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REVIEW ARTICLE

The pathogenesis and virulence of enterovirus-D68 infection
Syriam Sooksawasdi Na Ayudhya, Brigitta M. Laksono, and Debby van Riel

Department of Viroscience, Erasmus MC, Dr Molewaterplein 40, GD Rotterdam, The Netherlands

ABSTRACT
In 2014, enterovirus D68 (EV-D68) emerged causing outbreaks of severe respiratory disease in 
children worldwide. In a subset of patients, EV-D68 infection was associated with the develop
ment of central nervous system (CNS) complications, including acute flaccid myelitis (AFM). Since 
then, the number of reported outbreaks has risen biennially, which emphasizes the need to 
unravel the systemic pathogenesis in humans. We present here a comprehensive review on the 
different stages of the pathogenesis of EV-D68 infection – infection in the respiratory tract, 
systemic dissemination and infection of the CNS – based on observations in humans as well as 
experimental in vitro and in vivo studies. This review highlights the knowledge gaps on the 
mechanisms of systemic dissemination, routes of entry into the CNS and mechanisms to induce 
AFM or other CNS complications, as well as the role of virus and host factors in the pathogenesis 
of EV-D68.
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Introduction

Enterovirus-D68 (EV-D68) is a non-enveloped, positive- 
sense single-stranded RNA virus that belongs to the family 
Picornaviridae, genus Enterovirus. Most picornaviruses, 
such as poliovirus, hepatitis A virus and coxsackievirus, 

are transmitted through the oral-fecal route. Other mem
bers, however, such as rhinovirus and EV-D68, are respira
tory viruses and transmitted via the respiratory route. EV- 
D68 infection generally results in mild upper respiratory 
symptoms, but it can also cause severe lower respiratory 
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tract disease, leading to hospitalization, intubation and 
occasionally death. To a great extent, children have an 
increased risk to develop severe diseases from EV-D68 
infection, but reports have also shown that adults, espe
cially those with underlying hematological malignancies or 
immune suppression, can also develop severe EV-D68- 
associated respiratory diseases [1–3]. EV-D68 infection is 
also associated to a variety of central nervous system (CNS) 
complications, of which acute flaccid myelitis (AFM) is 
reported most commonly. The total number of EV-D68- 
associated AFM cases has been increasing during the bien
nially EV-D68 epidemics since 2014 [4–7]. Clinically, EV- 
D68-associated AFM overlaps largely with acute flaccid 
paralysis (AFP) caused by poliovirus, which has caused 
large, documented outbreaks worldwide since 1940 until 
the development of an effective vaccine in 1962 [8,9]. 
However, some clinical features, including paralysis of 
upper limbs and cranial nerve dysfunction, are more fre
quently reported in AFM patients infected with EV-D68 
rather than poliovirus [10,11].

The life cycle of EV-D68 is similar to that of other 
enteroviruses. Following attachment to a host cell, the 
virus is internalized through endocytosis. Viral RNA is 
transferred across the endosomal membrane into the cyto
plasm, where replication takes place. Upon replication, 
assembly and virion maturation, newly produced viruses 
are released from the host cell through the release of extra
cellular vesicles or through the induction of cell lysis [12].

To date, EV-D68 has evolved into four phylogenetic 
clades: A, B, C and D. Clade A is divided into subclades 
A1 and A2, although the latter is now considered 
a different clade and reclassified as clade D. Clade 
D diverged into subclades D1 [13,14] and D2 [15]. 
Clade B is divided into subclades B1, B2 and B3. The 
different clades seem to co-circulate, although some 
clades are more prevalent than others. In 2014, all viruses 
isolated during the outbreak in the USA belonged to 
subclade B1 [16]. However, after 2014, viruses from sub
clade B3 became more prominent [17] and, to a lesser 
extent, D1 [13]. Although it was initially believed that the 
ability to cause CNS complications was clade-specific, 
studies have now shown that clade B3 isolates from the 
2014 outbreak differ in their ability to cause CNS compli
cations in vivo and replication efficiency in vitro, suggest
ing that the ability to invade and replicate in the CNS is 
not a clade-specific feature [18–20].

Unlike poliovirus, there is no vaccine available for EV- 
D68, despite its ability to cause neurological symptoms and 
acute paralysis in children. Moreover, because EV-D68 

cases were only reported sporadically before 2014, and 
diagnostics for EV-D68 are not a standard practice in 
most laboratories, the burden of disease and trends are 
not fully understood. In order to be able to develop pre
ventive or intervention measures, knowledge on the patho
genesis of the virus infection is essential. In this review, we 
present a concise overview on the current knowledge on the 
different stages of the pathogenesis of EV-D68 infections: 
respiratory infection, systemic dissemination and CNS 
invasion

EV-D68 receptors and their distribution

The tissue and cell tropism of a virus are determined by 
many factors, of which cellular receptors on host cell sur
faces are considered to be an important one. Several studies 
have identified functional EV-D68 receptors in vitro, but 
the association of these receptors with the tropism of EV- 
D68 in vivo has not been studied comprehensively. Both 
α2,6-linked sialic acids (SAs) and α2,3-linked SAs serve as 
an essential functional receptor for EV-D68 [21,22]. The 
prototype laboratory-adapted EV-D68 strain Fermon has 
a stronger affinity to α2,6-linked SAs than α2,3-linked SAs 
in vitro [22]. Whether current circulating clinical isolates of 
