for 15 
minutes. Fixed cells were stained with 1:2000 diluted mouse monoclonal anti-dsRNA (J2; English and 
Scientific Consulting). Cells were examined by confocal microscopy (Leica SPE-II) and the number of 
infected cells was quantified with ImageJ. 

Virus binding assays. HCE cells were successively incubated with NA for 1 hour at 37°C, 1% BSA in PBS 
for 10 min on ice, virus for one hour on ice and washed three times with ice-cold PBS. RNA was isolated 
from cells using the NucleoSpin RNA Isolation Kit (Macherey-Nagel, Ref.No. 740955.250). cDNA was 
generated using the TaqMan Reverse Transcription Reagents kit (Applied Biosystems, Ref.No. N8080234). 
Quantitative PCR was performed using the Roche Lightcycler 480 SYBR Green I Master kit (Roche, 
Ref.No. 04 887 352 001). For binding assays with HC0597 cells, CV-A24v was 35S-labelled as described 
previously (11), followed by treatment with soluble proteins for 1 h at 37°C. Adherent HC0597 cells were 
detached (with phosphate-buffered saline [PBS]–0.05% EDTA, Merck) and recovered in growth medium 
at 37°C. After 1h, 100.000 cells/sample were washed and diluted in 50µl binding buffer (HC0597 media 
+ 0,5% Bovine serum albumin (Roche, Stockholm, Sweden) + HEPES pH 7.4 (EuroClone, Milan, Italy)) 
before the addition of 5000 35S-labeled CVA24v virions/cell. Cells were washed and the radioactivity of the 
cells was measured using a Wallac 1409 scintillation counter (Perkin-Elmer, Waltham, MA). 

Bio-layer interferometry. Biolayer interferometry was performed with the Octet® Red 384 (ForteBio) 
using biotinylated ICAM-1 and LAMP-1. Streptavidin sensors were loaded with a 2 µg/ul solution of each 
protein for 15 min. Association of viruses to the sensor was performed for 60 min. 

Phylogenetic analysis. All available CV-A24(v) sequences spanning the entire VP1 protein were 
downloaded from Genbank (January 1, 2017) and aligned using the ClustalW (1.6) algorithm implemented 
in MEGA version 7, followed by manual refinement. A phylogenetic tree of VP1 sequences was constructed 
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using the neighbor-joining method and the maximum composite likelihood method implemented in 
MEGA version 7. The phylogenetic tree was visualized using Figtree version 1.4.3. 

Data availability. The cryo-EM reconstruction and atomic model are deposited in the Electron Microscopy 
Data Bank (EMDB) and Protein Data Bank (PDB) under the accession codes EMD-3880 and PDB-6EIT. 
VP1 sequences are available in Genbank under accession numbers MG272373, MG272374 and MG272375. 
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Figure S1. (A) Receptor-specific antibodies and soluble VLDL-R inhibit infection of control viruses. 
HeLa-R19 cells (RV-A2 and RV-B14), HAP1 CMASKO cells (PV, echovirus 8 and CV-B3) or RD cells 
(echovirus 7) were infected and yields of infectious virus were determined after a single replication cycle. 
RV-2, rhinovirus A2; RV-14, rhinovirus B14; PV, poliovirus. (B) Genomic sequences of ICAM1KO cells 
lines. Each line represents the ICAM-1 sequence from nucleotide 17853 to 19373 of one chromosome in 
the indicated clones. The sequence corresponding to guide RNA 1 is marked in bold on the left side of 
the sequence, with that corresponding to guide RNA 2 being marked in bold on the right side. Insertions 
are marked in red and dashed lines indicate gaps in the sequence, showing the number of nucleotides for 
large deletions. Dots represent parts of the sequence that are not shown. (C and D) HAP1 CMASKO cells 
(C) or HAP1 wt cells (D) in which ICAM-1 was knocked out (ICAM-1KO) were infected and yields of 

Supporting information
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infectious virus were measured after a single replication cycle. Dashed lines (A, C and D) represent virus 
input levels (T=0). Error bars (A, C and D) represent the mean ± SEM of three biological replicates. (E) 
Human corneal epithelial (HCE) cells were infected with various CV-A24v clinical isolates or CV-B3, 
followed by crystal violet staining of surviving cells. (F) Bio-layer interferometry analysis of virus 
binding to mock- or NA-treated ICAM-1. Influenza A virus Puerto Rico/8/34/Mount Sinai (IAV PR8 
Sinai) was used as a positive control for NA treatment.
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Figure S2. (A) Typical micrograph of CV-A24v in complex with ICAM1-D1D2 (scale bar = 50 nm). 
(B) Representative 2D class averages generated in Relion. (C) Central slice through 3D reconstruction 
generated in Relion. (D) A plot of the Fourier shell coefficient (FSC). Based on the 0.143 criterion for the 
gold standard comparison of two independent data sets, the resolution of the reconstruction is 3.9 Å. (E) 
The cryo-EM reconstruction of CV-A24v in complex with ICAM-1 (D1D2) viewed down the icosahedral 
two-fold axis and coloured according to local resolution (3.6σ). (F) A 40 Å slab through the center of the 
map shown in A. (G) The cryo-EM reconstruction of CV-A24v in complex with ICAM-1 (D1D2) viewed 
down the icosahedral two-fold axis and coloured according to local resolution (0.6σ). (H) Segmented 
D1 domain from ICAM-1 coloured according to local resolution. (I) Electrostatic surface representation 
of the CV-A24v capsid (left) and interacting face of ICAM-1 D1 (right) coloured red to blue ranging 
from most negative (-10 kT/e) to most positive (+10 kT/e). Neutral surface is coloured white. (J) Ribbon 
diagram of ICAM-1 D1 monomer in chainbow colouring with secondary structure labelled as described 
previously (Xiao, C. et al. The crystal structure of coxsackievirus A21 and its interaction with ICAM-1. 
Structure 13, 1019–33 (2005)). (K) Hydrogen bonding network between the DE loop of D1 (grey), VP2 
(green) and VP1 (blue) with hydrogen bonds shown as dashed black lines. Oxygen and nitrogen atoms are 
colored red and blue, respectively. 
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Figure S3. Depletion of Sia partially inhibits CV-A24v infection. (A) Sia-deficient HAP1 CMASKO 
cells were infected with CV-A24v 110387 on ice and yields of infectious virus were determined after a 
single replication cycle. (B) HCE cells were treated with 1:10 diluted Arthrobacter ureafaciens NA or Vibrio 
cholerae NA, infected on ice, and yields of infectious virus were determined after a single replication cycle. 
(C) HAP1 cells were treated with various concentrations of Arthrobacter urefaciens NA, infected on ice, 
and yields of infectious virus were determined after a single replication cycle. Virus production of the 
strictly Sia-dependent EV-D68 is reduced completely to input levels by Sia depletion, CV-A24v is partially 
inhibited, while CV-B3 is unaffected. Dashed lines (A, B and C) represent virus input levels (T=0). Error 
bars (A, B and C) represent the mean ± SEM of three biological replicates. 
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Figure S4. (A) HCE cells were treated with NA and infected on ice, followed by staining with a dsRNA 
antibody and quantification of infected cells. (B) HCE cells were treated with NaIO3 to oxidize glycans and 
infected on ice, followed by staining with a dsRNA antibody and quantification of infected cells. Values 
in A and B represent the mean ± SEM normalized to mock of 4 (A) or 3 (B) biological replicates. (C) 
Binding sites for Sia (orange) in the murine coronavirus hemagglutinin-esterase (RCoV HE; PBD 5JIL) 
and the influenza A virus neuraminidase (IAV NA; PBD 1MWE), showing that the 5-N-acyl group of Sia 
is stabilized by two hydrogen bonds (dashed lines). Red spheres represent water molecules. Oxygen and 
nitrogen atoms are colored red and blue, respectively. (D) Neighbor-joining tree of all complete CV-A24 
VP1 nucleotide sequences available on Genbank on Jan 1, 2017. The indicated bootstrap values were 
calculated for 1000 replicates. 

D

A B C

GU477573.1_isolate_2007-M123-Mumbai-IND

KF667360.1_strain_INDNIV1044161LV530

DQ443001.1_DSO-52/2005

EU596583.1_isolate_SJ5Yunnan07

EU596587.1_isolate_SF9Yunnan07

GU983190.1_iso
late_BR-PA/1/1987

KP
12

20
24

.1
_i

so
la

te
_C

J6

JN788295.1_isolate_P10/Jiangsu/CHN/10

JN788297.1_isolate_P12/Jiangsu/CHN/10

EU596586.1_isolate_SF6Yunnan07

AB
90

14
92

.1
 st

ra
in:

 2
0

JX417875.1_isolate_24_KOL-156

GU477578.1_isolate_2007-M127-Mumbai-IND

GU906788.1_strain_09088/SD/CHN/2009/CA24

HQ
69

96
66

.1
_i

so
la

te
_Z

he
jia

ng
/0

4/
10

11
02

/7
/a

wa
ni

k
O/

v4
2A

C :
ni

art
s 

2.
45

19
67

BA

AB
90

14
91

.1
 st

ra
in:

 1
9

GU477575.1_isolate_2007-M136-Mumbai-IND

AB901477.1 strain: 5

JX417878.1_isolate_24_T08-148

EU596584.1_isolate_SJ7Yunnan07

KU531427.1_isolate_CVA24-8-100R-KSSC-WDLKH01F

AB207264.1 strain: CAM1952

JQ
728983.1_isolate_LY004/SD

/C
H

N
/2010

JQ
728982.1_isolate_LY003/SD

/C
H

N
/2010

JF742582.1_strain_China/CA24-GD29/2010

JX417871.1_isolate_24_DJI-335

DQ443002.1_DSO-26/2005

GU983204.1_isolate_BR-PE/26/2009

JN788304.1_isolate_P29/Jiangsu/CHN/10

G
U9

83
19

8.
1_

iso
la

te
_B

R-
ES

/1
89

/2
00

5

EF01
50

39
.1_

str
ain

_D
OR93

-10
63

0

JF742591.1_strain_China/CA24-GD41/2010

JF742592.1_strain_China/CA24-GD42/2010

GU477577.1_isolate_2007-M125-Mumbai-IND

GQ429287.1_isolate_Zhejiang/20/08

G
U

98
31

84
.1

_i
so

la
te

_B
R

-C
E/

25
/2

00
3

GU477582.1_isolate_2007-M140-Mumbai-IND

JF742590.1_strain_China/CA24-GD40/2010

AB901489.1 strain: 17

30
02

/8
/E

C-
RB

_e
ta

lo
si

_1
.9

71
38

9
U

G

G
U

98
32

00
.1

_i
so

la
te

_B
R

-E
S/

93
/2

00
5

GU
98

31
73

.1
_is

ola
te

_B
R-

RJ
/2

2/
20

03

EU162072.1_isolate_Spain4188EV04

GQ329726.1_strain_99053/SD/CHN/1999/CA24

AB
90

14
93

.1
 st

ra
in:

 2
1

JN
788294.1_iso

late_P9/Jia
ngsu/CHN/10

JF742593.1_strain_China/CA24-GD46/2010

JF742579.1_strain_China/GD332/2007

KU531425.1_isolate_CVA24-3-7H-HTMY-KYH02

EU162068.1_isolate_Spain4173EV04

G
U

98
31

88
.1

_i
so

la
te

_B
R

-R
S/

3/
20

03

KF667358.1_strain_INDNIV1034661LV463

JX417872.1_isolate_24_DJI-343

G
U

983181.1_isolate_BR
-C

E/18/2003

KP
12

20
66

.1
_i

so
la

te
_C

J8
5

AB901475.1 Cstrain: 3

JX417868.1_isolate_24_C08-160

G
U

983178.1_isolate_BR
-C

E/4/2003

AB901484.1 strain: 12

JN
78

82
96

.1_
iso

lat
e_

P11
/Ji

an
gs

u/C
HN/10

AB
76

91
63

.1
 s

tra
in

: C
A2

4v
/Is

hi
ga

ki
/2

8/
20

11

EU162074.1_isolate_Spain4187EV04

GQ429288.1_isolate_Zhejiang/26/08

AB90
14

80
.1 

str
ain

: 8

AB901488.1 strain: 16

JF742581.1_strain_China/CA24-GD27/2010

GU983205.1_isolate_BR-PE/9/2009

D90457.1 isolate EH24/70 (CV-A24 variant prototype)

JQ
728984.1_isolate_LY007/SD/CHN/2010

G
U9

83
19

4.
1_

iso
la

te
_B

R-
RJ

/1
0/

20
04

KU531421.1_CVA24-14-8R-KSSC-THQH128F

FJ868371.1_isolate_06.278.4269

JQ
728985.1_isolate_Q

D
012/SD

/C
H

N
/2010

JN
78

82
91

.1_
iso

lat
e_

P4
/Ji

an
gs

u/C
HN/10

AB901481.1 strain: 9

KJ933341.1_isolate_62-2/YJ-2013_from_China

G
U

98
31

97
.1

_i
so

la
te

_B
R

-R
J/

15
/2

00
4

GU98
31

77
.1_

iso
lat

e_
BR

-R
J/3

4/2
00

3

AB901486.1 strain: 14

KU531424.1_isolate_CVA24-3-59H-HTMY-KYH06

EF015033.1_USA-Tx79-10625

GQ429280.1_isolate_Zhejiang/13/08

JN
78

83
06

.1_
iso

lat
e_

P45
/Ji

an
gs

u/C
HN/10

GQ229398.1_isolate_SF10/Yunnan/07

JF742576.1_strain_China/GD46/2010

KF725085.1_isolate_110390

KP
12

20
36

.1
_i

so
la

te
_C

J2
3

G
U983185.1_isolate_BR-RJ/37/2003

AB901478.1 strain: 6

GQ429279.1_isolate_Zhejiang/03/07

GQ229399.1_isolate_SF18/Yunnan/07

GU477579.1_isolate_2007-M113-Mumbai-IND

EU162073.1_isolate_Spain3961O04

JQ
728980.1_isolate_LY001/SD

/C
H

N
/2010

AB
76

91
62

.2
 s

tra
in

: C
A2

4v
/O

ki
na

w
a/

25
/2

01
1

AB901482.1 strain: 10

EF01
50

40
.1_

str
ain

_U
SA-Tx9

8-1
06

31

JN
228097.1_isolate_H

G

11
02

/9
/a

wa
ni

k
O/

v4
2A

C :
ni

art
s 

2.
65

19
67

BA

G
U

98
31

87
.1

_i
so

la
te

_B
R

-R
S/

2/
20

03

JX417876.1_isolate_24_KOZ-013

G
U

983183.1_isolate_BR
-C

E/22/2003
G

U9
83

20
3.

1_
iso

la
te

_B
R-

ES
/1

82
/2

00
5

GU9
83

17
5.

1_
iso

lat
e_

BR
-R

J/2
7/

20
03

JN
78

82
89

.1_
iso

lat
e_

P1/J
ian

gs
u/C

HN/10

JQ728987.1_isolate_QD016/SD/CHN/2010

AB
76

91
61

.2
 s

tra
in

: C
A2

4v
/O

ki
na

w
a/

23
/2

01
1

HQ
69

96
69

.1
_i

so
la

te
_Z

he
jia

ng
/1

2/
10

G
U9

83
19

3.
1_

iso
la

te
_B

R-
RJ

/5
/2

00
4

HQ
69

96
68

.1
_i

so
la

te
_Z

he
jia

ng
/1

0/
10

KU531420.1_CVA24-11-1R-AKS-XHH07F

KX982675.1_isolate_HN22

JN
78

83
08

.1_
iso

lat
e_

P47
/Ji

an
gs

u/C
HN/10

GU983206.1_isolate_BR-PE/10/2009

JN
78

83
07

.1_
iso

lat
e_

P46
/Ji

an
gs

u/C
HN/10

EU596581.1_isolate_SJ3Yunnan07

EF015037.1_stra
in_JA

M87-10628

GU477574.1_isolate_2007-M121-Mumbai-IND

G
Q

329725.1_strain_03353/SD
/C

H
N

/2003/C
A24

JN
788301.1_iso

late_P17/Jia
ngsu/CHN/10

AB
76

91
60

.1
 s

tra
in

: C
A2

4v
/O

ki
na

w
a/

20
/2

01
1

G
U9

83
17

1.
1_

iso
la

te
_B

R-
RJ

/4
/2

00
3

KU531422.1_isolate_CVA24-17-51R-HTMY-JHBGH01

JF742588.1_strain_China/CA24-GD38/2010

AY876912.1_Ningbo3-02

AB769152.1 strain: C
A24v/O

kinaw
a/5/2011

AB769165.1 strain: C
A24v/Ishigaki/35/2011

GU477581.1_isolate_2007-M126-Mumbai-IND

GU90
67

90
.1_

str
ain

_9
70

92
/SD/CHN/19

97
/CA24

EU162071.1_isolate_Spain4189EV04

JN
788299.1_iso

late_P15/Jia
ngsu/CHN/10

EU162078.1_isolate_Spain4192EV04

EU162069.1_isolate_Spain4185EV04

JX417873.1_isolate_24_DOU-054

JN
788293.1_iso

late_P8/Jia
ngsu/CHN/10

EF015038.1_str
ain_BRA87-10629

JF742584.1_strain_China/CA24-GD33/2010

JF742580.1_strain_China/CA24-GD26/2010

GU477580.1_isolate_2007-M120-Mumbai-IND

JX417874.1_isolate_24_FOU-101

KP
12

20
54

.1
_i

so
la

te
_C

J4
8

GU98
31

95
.1_

iso
lat

e_
BR-R

J/1
2/2

00
4

AB901474.1 str
ain: 2

JQ
728981.1_isolate_LY002/SD/CHN/2010

AB901485.1 strain: 13

AB901483.1 strain: 11

G
U

983182.1_isolate_BR
-C

E/20/2003 G
U

98
31

86
.1

_i
so

la
te

_B
R

-R
S/

1/
20

03

G
U

98
31

91
.1

_i
so

la
te

_B
R

-R
J/

1/
20

04

AB901487.1 strain: 15

JN
788298.1_iso

late_P13/Jia
ngsu

/CHN/10

3002/1/AP-
RB_etalosi_1.981389

U
G

HQ
69

96
67

.1
_i

so
la

te
_Z

he
jia

ng
/0

5/
10

GU906789.1_strain_94335/SD/CHN/1994/CA24

GU477584.1_isolate_2007-M114-Mumbai-IND

EU162077.1_isolate_Spain4191EV04

AB90
14

79
.1 

str
ain

: 7

KU183495.1_strain_K282/YN/CHN/2013

KF128998.1_isolate_CVA-24-FIN05-1-7920

JN788302.1_isolate_P18/Jiangsu/CHN/10

EU596589.1_isolate_SF17Yunnan07

JN788305.1_isolate_P41/Jiangsu/CHN/10

JF742589.1_strain_China/CA24-GD39/2010

G
U9

83
20

2.
1_

iso
la

te
_B

R-
ES

/1
66

/2
00

5

JX417877.1_isolate_24_TOK-381

1102/91/a
wanik

O/v42A
C :niarts 2.951967BA

GU
98

31
72

.1
_is

ola
te

_B
R-

RJ
/1

0/
20

03

KP
12

20
67

.1
_i

so
la

te
_C

J8
7

JF742585.1_strain_China/CA24-GD34/2010

KP
13

70
45

.1
_i

so
la

te
_C

J9
1

30
02

/1
/

RP
-

RB
_e

ta
lo

si
_1

.0
71

38
9

U
G

KR
39

99
88

.1
_i

so
la

te
_R

eu
ni

on
01

50
63

81
29

-F
R

A1
5

KU531423.1_isolate_CVA24-17-77H-AKS-WSH01F

EU596588.1_isolate_SF12Yunnan07

KF667359.1_strain_INDNIV1036731LV476

KP
12

20
73

.1
_i

so
la

te
_C

J9
5

EU596585.1_isolate_SJ9Yunnan07

EF026081.1 strain Joseph (CV-A24 prototype)

AB901476.1 strain: 4

EU162070.1_isolate_Spain4186EV04

JN
78

82
92

.1
_is

ola
te

_P
6/

Jia
ng

su
/C

HN
/1

0

GU98
31

76
.1_

iso
lat

e_
BR

-R
J/3

1/2
00

3

GU477583.1_isolate_2007-M133-Mumbai-IND

JX417879.1_isolate_24v_g08-005

JQ
728988.1_isolate_Q

D
017/SD

/C
H

N
/2010

KF541640.1_isolate_GOR_Z052

AB901473.1 str
ain: 1

AY919573.1_isolate_10582

GU9
83

17
4.

1_
iso

lat
e_

BR
-R

J/2
4/

20
03

JQ
728989.1_isolate_Q

D019/SD/CHN/2010

G
U

98
31

92
.1

_i
so

la
te

_B
R

-R
J/

2/
20

04

KP861806.1_isolate_SPb_024/13orph/SPb-5/14/RU

EU162075.1_isolate_Spain4183EV04

EF015034.1_strain_E34-dn19

AB901490.1 strain: 18

JX417869.1_isolate_24_DJI-026

AY919447.1_isolate_10461

KR
47

86
85

.1
_i

so
la

te
_R

eu
ni

on
01

50
63

81
54

-F
R

A1
5

JX417870.1_isolate_24_DJI-040

JN
78

83
00

.1_
iso

lat
e_

P16
/Ji

an
gs

u/C
HN/10

AY876913.1_Hangzhou13-02

EU162076.1_isolate_Spain4181EV04

LC201502.1 strain: 19H-YN-CHN-2016HC

JF742577.1_strain_China/GD01/2010

JF742586.1_strain_China/CA24-GD35/2010

AB769164.2 strain: C
A24v/Ishigaki/29/2011

G
U

98
32

01
.1

_i
so

la
te

_B
R

-E
S/

13
1/

20
05

KU531426.1_isolate_CVA24-3-9H-HTMY-KYH09

EF015035.1_PUR82-10686

JF742594.1_strain_China/CA24-GD01/2010

JF742578.1_strain_China/GD391/2007

G
U

983180.1_isolate_BR
-C

E/13/2003

JF742587.1_strain_C
hina/C

A24-G
D

36/2010

KF667361.1_strain_INDNIV1040633LV639

GU477576.1_isolate_2007-M110-Mumbai-IND

EF015036.1_strain_PUR82-10626

JF742595.1_strain_C
hina/C

A24-G
D

03/2010

GQ429286.1_isolate_Zhejiang/15/08

JQ728986.1_isolate_QD015/SD/CHN/2010

G
U

98
31

99
.1

_i
so

la
te

_B
R

-E
S/

59
/2

00
5

G
U

98
31

96
.1

_i
so

la
te

_B
R

-R
J/

14
/2

00
4

JN788303.1_isolate_P19/Jiangsu/CHN/10

JF742583.1_strain_China/CA24-GD32/2010

EU596582.1_isolate_SJ4Yunnan07

JN
78

82
90

.1_
iso

lat
e_

P3
/Ji

an
gs

u/C
HN/10

1

0,98

0,98
0,

73

0,6
7

0,38

0,96

non-AHC CV-A24 strains 

variant strains isolated 
during/after 2nd AHC pandemic

variant strains isolated 
during/after 1st AHC pandemic

1st AHC-causing variant 

moc
k
NalO

3
0

50

100

150

CV-A24v
110387

in
fe

ct
ed

ce
lls

pe
rf

ie
ld

(%
of

m
oc

k)

moc
k
NalO

3
0

50

100

150

200

CV-A24
Joseph

moc
k
NalO

3
0

50

100

150

EV-D68
Fermon

moc
k
NalO

3
0

50

100

150

CV-B3

0
20
40
60
80

100
120

in
fe

ct
ed

ce
lls

(%
of

m
oc

k)

110387 110389 110390 Joseph 73-
17674

variant non-variant

NA sensitivity of CV-A24 strains

S370

S367

S372

W403
D402

H336

Y46

S74H340

RCoV HE

IAV NA



97

Role of receptors in the evolution of pandemic CV-A24v

5
Table S2: Loss of amino acid diversity at VP1 sites with high polymorphism among “non-variant” CV-A24 
strains. All strains shown in Figure S4D were used. 

Protein Location
Amino acid residue

non-variant variant

Sites with high 
amino acid 

polymorphism
VP1

4 D/E E
11 S/N S/T
22 Q/N/S Q
25 L/E/P L/H/P
31 A/P/T/V P
32 S/A S/L/P
33 T/S T
38 S/T S
56 V/I V/I
99 T/S/N/Q T

100 E/D/T/L D/E
101 A/E/S/T/D/G/R A
104 K/R K
109 T/R/I/V T
140 V/I I
149 T/S/A T
168 Q/R/K/I R
170 T/N/A T
196 M/I/L M/I
221 D/G D
223 T/A/D/V T
224 T/A V
259 V/I I
284 E/D E
291 D/G/S/T D
292 S/A/T S
300 A/T/N/D/S/K E
301 S/N/D/K/T N/D

Table S1: Cryo-EM data statistics 
Data Collection

Microscope FEI Titan Krios
Camera Falcon III
Voltage 300 keV

Pixel Size 1.065 Å
Total Dose 60 e-/Å2

Number of Frames 40
Defocus Range 0.5-3 µm
Micrographs 2652

Acquisition software FEI EPU
Image Processing

Motion correction MotionCor2
CTF estimation Gctf

Reconstruction
Software Relion 2.0

Particles contributed 26311
B-factor -257

Resolution (FSC 0.143) 3.9 Å
Model Building and Refinement

Model Refinement software Phenix real space
Map CC (whole unit cell) 0.75

Map CC (all atoms) 0.87
R.M.S.D Bond length 0.01
R.M.S.D Bond angles 0.87

Ramachandran Preferred 94.09 %
Ramachandran Allowed 5.91 %
Ramachandran Outlier 0.00%

Rotamer Outliers 0.40 %
C-beta deviations 0

All-atom clashscore 4.37
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Table S3: Amino acid composition of CV-A24 capsid sites interacting with ICAM-1. For analysis of VP1, 
all strains shown in Figure S4D were used. Analysis of VP2 and VP3 was based on a subset of these strains.

Protein Location
Amino acid residue

non-variant 1st AHC-causing 
variant (EH24/70) variant

 Salt bridges VP1
168 Q/R/K/I R R
225 D D D
228 D D D
238 D D D

VP3 181 D D D

Hydrogen 
bonds

VP1
223 T/A/D/V T T
224 T/A V V
230 F/Y Y Y
284 E/D E E

VP2
138 A/N/V A A
139 K K K
140 T T T
 142 Y Y Y

VP3 182 D D D

SI Materials and Methods 
Cell lines. HAP1 and HAP1 CMASKO cells were obtained from Haplogen GmbH (Vienna, Austria) and 
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, Lonza) containing 10% (v/v) fetal calf serum 
(FCS). HeLa-R19 cells were obtained from G. Belov (University of Maryland and Virginia-Maryland 
Regional College of Veterinary Medicine, US) and cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Lonza) containing 10% (v/v) FCS. Huh7/Lunet/T7 cells were obtained from Ralf Bartenschlager 
(Heidelberg University Hospital, Germany) and cultured in DMEM containing 10% (v/v) FCS. Human 
corneal epithelial (HCE) cells were obtained from Kaoru Araki-Sasaki (JCHO Hoshigaoka Medical 
Center, Japan) and cultured in supplemented hormonal epithelial medium (SHEM), consisting of DMEM 
and Ham’s F12 Nutrient Mixture mixed 1:1, supplemented with insulin (5 μg/ml), cholera toxin (0.1 μg/
ml), epidermal growth factor (10 ng/ml), dimethyl sulfoxide (DMSO) (0.5%), gentamycin (40 μg/ml), and 
15% v/v FCS. HC0597 were obtained from ATCC (CRL-12658) and were cultured as described previously 
(1). All cell lines were tested for mycoplasma contamination. 

Viruses. CV-A24v strains (110386, 110387, 110388, 110389, 110390, 110391, and 110392) originated from 
an outbreak in Malaysia in the 2002-2003 period (2) and were obtained from Steve Oberste (Centers for 
Disease Control and Prevention, Atlanta, USA). EV-D68 Fermon (CA62-1), CV-A24 Joseph and CV-A21 
Coe were obtained from the National Institute of Public Health (RIVM) in Bilthoven. RV-B14 was obtained 
from Joachim Seipelt (Medical University of Vienna, Austria). CV-B3 was obtained by transfecting in-vitro 
transcribed RNA derived from full-length infectious clone p53CB3/T7 (Nancy). 

Sequencing of CV-A24 strains. CV-A24 isolate 73-17674 was obtained from the National Institute 
of Public Health (RIVM) in Bilthoven. This strain was isolated from a feces sample collected in 1973 
by passaging twice in human diploid fibroblasts (Gabi) and once in HeLa-R19 cells. VP1 sequences of 
CV-A24 73-17674 and CV-A24v strains 110387 and 110389 were determined by PCR amplification of 
VP1 from cDNA, followed by Sanger sequencing. 

Chemicals and reagents. Soluble concatemerized VLDL-R (MBP-V33333) and monoclonal mouse 
anti-ICAM-1 (supersup) were gifts from Dieter Blaas (Medical University of Vienna, Austria). ICAM-1 
D1-D2 was prepared as described previously (3). Monoclonal mouse anti-PSGL-1 (clone KPL-1) was 
obtained from BD Biosciences (556052). Monoclonal mouse anti-integrin α2 (VLA-2 subunit α) (clone 
AA10) and monoclonal mouse anti-CAR (clone RmcB) were gifts from Jeffrey Bergelson (University 
of Pennsylvania, Philadelphia, USA). anti-PVR (NAEZ 8) and anti-integrin αvβ3 (NAGK4) were gifts 
from Merja Roivainen (National Institute for Health and Welfare, Helsinki, Finland). Polyclonal rabbit 
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α-DAF was obtained from David John Evans (University of St Andrews, St Andrews, UK). Soluble 
ICAM-1 ectodomain was obtained from R&D systems (ADP4; Recombinant Human ICAM-1/CD54). 
Soluble CAR-D1 was obtained from Dr. Paul Freimuth (Brookhaven National Laboratory, Upton, USA). 
Neuraminidase was obtained from Roche; Arthrobacter ureafaciens (10269611001) or Vibrio cholera 
(11080725001). 

Cryo-EM image processing. Image processing was carried out using the RELION 2.0 pipeline (4, 5). 
Drift-corrected averages of each movie were created using MOTIONCOR2 (6) and the contrast transfer 
function of each determined using gCTF (7) any images showing signs of significant astigmatism 
were discarded. Initially, 896 particles were manually picked and classified using reference-free 2D 
classification. The resulting 2D class average views were used as templates for automated particle picking 
in RELION. Automated particle picking on lacey carbon grids resulted in a large number of boxes picked 
on the edges of holes in the carbon film. To remove such ‘junk’ particles from the dataset, 2D classification 
in RELION was used with CTF amplitude correction only performed from the first peak of each CTF 
onwards. Particles were further classified using several rounds of both reference free 2D classification and 
3D classification. After each round, the best classes/class was taken to the next step of classification. Post-
processing was employed to appropriately mask the model, estimate and correct for the B-factor of the 
maps. The final resolution of 3.9 Å was determined using the ‘gold standard’ Fourier shell correlation (FSC 
= 0.143) criterion. Local resolution was estimated in RELION 2.0. 

Model building and refinement. A preliminary model was generated by rigid body fitting the VP1-3 
chains from the X-ray structure of CV-A24v (8) (PDB 4Q4W) and ICAM-1 (Kilifi) D1 domain (9) (PDB 
1Z7Z) into the EM density map using UCSF Chimera (10). The model was then manually fitted in coot 
using the ‘real space refinement tool’ (11). The resulting model was then symmetrised in Chimera to 
generate the capsid and subject to refinement in Phenix (12). Iterative rounds of manual fitting in coot and 
refinement in phenix were carried out to improve non-ideal rotamers, bond angles and Ramachandran 
outliers. The asymmetric unit was assessed for quality using MolProbity (13) and the model statistics 
for the refined capsid-ICAM-1 D1 complex were obtained from Phenix (Table S1). Interactions between 
ICAM-1 D1 and VP1-3 were analysed using PDBePISA (14) and the roadmap projection of the CV-A24v 
surface was generated using RIVEM (15). The electrostatic surface potential of CV-A24v and ICAM-1 D1 
were generated using the PDB2PQR server (16). Figures were generated using Chimera and Pymol. 

Generation of knockout cells. The CRISPR/Cas9 was used to knock out ICAM-1 in HeLa, HAP1, HAP1 
CMASKO and HCE cells by excision of the 1489 nucleotide region indicated in Fig. S1C. ICAM-1-specific 
gRNA sequences targeting exons 3 and 7 were introduced into pCRISPR-hCas9-2xgRNA-Puro as described 
previously (17). One day after transfection with this construct, cells were selected with puromycin (2 mg/
ml) for two days, expanded and subcloned. Individual subclones were genotyped by PCR amplification of 
gRNA target sites and subsequently sequenced. 

Construction of CV-A24v 110390 infectious cDNA clones. The 5’ and 3’ halves of the CV-A24v 110390 
genome were amplified separately and combined using an internal BstXI restriction site. Subsequently, 
the complete genome was cloned into XmaI and SalI sites of pRib-CB3-Luc (18) from which the CB3-Luc 
region was deleted using the same enzymes, to yield pRib-CVA24v-110390. Sequence analysis confirmed 
that the sequences of the viral cDNAs were identical to that of the viral RNA. pRib-CVA24v-110390-
Y1250F, containing substitution VP1 Tyr250Phe, was made using the Q5 site-directed mutagenesis kit (New 
England biolabs). Infectious virus was generated by transfection of plasmids into Huh7/Lunet/T7 cells, 
which initiate transcription from the T7 promotor lying upstream of the viral cDNA. Virus was harvested, 
followed by verification of the genomic sequence. 
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Abstract 

Encephalomyocarditis virus (EMCV) is an animal pathogen that circulates among rodents 
and causes fatal outbreaks of myocarditis and encephalitis in pig farms and zoos. Although 
commonly used as a model virus, little is known about EMCV receptor requirements. Here, 
we employed a genome-wide haploid genetic screen to identify novel EMCV host factors. In 
addition to the previously described picornavirus receptors sialic acid and glycosaminoglycans, 
this screen unveiled several unique EMCV host factors that never have been implicated in 
picornavirus biology thus far. These include components of the FGF signaling pathway, such as 
the potential receptors FGFR1 and ADAM9. By employing various knockout cells, we confirmed 
the importance of the identified host factors for EMCV infection. Using neutralization assays 
with ADAM9-specific antiserum and soluble receptors proteins, we showed that ADAM9 plays 
a role in EMCV entry. Together, our findings reveal a role of ADAM9 as a novel receptor or 
co-factor in EMCV entry and point towards a connection between FGFR1 and ADAM9, which 
could be of relevance to their roles in tumor progression and metastasis. 

Introduction 

Encephalomyocarditis virus (EMCV) belongs to the genus Cardiovirus and the species 
Cardiovirus A within the family of picornaviruses. This virus was first isolated in Florida in 
1945 from a suddenly deceased gibbon, which was later diagnosed with intense myocarditis 
and pulmonary edema (1). Following the discovery of EMCV, the virus has been isolated 
globally from a wide range of animals, including squirrels, elephants, wild boar, antelope, lions, 
birds and several non-human primate species (2). EMCV emerged as a pathogen in domestic 
pigs in Europe in the 1990s and has subsequently caused hundreds of outbreaks in pig farms, 
particularly in Belgium and Italy (3). It is thought that rodents are the natural reservoir of EMCV 
and that infection of other animal species results from occasional cross-species transmission 
via contaminated food, water, or carcasses (4). EMCV is associated with sporadic cases and 
outbreaks of myocarditis and encephalitis, usually among captive animals living in pig farms, 
zoos, or primate research centers (5). However, pathogenesis of EMCV appears to be strain-
dependent and differs between host species. EMCV infection of non-human primates usually 
results in death due to heart failure, whereas infection of pigs can cause acute myocarditis or 
reproductive disorders (2). So far, only a few cases of EMCV infection in humans have been 
reported, in which patients presented with mild symptoms, such as febrile illness, nausea and 
headache (5). Nevertheless, several serological studies reported that exposure to EMCV is 
common in humans (6), particularly among hunters (7). 

EMCV has long been used as model virus, for example to study mechanisms of viral suppression 
of the innate immune system (8, 9). Nevertheless, only few studies have investigated the receptor 
requirements of this virus. The first study reporting a functional EMCV receptor described 
that infection of primary vascular endothelial cells by the EMC-D strain was inhibited by 
antibodies targeting vascular cell adhesion molecule 1 (VCAM-1), a protein belonging to 
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the immunoglobulin superfamily (10). Moreover, VCAM-1 overexpression increased the 
susceptibility of CHO cells to EMCV infection. A second study, however, reported that EMCV 
can infect cells lacking VCAM-1 expression and showed that attachment of the virus to these 
cells was mediated by a 70 kDa sialoglycoprotein of unknown identity (11). Yet another study 
reported that infection of primary human cardiomyocytes by one EMCV strain was dependent 
on sialic acid (Sia) and heparan sulphate, while a second strain did not require these factors. 
Thus, although several cell-surface molecules have been implicated as possible EMCV receptors, 
the exact receptor requirements of EMCV are currently still unclear. In this study, we aimed 
to unveil possible unknown EMCV host factors via an unbiased genome-wide approach and 
identified the disintegrin and metalloproteinase domain-containing protein 9 (ADAM9) as 
novel factor supporting EMCV entry. 

Results 

A genome-wide haploid screen identifies novel host factors for EMCV

Haploid genetic screens have proven to be a powerful method to identify host factors required 
for virus infection, particularly factors involved in virus entry (12–14). We performed such a 
screen with EMCV (strain ATCC VR-1762) and identified, among others, genes involved in 
sialic acid biology (SLC35A1, CMAS) and synthesis of sulfated glycosaminoglycans (B3GAT3, 
SLC35B2), two glycans that have previously been found to facilitate EMCV binding to cells 
(15) (Fig. 1A). Among the top hits was also PLA2G16, which encodes a phospholipase that 
was recently identified as a host factor for enteroviruses and cardioviruses and is required for 
delivery of the viral genome from the endosome into the cytoplasm (14, 16), further confirming 
the validity of the screen. Other hits include three genes involved in FGF signaling (ADAM9, 
FGFR1, PTPN11), two of which encode plausible receptor candidates (ADAM9 and FGFR1). 
ADAM9, a member of the ADAM (a disintegrin and metalloproteinase) family, is a membrane-
anchored protease that promotes tumor progression in a large variety of cancers (17–19) and 
is known to cleave several membrane proteins, including epidermal growth factor (EGF), 
fibroblast growth factor receptor 2IIIb (FGFR2IIIb) (20), and VCAM-1 (21). Proteolytic 
cleavage of these proteins by ADAM9 results in shedding of their ectodomains, regulating 
their signaling activity (22). Fibroblast growth factor receptor 1 (FGFR-1) is one of the four 
mammalian fibroblast growth factor (FGF) receptors, which regulate many cellular functions 
by transmitting signals conveyed by extracellular FGFs into the cell via their intracellular 
tyrosine kinase domains (23). SH2 domain-containing tyrosine phosphatase 2 (Shp2; encoded 
by PTPN11) has been described to regulate the activity of various receptors, including FGF 
receptors, by dephosphorylation of their intracellular kinase domains (24). Other screen hits 
include CNOT2 and CNOT3 (transcription regulation), RPS25 (ribosomal component), and 
PA2G4 (growth regulation, possibly translation). Although these genes may be important for 
EMCV infection, we have focused on potential entry factors in this study. 
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To confirm the involvement of these factors in EMCV infection, we determined the susceptibility 
of HAP1 cells lacking expression of FGFR1, ADAM9, PTPN11, or CMAS to mengovirus, another 
strain of EMCV. Analysis of the number of infected cells showed that knockout of each gene 
reduced the susceptibility to EMCV infection, whereas the negative control virus coxsackievirus 
B3 (CV-B3) that employs the coxsackievirus and adenovirus receptor (CAR) (Fig. 1B) was 
hardly affected. The largest reduction in infection efficiency was observed in HAP1 ADAM9KO 
cells, in which EMCV capsid proteins were undetectable at 5 hours post-infection (Fig. 1B), 
whereas infection became more apparent at later time points (Fig. 1C). Likewise, analysis of 
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Figure 1. A genome-wide haploid screen identifies novel host factors for EMCV. A. Bubble plot 
indicating the significance of enrichment of gene-trap insertions in genes in an EMCV-infected cell 
population compared to an uninfected control population. Each bubble represents a gene, with size 
corresponding to the number of genetrap insertions per gene. Genes were randomly distributed on the 
x-axis. Names of the top 20 hits are indicated. B. HAP1 cells deficient for various genes were infected with 
EMCV or CAR-binding CV-B3, followed by staining of capsid proteins (EMCV) or 3A protein (CV-B3) 
and nuclei (blue) at 5 hours post-infection. Shown are representative confocal micrographs. Percentage 
values denote mean ± s.e.m. of ≥3 technical replicates, normalized to wt. C. HAP1 clones were infected 
with EMCV, followed by staining of capsid proteins (green) and nuclei (blue). Shown are representative 
confocal micrographs. Percentage values denote mean ± s.e.m. of 2-5 technical replicates, normalized to 
wt 5h. D. HAP1 clones were infected with dNGluc-EMCV or Rluc-CV-B3. Luminescence was measured 
at 6 hours postinfection. Dashed lines indicate the wt signal (top) and the signal in the presence of a 
replication inhibitor (bottom). Error bars represent the mean ± s.e.m. of two independent experiments. P 
values compared with wt were calculated by an unpaired two-sided t test; ns, not significant; ***P < 0.001 
E. HAP1 clones were infected with EMCV or CV-B3, followed by crystal violet staining of surviving cells. 
The experiment was conducted twice with similar results. 
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luciferase reporter expression within a single replication cycle showed that knockout of all genes, 
except FGFR1, significantly inhibited EMCV infection (Fig. 1D). Finally, crystal violet staining 
of viable cells showed that knockout of FGFR1, ADAM9, and PTPN11 protected cells from 
cytopathic effect induction by EMCV (Fig. 1E). Altogether, these data reveal that components 
of the FGF signaling pathway are involved in EMCV infection, including the receptor candidates 
FGFR1 and ADAM9 and show that ADAM9 plays a crucial role during EMCV infection. 

ADAM9 plays a role in EMCV entry 

To determine during which phase of the EMCV replication cycle the identified host factors 
are required, we infected HAP1 clones with luciferase-expressing EMCV in the presence of 
a replication inhibitor. Similar to CMAS knockout, which promotes sialic acid expression 
and is therefore expected to support virus entry, knockout of ADAM9 and PTPN11 inhibited 
luciferase expression, indicating that these factors are required either for viral entry or genome 
translation (Fig. 2A). Since ADAM9 and FGFR1 are membrane proteins that could potentially 
serve as EMCV receptors, we tested if soluble forms of these proteins could neutralize EMCV 
infection of cells. Preincubation of EMCV with soluble ADAM9 protein (up to 50 μg/ml) 
inhibited infection of HAP1 cells, without having adverse effects on CV-B3 infection or cell 
morphology (Fig. 2B), suggesting that ADAM9 directly interacts with EMCV. In contrast, virus 
incubation with two soluble FGFR1 splicing variants (FGFR1α IIIb and FGFR1β IIIc) did not 
affect EMCV infectivity. Because ADAM9 is a protease, it is plausible that soluble ADAM9 might 
have prevented EMCV infection by proteolytically inactivating the virus or by cleaving other 
receptors on the cell surface. Therefore, we compared the effects of ADAM9 pretreatment of cells 
and of the virus at 37°C and 0°C, a temperature at which no or only minimal protease activity 
is to be expected. While CV-B3 remained unaffected, soluble ADAM9 most potently inhibited 
EMCV infection when preincubated with the virus, regardless of the incubation temperature 
(Fig. 2C). These data show that the inhibition of EMCV infection by soluble ADAM9 is 
probably not due to proteolytic degradation of the virus or cellular receptors and suggest that 
soluble ADAM9 either directly binds to the virus or needs to be co-internalized with the virus 
to exert its inhibitory effect. Finally, pretreatment of cells with an ADAM9-specific antibody 
inhibited infection of HAP1 cells with EMCV, but not with CV-B3 (Fig. 2D), indicating that 
the support of EMCV infection by endogenous ADAM9 takes place at the cell surface or in 
the endocytic compartment. Altogether, these data show that ADAM9 is required for the entry 
phase of EMCV infection. 

Discussion 

In this study, we employed a genome-wide haploid genetic screen to identify host factors for 
EMCV, which pointed towards a role of sialic acid, glycosaminoglycans and components of the 
FGF signaling pathway. Using knockout cell lines, we confirmed the involvement of ADAM9, 
Shp2, FGFR1, and CMAS in EMCV infection.  Virus neutralization experiments with soluble 
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proteins and antibody showed that ADAM9 is required for EMCV entry and suggested a 
possible direct interaction between the virus and ADAM9. 

Sialic acid and glycosaminoglycans have been described as cell attachment receptors for several 
picornaviruses, including enterovirus A71 (25, 26), EMCV strain 1086C (15) and the related 
cardiovirus Theiler’s murine encephalitis virus (27, 28). For viruses that use multiple receptors, 
these glycans usually serve as secondary receptors (25, 29, 30) that may help concentrate the virus 
on the cell surface. Therefore, it is plausible that EMCV uses sialic acid and glycosaminoglycans 
to enhance attachment, while the virus engages a protein receptor for internalization and 
subsequent uncoating. Two protein receptor candidates identified in the haploid screen are 
ADAM9 and FGFR1. Only soluble ADAM9 was able to inhibit EMCV infection, whereas 
treatment with soluble FGFR1 variants did not affect EMCV infection. However, it should be 
noted that this lack of an inhibitory effect might be due to the use of stable FGFR1 homodimers, 
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Figure 2. ADAM9 plays a role in EMCV entry. A. HAP1 clones were infected with dNGluc-EMCV in 
the presence of the replication inhibitor GPC-N114 (10 μM). Luminescence was measured at 6 hours 
postinfection. Dashed lines indicate the wt signal (top) and the signal produced by uninfected cells 
(bottom). Error bars represent the mean ± s.e.m. of three biological replicates. P values compared with 
wt were calculated by an unpaired two-sided t test of log-transformed data; ns, not significant; *P < 0.05. 
B. EMCV or CV-B3 were pretreated with the indicated concentrations of soluble ADAM9 protein or 100 
μg/ml soluble FGFR1α/FGFR1β proteins for 1 hour at 37°C. (B, C, D) Pretreatments were followed by 
infection of HAP1 cells and staining of capsid proteins (EMCV) or 3A protein (CV-B3) and nuclei (blue) 
at 7 hours post-infection. Shown are representative confocal micrographs. C. Either HAP1 cells or EMCV 
and CV-B3 stocks were pretreated with 50 μg/ml soluble ADAM9 protein at 37°C or 0°C. D. HAP1 cells 
were pretreated with the indicated concentrations of antibody targeting ADAM9. Percentage values denote 
mean ± s.e.m. of 3-4 (B) or 4 (C,D) technical replicates, normalized to mock treatment. Experiments were 
conducted twice with similar results (B, D). 
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which may not be able to interact with the virus. Although the data presented here point 
towards ADAM9 as a putative EMCV receptor, immunoprecipitation assays and cryo-electron 
microscopy analysis (data not shown) have not revealed a direct interaction between EMCV 
and ADAM9 thus far. Given the large number of mechanisms by which ADAM proteins can 
influence receptor signaling, it is worthwhile to consider alternative scenarios, in which ADAM9 
facilitates EMCV binding to other receptors rather than engaging the virus directly. 

Via their proteolytic activity, ADAM proteins can control receptor signaling in four distinct 
manners. ADAMs can activate signaling by cleaving and releasing membrane-bound growth 
factors, such as EGF (31) (so-called transactivation). ADAMs can also inhibit signaling by 
cleaving membrane-bound receptors, either by depleting the receptor pool or by shedding 
soluble receptor ectodomains that sequester soluble ligands. Finally, proteolysis of a receptor by 
ADAMs can activate intracellular signaling by promoting receptor internalization (22). Several 
scenarios might thus be possible to explain the role of ADAM9 during EMCV infection. EMCV 
might require the catalytic activity of ADAM9 after binding to its cognate receptor to promote 
uptake of the virus-receptor complex into the cell. It is also possible that EMCV binds to a 
truncated form of its receptor(s), which is only formed upon ectodomain shedding by ADAM9. 
Yet another option would be that ADAM9 is required for receptor renewal, by internalizing 
EMCV receptor(s) following activation by their ligands. In the absence of ADAM9, these 
receptors might be saturated with ligands and thus be unavailable to bind EMCV. In any of 
these scenarios, it is possible that EMCV employs multiple redundant receptor proteins and 
that ADAM9 functions as a universal cofactor required for correct expression, processing or 
uptake of all these receptors. The identification of FGFR1 in the haploid screen and the fact that 
it belongs to the immunoglobulin-like (Ig-like) superfamily, like the majority of picornavirus 
protein receptors, suggests that FGFR1 could serve as an EMCV receptor. However, the effect 
of FGFR1 knockout on EMCV infection was only minimal, suggesting the existence of other 
EMCV receptors. Although no other receptor proteins were found in the screen, it is thus 
likely that other FGF receptors (FGFR2, FGFR3, and FGFR4), or other cell-surface proteins 
can also support EMCV infection. Particularly VCAM-1, an Ig-like protein that was previously 
implicated as an EMCV receptor (10), might cooperate with ADAM9 in EMCV infection as it 
is a known substrate of ADAM9 (21). If VCAM-1 is indeed an EMCV receptor, the fact that 
its expression is limited to specific cell lines and is relatively low in HAP1 cells (The human 
protein atlas) might explain why it was not haploid screen hit. Finally, the phosphatase Shp2, 
which was previously found to mediate poliovirus infection by association with its receptor 
(32), could serve as a cofactor for internalization of EMCV by multiple potential receptors, 
including FGFRs. 

In conclusion, many possible roles of ADAM9 in EMCV infection exist, either as a receptor 
or as a cofactor. In the future, identification of cell-surface proteins that directly bind EMCV, 
for example by chemical crosslinking and mass spectrometry, might shed more light on the 
functions of the different EMCV host factors identified here. Also, it should be investigated 
whether EMCV relies on ADAM9 in more physiologically relevant cell types, such as primary 
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vascular endothelial cells, and whether this factor is required by other cardioviruses and by 
more EMCV strains than the two tested here. Because mice lacking ADAM9 are viable and 
were not found to have abnormalities (33), ADAM9 could be considered as a potential target 
for antiviral drugs. Besides its role in EMCV infection, the link between ADAM9 and FGFR1 
identified here could be of more general interest, since both ADAM9 and FGFR1 are important 
factors in tumor development (34, 35) and metastasis induction (19). ADAM9 was previously 
shown to cleave FGFR2 IIIb (20), but FGFR1 was never implicated as an ADAM9 substrate. 
Therefore, it is important to further investigate whether ADAM9 regulates FGFR1 activity, via a 
mechanism that is either dependent or independent of its catalytic activity. 

Materials and methods 
Cells, viruses and reagents. HAP1 CMASKO, FGFR1KO, PTPN11KO, ADAM9KO and wt HAP1 cells were 
obtained from Horizon Discovery Group plc (Cambridge, UK) and cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM, Lonza) containing 10% (v/v) fetal calf serum (FCS). Cells were tested for mycoplasma 
contamination. The EMCV strain used for the haploid genetic screen was obtained from the American 
Type Culture Collection (ATCC VR-1762). In all other experiments the EMCV strain mengovirus was 
used. CV-B3 (Nancy) and EMCV (mengovirus) were obtained by transfecting in vitro-transcribed RNA 
derived from full length infectious clones p53CB3/T7 and pM16.1, respectively. The following chemicals 
and reagents were used in this study: recombinant human FGFR1α IIIb (R&D systems, 655-FR), 
recombinant human FGFR1β IIIc (R&D systems, 661-FR), recombinant human ADAM9 (R&D systems, 
939-AD-020), goat polyclonal anti-ADAM9 (R&D systems, AF939). 

Haploid genetic screen with EMCV. The haploid genetic screen was performed as described previously 
(36). Briefly, HAP1 cells were gene-trap mutagenized, expanded and exposed to EMCV (ATCC VR-1762). 
After selection with virus, cells were expanded and genomic DNA was isolated, followed by sequence 
analysis. For each gene, the enrichment of insertion sites was calculated by comparing the EMCV-selected 
population with a non-infected control population. 

Infectivity assays. Cells were incubated with virus for 1 hour at 37°C, supplied with fresh medium and 
incubated at 37°C for 6 hours (luciferase assays) or 7 hours (immunofluorescence). In neutralization 
assays, viruses or cells were pretreated with ligands for 1 hour at 37°C, unless otherwise indicated. Crystal 
violet staining was performed 2 days post-infection. For immunofluorescence staining, cells were fixed by 
submersion in a 4% paraformaldehyde solution for 15 minutes. Fixed cells were stained with 1:1000 diluted 
rabbit antiserum against mengovirus capsids (obtained from Ann Palmenberg, University of Wisconsin) 
or a 1:100 diluted mouse monoclonal antibody against CV-B3 protein 3A. Cells were examined by confocal 
microscopy (Leica SPE-II) and the number of infected cells was quantified with ImageJ. 
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The Picornaviridae are a large family of non-enveloped RNA viruses that cause a wide range 
of human and veterinary diseases. The life cycle of a picornavirus begins with binding to its 
cognate receptor(s), which mediates attachment to a target cell, promotes endocytic uptake and 
in many cases also destabilizes the capsid to stimulate uncoating; that is the delivery of the 
viral genome from the virus particle into the cytoplasm of the host cell. In this thesis, we aimed 
to identify novel picornavirus receptors and to investigate the impact of receptor binding on 
virion structure, focusing on the emerging human pathogens enterovirus D68 (EV-D68) and 
coxsackievirus A24 variant (CV-A24v), and the animal pathogen encephalomyocarditis virus 
(EMCV). 

This chapter summarizes the main findings of this thesis, discusses their significance in a 
broader context of previously published data, and highlights important questions that remain 
in the field. Different aspects of the entry process will be discussed in a chronological order, 
beginning with the impact of receptor binding on viral tropism, followed by receptor-mediated 
uncoating and the host factor PLA2G16. This chapter is concluded with a discussion of possible 
antiviral therapies targeting the entry stage and proposals for future directions of research. 

Summary 

In chapter 2, we investigated EV-D68, an emerging pathogen that causes outbreaks of respiratory 
disease and is associated with cases of acute flaccid paralysis in children. Because EV-D68 used 
to be a rare pathogen, little was known about its requirements for cell entry receptors. We 
showed that sialic acid (Sia) is an essential receptor for EV-D68 binding and infection of cells. 
A crystal structure of the EV-D68 prototype Fermon in complex with sialylated trisaccharides 
showed that Sia binds in the canyon, which is the binding site of all known proteinaceous 
enterovirus receptors. This structure also revealed that Sia binding induces a cascade of 
structural rearrangements in the viral capsid proteins that result in ejection of the pocket factor, 
a fatty acid that regulates virus stability. Thus, these findings showed for the first time that a 
glycan receptor can initiate the uncoating process of an enterovirus, via a similar mechanism as 
for proteinaceous uncoating receptors. 

In chapter 3, we explored EV-D68 receptor requirements via an unbiased, genome-wide 
approach. A haploid genetic screen with EV-D68-Fermon identified genes involved in synthesis, 
activation, transport and conjugation of Sia as factors supporting EV-D68 infection. Using 
knockout cell lines and gene reconstitution, we showed that EV-D68, as well as other EV-D 
serotypes, can use both α2,3- and α2,6-linked Sia as cellular receptors. While EV-D68-Fermon 
and several EV-D68 clinical isolates strictly depended on Sia for infection, several other clinical 
isolates were able to infect Sia-deficient knockout cells, revealing that these strains can engage 
a non-sialylated receptor. Yet, these strains could still bind to Sia on human erythrocytes, 
suggesting that Sia-independent EV-D68 strains can interact with multiple receptors. 

In chapter 4, we aimed to identify the non-sialylated receptors used by one of the Sia-
independent strains, EV-D68-947. Using a haploid genetic screen with EV-D68-947 in a 
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Sia-deficient knockout cell line we identified genes involved in the biosynthesis of sulfated 
glycosaminoglycans (sGAGs) and showed that EV-D68-947 can employ both Sia and sGAGs 
as functional receptors. Remarkably, the haploid screen did not identify the EV-D68 host 
factor PLA2G16. This cellular phospholipase was recently identified as a host factor for many 
picornaviruses and was found to promote release of the viral genomic RNA from endocytic 
vesicles into the cytoplasm. We showed that EV-D68-947 could circumvent PLA2G16 only when 
infecting cells via sGAGs. Consistently, introduction of two capsid residues from EV-D68-947 
into the Sia-dependent strain EV-D68-2042 conferred the capacity to bind sGAGs and reduced 
the PLA2G16 dependency of this virus. Moreover, we found a correlation between the capacity 
of EV-D68-947 to evade PLA2G16, acid independency, and an altered interaction with ICAM-5, 
a recently identified EV-D68 protein receptor. Cryo-EM analysis of EV-D68-947 bound 
to receptor analogues revealed that, in contrast to Sia, binding of sGAGs promoted genome 
release from virions, via extensive capsid rearrangements that enlarge the holes at the twofold 
symmetry axes of the virion. Together, these findings suggest that the need for PLA2G16 can be 
overcome by excessive receptor-mediated virion destabilization, implying that PLA2G16 serves 
as the final uncoating trigger that determines the moment and site of genome release. 

In chapter 5 we investigated the ocular pathogen CV-A24v, which is the main etiological agent 
of acute hemorrhagic conjunctivitis (AHC), causing explosive AHC outbreaks worldwide. 
Originally, CV-A24 was not associated with a disease in humans, but in 1970 a pathogenic 
“variant” emerged, causing AHC outbreaks in Southeast Asia. Subsequently, this CV-A24 
variant spread worldwide during two pandemics and has affected millions of people thus far. 
“Non-variant” CV-A24 strains still circulate in the population, but are not associated with 
AHC for unknown reasons. We investigated the receptor requirements of CV-A24 variant 
and non-variant strains, aiming to establish whether changes in receptor preference have 
contributed to the ocular pathogenicity of CV-A24v. Using antibody neutralization assays and 
knockout cell lines, we showed that ICAM-1 is an essential receptor for CV-A24 variant and 
non-variant strains, while Sia functions as a secondary receptor that facilitates cell attachment. 
A high-resolution cryo-EM structure of CV-A24v in complex with ICAM-1 revealed residues 
mediating contact between ICAM-1 and the canyon. Phylogenetic analysis of published 
CV-A24 sequences pointed towards a residue (VP1 Tyr250) in the Sia-binding site that has been 
adopted by variant strains following the emergence of CV-A24v with ocular tropism in 1970. 
Site-directed mutagenesis showed that this residue enhances the Sia-binding capacity of the 
virus, revealing a possible link between Sia and viral adaptation to the eye. 

In chapter 6, we explored the receptor usage of EMCV, a picornavirus belonging to the 
Cardiovirus genus that is commonly used as a model virus and causes fatal myocarditis and 
encephalitis in rodents, domestic pigs and zoo animals. Using a haploid genetic screen, we 
identified genes involved in the FGF signaling pathway as novel EMCV host factors, including 
genes encoding the potential entry receptors FGFR1 and the metalloprotease ADAM9. We 
employed knockout cell lines to confirm the involvement of these factors in EMCV infection and 
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performed neutralization experiments with soluble ADAM9 and ADAM9-specific antiserum to 
show that ADAM9 plays a role in EMCV entry. 

Receptor usage and viral tropism 

The role of Sia as a CV-A24v receptor 

Since viruses rely on receptor interaction to identify and infect their target cells, receptors are 
important determinants of viral tropism. Receptors can be categorized as uncoating receptors, 
which aid virion destabilization, or attachment receptors. The significance of attachment 
receptors in viral tropism was pointed out by our findings in chapter 5, in which we showed that 
Sia functions as a secondary CV-A24v receptor that supports infection via ICAM-1 by enhancing 
attachment to cells. Comparing NA-sensitivities of “non-variant” CV-A24 strains with variant 
strains pointed towards a VP1 residue (Tyr250) in the Sia-binding site that is present in variant 
strains and that might enhance Sia binding. Phylogenetic analysis of all available CV-A24 VP1 
sequences showed that CV-A24v acquired Tyr250 after the emergence of ocular tropism and that 
Tyr250 was retained by all pandemic CV-A24v strains. Mutational analysis confirmed that Tyr250 
promotes binding to Sia, suggesting that the acquisition of an enhanced Sia-binding site may 
have helped CV-A24v to adapt to the ocular environment, possibly enabling pandemic spread. 
The first CV-A24 variant (EH24/70), which was isolated during the initial AHC outbreak 
in 1970, did not possess Tyr250. Thus, enhancement of Sia binding by this residue is likely a 
consequence, rather than a cause, of the tropism switch to the eye. Establishing which factors have 
enabled this first variant strain to colonize the eye would require extensive mutational studies 
analyzing the physiological consequences of the numerous genetic differences between variant 
and non-variant strains, which are located in coding as well as non-coding regions of the viral 
genome. The presence of an enhanced Sia-binding site in CV-A24v might facilitate transmission 
via the eye by accelerating the adherence to highly sialylated mucins on the ocular surface before 
the tear fluid drains the virus from the eye. Whether eye-to-eye transmission is the only route 
of CV-A24v spread is unknown, but the fact that CV-A24v is sometimes found in stool samples 
(1, 2) suggests that it can also be transmitted via the fecal-oral route, like non-variant CV-A24 
strains. It is possible that oral-fecal transmission is responsible for maintenance of CV-A24v in 
the human population, without causing apparent symptoms, while the sporadic migration into 
the eye and subsequent eye-to-eye transmission causes the explosive spread seen during AHC 
outbreaks and pandemics. Clearly, the eye-to-eye transmission route has had a major impact 
on the genetic identity of CV-A24v, as large AHC outbreaks and pandemics coincide with the 
replacement of circulating genotypes by new genotypes (3). 

Identification of Sia as an EV-D68 receptor 

In chapter 3, we performed a haploid genetic screen to identify EV-D68 host factors. This 
screen not only identified genes involved in Sia synthesis and transport, but also identified 
sialyltranferases responsible for conjugation of Sia via α2,3 and α2,6 linkages. Genetic disruption 
and reconstitution of these genes in HAP1 cells showed that both linkage types can serve as 
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functional EV-D68 receptors. This finding might explain the ability of EV-D68 to infect both 
the upper respiratory tract, which expresses mainly α2,6-linked Sia, and the lower respiratory 
tract, which expresses mainly α2,3-linked Sia (4). Due to this inhomogeneous distribution in 
the respiratory tract and variable expression among cell types in the epithelium (5), Sia linkage 
types are a key determinant of viral tropism, which is best illustrated by influenza A viruses 
(IAV). Human IAV generally have a preference for α2,6-linked Sia, which is thought to promote 
replication in the upper respiratory tract, enabling airborne transmission of the virus between 
humans. Avian IAV preferentially bind α2,3-linked Sia, which is thought to be responsible 
for their ability to cause severe deep respiratory tract infections (4) and their inefficient 
human-to-human transmission. The ability of EV-D68 to engage both Sia linkage types might 
enable the virus to replicate and cause disease in the lower respiratory tract (mainly α2,3-linked 
Sia), while the virus may efficiently spread by replicating in the upper respiratory tract (mainly 
α2,6-linked Sia). In addition, usage of the telencephalic gray matter-enriched protein ICAM-5 
(6) as its receptor might explain why EV-D68 is occasionally associated with AFP (6). 

Sia as a receptor for respiratory and ocular viruses 

Most human viruses that engage Sia as a receptor preferentially replicate in the respiratory 
tract or in the eye, for reasons that are not yet understood. Examples of Sia-binding viruses 
that mainly cause ocular disease are enterovirus D70, adenovirus type 37 (Adenoviridae), and 
Newcastle disease virus (Paramyxoviridae). These viruses were all found to preferentially bind 
to α2,3-linked Sia (7), which is the predominant type of Sia detected in ocular epithelium (8). 
CV-A24v, however, was found to bind both α2,3- and α2,6-linked Sia with a mild preference 
for the α2,6-linked form (9). Many human viruses that cause respiratory disease (like influenza 
viruses, respiratory syncytial virus, and coronaviruses) occasionally cause ocular disease (8), 
suggesting a high similarity between the epithelia of the respiratory tract and the eye, allowing 
viruses to replicate in both tissues. It has even been proposed that avian influenza viruses, which 
preferentially interact with α2,3-linked Sia, use the eye as an initial replication site, after which 
the nasolacrimal duct serves as a portal to the respiratory tract (7). Although Sia is expressed on 
all cell types, this receptor might be of particular importance for pathogens of the respiratory 
tract and the eye since these tissues produce large amounts of highly sialylated mucus proteins, 
which are meant to trap foreign particles. Irreversible binding to mucins is unfavorable for a 
virus, as exemplified by a study on IAV reporting that excessive attachment to Sia impedes 
migration through human mucus (10). Nevertheless, weak or reversible binding to mucins 
might be beneficial for virus migration through the mucus layer. Many viruses accomplish 
reversible Sia binding by encoding a receptor-destroying enzyme that allows the virus to 
dissociate from decoy receptors or from cellular receptors when budding from an infected cell. 
Enteroviruses lack such an enzyme and therefore rely on a low-affinity interaction to allow 
detachment from their sialylated receptor. Since knowledge about the effect of Sia binding on 
crossing the mucus barrier is currently lacking, studies analyzing the mobility in mucus of virus 
mutants with varying affinities for Sia could be useful to shed more light on the role of Sia as a 
receptor for respiratory and ocular pathogens. 
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Physiological relevance of sGAGs as EV-D68 receptor 

In chapter 4 we showed that during isolation from patient material, EV-D68-947 adapted to 
cultured cells by changing two residues in the capsid proteins. Since one of these residues, VP1 
Lys271, is among the two residues that conferred a sGAG-binding capacity to EV-D68-2042, it 
is likely that EV-D68-947 was originally not able to bind sGAGs and acquired this property 
during cell passaging. Multiple viruses have been found to bind GAGs and for some viruses 
it was shown that this GAG-binding capacity resulted from adaptation to cultured cell lines 
(11, 12). Replication of these GAG-adapted viruses in cell culture is probably enhanced by 
GAG-mediated concentration of virus on the cell surface, facilitating delivery to their cognate 
receptor. For viruses that require high-titer viremia for dissemination in vivo, such as Sindbis 
virus (13), adaptation to GAGs generally results in a lower replication efficiency and attenuated 
disease, due to rapid virus clearance from the blood by binding to tissue-associated GAGs, 
particularly in the liver (14). In contrast, for viruses that primarily spread from cell to cell, such 
as the neurotropic herpes simplex virus 1 or Theiler’s murine encephalitis virus, the capacity to 
bind GAGs can enhance neurovirulence (14, 15). Thus, some viruses naturally employ GAGs to 
promote replication in specific tissues, whereas other viruses acquire this property only in cell 
culture, depending on their spreading mechanism in vivo. To establish whether the capacity of 
EV-D68-947 to bind sGAGs is the result of adaptation to cultured cells, we have constructed an 
infectious cDNA clone that matches the viral genome as found in patient material (Baggen et al., 
unpublished). Infection experiments with virus recovered from this plasmid showed that cell 
culture-adapted EV-D68 had a higher fitness in cell lines than non-adapted EV-D68-947, while 
the non-adapted virus had a fitness advantage in human airway epithelium cultures (HAE). 
Thus, using HAE as a cell model, it can now be established whether the non-adapted virus is 
capable of binding sGAGs or whether sGAG binding is a consequence of cell adaptation. In 
any case, given the fact that only two capsid mutations are sufficient to create a new receptor-
binding site, it cannot be excluded that a subset of the EV-D68 quasispecies has the ability 
to bind sGAGs, possibly to support replication in a specific tissue. Most other Sia-dependent 
and -independent EV-D68 clinical isolates described in chapter 3 were also found to have 
acquired capsid substitutions during isolation, often near the receptor-binding site (Baggen et 
al., unpublished), suggesting that the receptor-binding properties of natural EV-D68 strains 
are not optimal for infection of cell lines. Whether the Sia-independent strains EV-D68-1348 
and EV-D68-742 have acquired the capacity to bind sGAGs or a different receptor is yet to be 
determined. 

Enterovirus receptors as uncoating cue 

Enteroviruses are known to employ two types of uncoating cues to sufficiently destabilize 
the virion prior to genome release. Most enteroviruses rely on a receptor for uncoating and 
some viruses, like EV-A71, also require acidification of the endosomal lumen. Uncoating 
receptors bind in the canyon and interact with the VP1 GH loop, thereby inducing collapse 
of the hydrophobic pocket and expulsion of the pocket factor (16). High accessibility of the 
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canyon and a high rate of receptor binding have been shown to correlate with a more disruptive 
virus-receptor interaction (17). An exception are the minor-group rhinoviruses, which do 
not employ an uncoating receptor but uncoat merely via endosomal acidification (18). These 
rhinoviruses engage proteins of the low density lipoprotein receptor family (19, 20) (LDLR, 
VLDL-R, and LRP-1), which serve only as attachment receptors. Attachment receptors never 
bind in the canyon, but bind for example near the five-fold symmetry axis (21) (VLDL-R) or 
near the two-fold symmetry axis (22) (DAF) of the virion. 

ICAM-1 as uncoating receptor of CV-A24v 

In chapter 5, we investigated the roles of CV-A24v receptors and showed that ICAM-1 and Sia 
function as typical uncoating and attachment receptors, respectively. Sia was previously shown 
to bind near the five-fold symmetry axis of the CV-A24v virion, without inducing structural 
changes in the capsid proteins (9). We showed that Sia functions as an auxiliary CV-A24v 
receptor that facilitates attachment of the virus to ocular cells but, unlike most uncoating 
receptors, is not an essential prerequisite for infection. Using virus neutralization with receptor-
specific antibodies, we showed that CV-A24v employs ICAM-1, a known uncoating receptor 
for major-group rhinoviruses (23), as a second receptor and showed that ICAM-1 is essential 
for infection by disrupting the ICAM1 gene in various cell lines. The cryo-EM structure of a 
CV-A24v/ICAM-1 complex showed that ICAM-1 binds to the CV-A24v canyon in a similar 
fashion as it binds to the canyon of CV-A21 (24) (Fig. 1 A and B). Incubation of CV-A24v 
with soluble ICAM-1 protein resulted in rapid loss of particle integrity, indicating that ICAM-1 
has the capacity to uncoat CV-A24v. Moreover, preliminary data showed that, as seen for 
other uncoating receptors, ICAM-1 binding induced a conformational change in the capsid 
that involves movement of the VP1 GH loop, further implicating ICAM-1 as a CV-A24v 
uncoating receptor (Fig. 1C). In contrast to all previously published low resolution structures 
of virus/ICAM-1 complexes (23, 25), our CV-A24v/ICAM-1 structure, having a resolution 
of 3.9 Å, enabled us to identify five salt bridges and a hydrogen-bonding network connecting 

Figure 1 A,B, Comparison of the orientation of ICAM-1 D1 relative to the canyon region of CV-A24v 
(A) and CV-A21 (B). The icosahedral five-fold symmetry axes are denoted by pentagons. C, ICAM-1 D1 
(pink) binding to CV-A24v induces a conformational change in the VP2 puff region and the VP1 GH loop 
(blue) as shown by comparison to the unliganded crystal structure of CV-A24v (grey). 

A CV-A24v CV-A21

ICAM-1 D1

VP2 puff
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B C
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the capsid to the ICAM-1 D1 domain. The capsid residues forming salt bridges include four 
aspartic acid residues, of which three (VP1 Asp224 and Asp238, VP3 Asp181) are conserved among 
ICAM-1-binding CV-A serotypes and two (VP1 Asp238, VP3 Asp181) are conserved among 
major-group rhinoviruses. Hence, our data suggest that the mode of ICAM-1 engagement by 
CV-A serotypes and major-group rhinoviruses might be highly similar. 

Role of sialic acid in EV-D68 uncoating 

Many enterovirus receptors, such as poliovirus receptor (poliovirus) and ICAM-1 (major-group 
RVs and CV-A24v) are the only key requirement for uncoating, triggering virion disassembly 
in the absence of additional destabilizing factors. Uncoating of EV-D68 appears to be a more 
complex process, in which multiple sequential uncoating cues are required to sufficiently 
destabilize the particle for genome release. In a recent study, it was shown that soluble ICAM-5 
protein is able to induce genome release from EV-D68-Fermon particles in vitro (6). Yet, we 
showed in chapter 4 that ICAM-5 is not sufficient for uncoating of EV-D68-Fermon in cells, 
since this virus requires endosomal acidification as an additional trigger. Therefore, it is likely 
that endosomal acidification and binding of ICAM-5 (or other protein receptors) destabilize the 
virus in a cooperative manner. Besides these uncoating cues, we identified a role of Sia as a second 
uncoating receptor for the EV-D68 prototype strain Fermon. In chapter 2, we showed that 
sialylated glycans bind to the canyon of EV-D68-Fermon, inducing the conformational changes 
required to initiate uncoating. This finding represents the first example of an enterovirus that can 
employ carbohydrates for uncoating. While proteinaceous uncoating receptors directly engage 
the VP1 GH loop, the structure of EV-D68-Fermon in complex with its sialic acid receptor 
revealed that Sia indirectly displaces the GH loop via a series of long-range conformational 
changes, which transmit a signal from the receptor binding site to the hydrophobic pocket. 
This signal transduction system appeared to function bidirectionally, since Sia binding in the 
canyon was inhibited by the pocket factor analog pleconaril, which locks the pocket in its 
open conformation. It is currently unknown how ICAM-5 induces EV-D68 uncoating, since a 
structure of the virus bound to ICAM-5 has not been determined. 

The precise role of Sia in EV-D68 uncoating remains obscure. Since Sia binding to the capsid 
was found to induce pocket factor expulsion, the function of Sia might be to facilitate the 
uncoating process as the first destabilizing cue that the virus encounters on a cell. However, no 
A-particle formation or genome release was observed upon incubation with Sia. Thus, there 
is currently no evidence that pocket factor displacement by Sia reduces particle stability or 
facilitates genome release from EV-D68. Therefore, the possibility that Sia binding does not 
directly contribute to virion destabilization should also be considered. An alternative function 
of the conformational changes induced by Sia might be to alter the canyon in such a way that 
binding of ICAM-5 is facilitated, thus promoting virion destabilization in an indirect manner. 
Yet another possibility is that Sia-induced pocket factor displacement plays a role in the 
attachment phase, by enhancing binding to specific sialylated glycan structures that are useful as 
cell entry receptors. Our finding that competition occurs between pleconaril and the sialylated 
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receptor implies that displacement of the pocket factor strengthens the interaction of Sia with 
the canyon. Hence, release of the pocket factor might be a mechanism that allows the virus to 
lock itself in a receptor-bound state once it has engaged the correct type of sialylated glycan. 
Sialylated glycans that are not suitable as entry receptors, such as glycans on mucus proteins, 
might differ in structure and composition, such that pocket factor displacement and enhanced 
binding may not occur. 

Role of glycosaminoglycans in EV-D68 uncoating 

In chapters 2 and 3, we showed that Sia is essential for infection of cells by EV-D68-Fermon 
and several recent EV-D68 clinical isolates. In chapter 3, however, we showed that three other 
clinical isolates are capable of infecting Sia-deficient cells, indicating that these strains can use 
an alternative receptor in the absence of Sia. In chapter 4, we identified this non-sialylated 
receptor by performing a haploid genetic screen in CMAS knockout cells with one of the Sia-
independent clinical isolates, EV-D68-947. We showed that EV-D68-947 is a dual receptor-
binding virus that can use both sialylated glycans and sulfated glycosaminoglycans (sGAGs) 
as functional receptors. Such a capacity to bind both Sia and sGAGs has been described before 
for Merkel cell polyomavirus, where GAGs are required for cell attachment and Sia mediates 
a post-attachment step (26). Structural analysis of EV-D68-947 incubated with the sialylated 
trisaccharide 6’SLN showed that Sia binds in the same site as in EV-D68-Fermon and induces 
displacement of the pocket factor. Although the structure of a FMDV/heparin complex has 
been successfully determined previously (27), we were unable to identify the exact binding 
site of sGAGs on the EV-D68-947 particle. This may be due to non-icosahedrally symmetrical 
binding or non-ordered binding of sGAGs to the virion via transient electrostatic interactions. 
Nevertheless, mutational analysis of EV-D68-2042 showed that introduction of two surface 
residues near the Sia-binding site conferred a sGAG-binding capacity, suggesting that sGAGs 
bind close to the Sia-binding site, in a region that also serves as the sGAG-binding site in FMDV 
(27). 

Incubation of EV-D68-947 with sGAG analogs not only caused pocket factor displacement 
but, in contrast to Sia, also promoted genome release. Cryo-EM analysis of empty EV-D69-947 
particles showed that sGAGs may facilitate exit of the genome from the virion by increasing the 
size of the openings in the capsid around the twofold axes. These findings showed that Sia and 
sGAGs have very different effects on virus stability, despite their adjacent binding sites. Many 
human viruses (28), including EV-A71 (29), have been found to engage GAGs as receptor or 
co-receptor, usually to support virus attachment to cells. Therefore, the finding that sGAGs can 
function as an uncoating receptor for EV-D68-947 (chapter 4) is unexpected. Incubation of 
purified EV-D68-947 at 33 °C with low-molecular-weight-heparin (LMWH) or heparin-derived 
hexamers (dp6) increased the number of empty particles, as compared to virus without ligand. 
The most pronounced effect was observed for LMWH, suggesting that chain length influences 
the ability of sGAG molecules to disrupt EV-D68 structure. Possibly, long sGAG molecules 
bind to multiple sites on the virus simultaneously, which might increase the destabilizing force 
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of the receptor on the virion. Since we did not observe density corresponding to sGAGs in the 
EV-D68-947 structures, the exact mechanism by which sGAGs induce genome release remains 
unknown. 

The pan-enterovirus host factor PLA2G16 

Uncoating receptors were the only host factors known to play a role in the process of enterovirus 
RNA release, until the recent identification of PLA2G16 as an enterovirus-wide host factor. 
PLA2G16 was identified in several enterovirus haploid genetic screens and was shown to 
support infection of at least four enterovirus species and two cardiovirus species (30). PLA2G16 
was found to facilitate the dissociation of viral genomes from virus-containing endocytic 
vesicles (30), pointing towards a role of PLA2G16 in pore formation, RNA translocation or 
RNA transport. As yet, the precise mechanism by which this host factor supports enterovirus 
infection remains unknown. 

Evasion of PLA2G16 by EV-D68-947 

In chapter 4, we showed that the requirement of PLA2G16 can be circumvented by the 
engagement of specific receptors, probably via excessive receptor-mediated virus destabilization. 
EV-D68-947 only required PLA2G16 when infecting cells via Sia, whereas this factor was no 
longer needed for infection via sGAGs. Consistently, introduction of a sGAG-binding site in 
the Sia- and PLA2G16-dependent EV-D68 strain 2042 reduced its PLA2G16 dependency. 
However, this sGAG-binding mutant was still more dependent on PLA2G16 than EV-D68-947, 
suggesting that an additional factor is required for PLA2G16 independency. We also found that 
EV-D68-947, unlike the other tested EV-D68 strains, did not require endosomal acidification for 
uncoating, possibly due to an enhanced interaction with ICAM-5 that might promote receptor-
mediated virion destabilization. These results, together with the finding that sGAGs stimulate 
EV-D68-947 genome release in vitro, led to the hypothesis that extensive virion destabilization 
by the receptors ICAM-5 and sGAG is responsible for the evasion of PLA2G16. Our finding 
that the role of PLA2G16 is linked to receptor choice suggests that PLA2G16 has a role in virion 
uncoating (i.e. the release of the viral RNA), rather than facilitating transport of the viral RNA 
after its release from the virion. The presence of PLA2G16 might allow a virus to recognize 
its destination, acting as the final checkpoint required for a picornavirus to initiate genome 
release and translocation into the cytoplasm. Uncoating receptors that excessively destabilize 
the virus could make this final checkpoint redundant, leading to premature genome release in 
the absence of PLA2G16. Within this context, uncontrolled PLA2G16-independent uncoating 
might have negative consequences for viral fitness, as it may change the intracellular location 
of genome release, which could reduce the efficiency of viral translation and replication. To 
evaluate the promise of PLA2G16 as a target for antiviral compounds, it is important that future 
studies establish whether the development of resistance to PLA2G16 inhibitors is accompanied 
by a reduction of viral fitness in vivo. 
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Picornaviruses possessing PLA2G16 homologs 

Our finding that the PLA2G16 dependency of a virus can be overcome by excessive receptor-
mediated opening of the capsid suggests that the role of PLA2G16 is to facilitate externalization 
of VP1 and VP4 and their subsequent association with the endosomal membrane to form 
a transmembrane pore. PLA2G16 may achieve this by modifying the composition of the 
membrane, in analogy with the entry mechanism of parvoviruses. Most parvoviruses have 
a capsid protein that contains a phospholipase A2 domain, which is thought to modify the 
membrane of endocytic vesicles to allow virus escape into the cytoplasm (31). Although 
picornaviruses do not have a phospholipase domain in their capsid, parechoviruses, Aichi 
virus (genus Kobuvirus), and avian encephalomyelitis virus (genus Tremovirus) possess a 2A 
protein with homology to PLA2G16. A study on the 2A protein of Aichi virus described that 
mutations in this protein reduced the replication efficiency of transfected genomes and inhibited 
RNA synthesis in a cell-free translation/replication assay (32). Besides a role in replication, 
the homology of these 2A proteins to PLA2G16 suggests that they might perform a similar 
function in virus entry as the human PLA2G16. However, to support pore formation and 
RNA translocation, this virus-encoded phospholipase should first be expressed in cells, which 
occurs only after the virus has entered the cell and has translated its genome. One possibility 
is that the expression of a phospholipase promotes superinfection of cells that have already 
been infected. Alternatively, although these 2A proteins have never been found in association 
with virions, the possibility exists that these proteins accompany virions during transmission, 
either by directly binding to the virus or by clustering of virus and 2A proteins in extracellular 
vesicles. The discovery that viruses either require a host phospholipase for entry or encode their 
own phospholipase suggests that various non-enveloped viruses have independently evolved to 
employ lipid-modifying enzymes for virus entry, via mechanisms that are yet to be unraveled 
by future studies. 

Targeting the entry process 

Most enterovirus inhibitors that have been developed to date target the replication stage of 
the viral life cycle. The processes of genome translation and replication are highly conserved 
between enteroviruses and are therefore attractive targets for the development of broad-acting 
antiviral drugs that inhibit viral enzymes, host factors, or essential cellular processes (e.g. 
autophagy). The assembly process has also been targeted, by drugs that inhibit the conserved 
host factors glutathione, heat shock protein 90, and N-myristoyltransferase-1 (Table 2). 
Most drugs targeting the entry stage of the life cycle are so-called capsid binders, which are 
structurally similar to the pocket factor and bind in the hydrophobic pocket, thereby stabilizing 
the particle and preventing receptor binding and/or genome release. Although it sounds 
appealing to target viruses during the first steps of their life cycle, several clinical trials showed 
discouraging results (Table 2). Drug-resistant viruses were readily selected, posing a serious 
impediment on the further development of this approach to tackle enterovirus infections. Also, 
the unusual structure of rhinovirus-C, whose canyon lacks a pocket that can be targeted by 
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capsid-targeting molecules (33), suggests that it will be difficult to develop broad-range anti-
rhinovirus capsid binders. In addition to pocket factor analogs, which stabilize the virion and 
prevent uncoating, recent studies have described neutralizing antibodies that inactivate EV-A71 
and RV-B14 by promoting the transition to A-particles, thereby accelerating genome release (34, 
35). Another antiviral approach would be to block receptor binding. Several strategies targeting 
virus-receptor interactions have been reported, including the use of soluble receptor fragments 
(36) and antibodies that bind to receptors or to receptor-binding epitopes on the viral capsid 
(37). Using ICAM-1-specific antibodies or ICAM-1 ectodomain to block CV-A24v infection 
might be a feasible approach to treat AHC patients, since such large molecules can be relatively 
easily applied to the ocular surface. 

Sia-binding viruses like EV-D68 and CV-A24v might be targeted by enzymes that remove Sia 
from the respiratory or ocular epithelium, such as the sialidase DAS-181 that was developed to 
inhibit influenza virus infections (38). A disadvantage of drugs that block receptor binding is 
that the activity of such drugs will be limited to a narrow range of viruses that share a common 
receptor. Another promising antiviral strategy could be to target the viral and cellular components 
of the transmembrane pore, as the pore formation process is likely to be conserved among 
different serotypes. However, development of such drugs requires more detailed understanding 
of pore structure and the factors involved in its formation. Finally, the pan-enterovirus host 
factor PLA2G16 might be an excellent target for broadly acting enterovirus inhibitors, given 
the large number of viruses that requires this factor and the fact that the activity of PLA2G16 
is dispensable for survival of mice (30). Moreover, our data in chapter 4 suggest that evasion of 
PLA2G16 comes at a cost of reduced virus stability, implying that viruses developing resistance 
against PLA2G16 inhibitors might be attenuated. 

The use of haploid genetic screens to identify picornavirus receptors 

In chapters 3, 4 and 6, we have employed genome-wide haploid screens to identify receptors 
for EV-D68 and EMCV. These screens not only identified the receptors of interest, but also 
provided information about the different receptor variants and receptor modifications that the 
virus requires. For instance, the screen with EV-D68 Fermon (chapter 3) showed that α2,3- 
and α2,6-linked Sia are both functional EV-D68 receptors and identified genes involved in Sia 
synthesis, activation, transport and conjugation to backbones typical for N-linked glycans. 
The haploid screen with EV-D68-947 (chapter 4) not only pointed towards sGAGs, but also 
identified several genes specific for elongation (EXT1, EXT2 and EXTL3) and sulfation (NDST1) 
of heparan sulfate. Although it has been described (6) and confirmed by us that the receptor 
protein ICAM-5 plays a role in EV-D68 entry, both EV-D68 screens did not expose this or 
any other receptor protein as a major hit, hinting to a redundancy between protein receptors. 
Besides identifying virus receptors, haploid genetic screens with viruses can provide valuable 
information about cellular pathways, as is best exemplified by a screen with Lassa fever virus 
that uncovered several new genes involved in dystroglycanopathies (39). The screen with 
EMCV (chapter 6) identified three genes (FGFR1, ADAM9 and PTPN11) that are all known 
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components of the FGF signaling pathway. PTPN11 encodes the phosphatase Shp2 and may be 
required to trigger virus uptake, whereas ADAM9 and FGFR1 are surface-expressed proteins 
that may serve as receptors. Although the screen did not expose which of these proteins 
directly engages the virus, these data pointed towards a possible role of FGFR1 as an ADAM9 
substrate, which might be relevant to the roles of both factors in tumor development. Therefore, 
performing genetic screens with viruses will continue to be a useful exercise, even with viruses 
for which a receptor is already known. 

Concluding remarks 

In this thesis, we have identified receptors for the emerging enteroviruses EV-D68 and CV-A24v 
and investigated the roles of these receptors in the entry process, which provided new insights 
into the uncoating process and may have helped understand the tissue tropism of these viruses. 
We identified new host factors for EMCV, which are likely to be involved in virus entry, either 
as receptor(s) or as cofactors for internalization. In addition, our studies provided insights into 
the role of pan-enterovirus PLA2G16, by revealing that the dependency of viruses on this host 
factor is directly linked to receptor choice. Currently, receptors are known for a large number of 
enteroviruses and for some serotypes multiple receptors have been identified. However, additional 
research is needed to identify the precise role of each receptor and to establish how different 
receptors cooperate during virus entry. Also, very little is known about how the engagement of 
specific receptors influences viral tropism and pathogenicity. Particularly attachment receptors, 
which may not seem crucial for infection when studied in cell culture, might be indispensable 
in vivo for successful replication in specific tissues, for dissemination throughout the body and 
for transmission between hosts. The endocytic routes used by enteroviruses have frequently 
been studies in cell lines, but the results appear to vary between cell types and very few studies 
have used more physiologically relevant cell systems. Therefore, future studies should employ 
primary tissue cultures or organoids, which can serve as a relevant model for various tissues, to 
determine the internalization route(s) used by enteroviruses. Another major challenge will be 
to understand the mechanism of transmembrane pore formation and RNA release, which may 
be feasible in the near future due to the rapid improvements in cryo-EM technology and the 
development of lipid nanodiscs containing receptor proteins (40). Hopefully, the understanding 
of conserved aspects of the enterovirus entry process, such as PLA2G16, will lead to the 
development of broad-range anti-enterovirus drugs, which are eagerly awaited as preventive 
and therapeutic options against severe enterovirus infections and to accelerate poliovirus 
eradication. 
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Nederlandse samenvatting 
De picornavirussen zijn een familie van naakte RNA virussen en zijn de oorzaak van een groot 
aantal verschillende ziekten bij zowel mensen als dieren. De levenscyclus van een picornavirus 
begint met de binding aan een specifieke receptor, welke zorgt voor hechting van het virus aan 
de gastheercel en voor opname via endocytose. In veel gevallen stimuleert de receptor ook de 
ontmanteling van het virus, waarbij het virale genoom vanuit het viruspartikel het cytoplasma 
van de cel in wordt getransporteerd. Het beoogde doel van dit proefschrift was nieuwe pi-
cornavirusreceptoren te identificeren en te onderzoeken wat het effect van receptorbinding 
op de structuur van het virus is. We hebben hierbij gefocust op de twee menselijke virussen 
Enterovirus D68 (EV-D68) en coxsackievirus A24 variant (CV-A24v), en de dierlijke ziektever-
wekker encephalomyocarditis virus (EMCV). 

In hoofdstuk 2 hebben we onderzoek gedaan naar EV-D68, een virus dat zich recent verspreid 
heeft en uitbraken van luchtwegziekte veroorzaakt, met soms verlammingsverschijnselen bij 
kinderen. Omdat EV-D68 uitbraken lang een zeldzaamheid waren, is er weinig bekend over het 
receptorgebruik van dit virus. Wij hebben laten zien dat siaalzuur (Sia) een essentiële receptor 
is voor EV-D68 binding en infectie van cellen. Een kristalstructuur van de EV-D68 prototype 
stam Fermon in complex met gesialyleerde trisacchariden heeft getoond dat siaalzuur bindt in 
de “canyon”, de bindingsplaats van alle enterovirale eiwitreceptoren. Verder heeft deze structuur 
laten zien dat binding van Sia leidt tot een reeks structurele veranderingen in de virale capsi-
de-eiwitten, met als uiteindelijke gevolg het vrijkomen van de “pocket factor”, een vetzuur dat 
het virus stabiliseert. Hiermee hebben we voor het eerst aangetoond dat een suikerreceptor, net 
als een eiwitreceptor, het ontmantelingsproces van een enterovirus in gang kan zetten. 

In hoofdstuk 3 hebben we onderzocht welke receptoren vereist zijn voor EV-D68 infectie via een 
genoombrede genetische screen in haploïde cellen met EV-D68 stam Fermon. Deze screen liet 
zien dat genen betrokken bij de synthese, activatie, transport en conjugatie van Sia belangrijk 
zijn voor EV-D68 infectie. Met behulp van genetische knockout en reconstitutie hebben we 
laten zien dat EV-D68 en andere EV-D serotypes zowel Sia met een α2,3-binding als Sia met 
een α2,6-binding kunnen gebruiken als cellulaire receptor. Hoewel EV-D68 Fermon en enkele 
recente klinische isolaten strikt afhankelijk waren van Sia, konden enkele andere isolaten cellen 
zonder Sia toch infecteren, wat erop wijst dat ze een ongesialyleerde receptor kunnen binden. 
Deze stammen konden wel nog aan Sia op humane erythrocyten binden, wat suggereert dat 
Sia-onafhankelijke EV-D68 stammen aan meerdere receptoren kunnen binden. 

In hoofdstuk 4 zijn we op zoek gegaan naar de ongesialyleerde receptor van een Sia-onafhan-
kelijke stam, EV-D68-947. Door middel van een haploïde genetische screen met EV-D68-947 
in siaalzuurvrije cellen hebben we genen geïdentificeerd die betrokken zijn bij de synthese van 
gesulfeerde glycosaminoglycanen (sGAGs) en aangetoond dat EV-D68-947 zowel Sia als sGAGs 
als receptor kan gebruiken. Opvallend genoeg werd de EV-D68 gastheerfactor PLA2G16 niet 
gevonden in deze screen. Deze phospholipase is recent geïdentificeerd als een factor die nodig is 
voor verschillende picornavirussen, om het transport van het virale genoom vanuit endocytische 
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vesikels naar het cytoplasma te bevorderen. We hebben gevonden dat EV-D68-947 in staat is 
PLA2G16 te omzeilen door cellen te infecteren via sGAGs. Ter bevestiging hebben we twee 
capsideresiduen van EV-D68-947 ingebracht in de Sia-afhankelijke stam EV-D68-2042 en dit 
stelde het virus in staat sGAGs te binden en leidde tot een verminderde PLA2G16 afhankeli-
jkheid. Bovendien correleerde de capaciteit van EV-D68-947 om PLA2G16 te omzeilen met 
een verlaagde afhankelijkheid van zuur en een veranderde interactie met ICAM-5, een recent 
ontdekte EV-D68 eiwitreceptor. Cryo-EM analyse van EV-D68-947 gebonden aan verschillende 
receptoranalogen liet zien dat binding van sGAGs, maar niet Sia, het vrijkomen van het genoom 
uit het viruspartikel stimuleert, via structurele veranderingen in het capside die leiden tot een 
vergrote opening op de tweevoudige symmetrie-as van het virus. Samen laten deze vindingen 
zien dat de gastheerfactor PLA2G16 omzeild kan worden via overmatige virusdestabilisatie 
door receptoren, wat suggereert dat PLA2G16 een rol speelt als de laatste destabiliserende factor 
die het moment van genoomafgifte reguleert. 

In hoofdstuk 5 hebben we onderzoek gedaan naar het oogvirus CV-A24v, de belangrijkste bron 
van acute hemorragische conjunctivitis (AHC), welke wereldwijd explosieve uitbraken van deze 
ziekte veroorzaakt. Oorspronkelijk was CV-A24 niet geassocieerd met een menselijke ziekte, 
maar in 1970 ontstond een pathogene “variant” die AHC-uitbraken veroorzaakte in Zuidoost 
Azië. Later heeft deze CV-A24 variant zich gedurende twee pandemieën wereldwijd verspreid 
en miljoenen mensen getroffen. “Non-variant” stammen circuleren ook nog steeds in de 
populatie, maar veroorzaken wegens onbekende redenen nooit AHC. We hebben onderzocht 
welke receptoren vereist zijn voor variant en non-variant stammen, met als doel te bekijken 
of een verandering in receptorvoorkeur heeft bijgedragen aan het veroorzaken van oogziekte 
door de variant. We hebben aangetoond dat ICAM-1 een essentiële receptor is voor CV-A24 
variant en non-variant stammen, terwijl Sia dient als een secundaire receptor die binding 
bevordert. Daarnaast hebben we met een cryo-EM structuur van CV-A24v in complex met 
ICAM-1 opgehelderd welke residuen het contact vormen tussen ICAM-1 en de canyon van het 
virus. Phylogenetische analyse van gepubliceerde CV-A24 sequenties wees op een residu (VP1 
Tyr250) in de Sia-bindingsplaats dat voorkomt bij alle variant stammen sinds het ontstaan van 
CV-A24v met oogtropisme in 1970. Door dit residu te muteren hebben we aangetoond dat het 
de binding van het virus aan Sia verbetert, wat wijst op een mogelijke connectie tussen Sia en de 
aanpassing van CV-A24v aan het oog. 

In hoofdstuk 6 hebben we gezocht naar receptoren van EMCV, een picornavirus uit het genus 
Cardiovirus, dat veel als modelvirus gebruikt wordt en dodelijke myocarditis en encephalitis 
veroorzaakt in knaagdieren, op varkensboerderijen en in dierentuinen. Met een haploïde 
genetische screen hebben we genen betrokken bij FGF signalering geïdentificeerd als EMCV 
gastheerfactoren, waaronder genen die coderen voor de potentiële receptoren FGFR1 en de 
metalloprotease ADAM9. Met behulp van knockout cellen hebben we bevestigd dat deze 
factoren van belang zijn in EMCV infectie en hebben via neutralisatie experimenten met 
ADAM9 eiwit en ADAM9-specifiek antilichaam laten zien dat ADAM9 een rol speelt bij de 
opname van EMCV in de cel. 
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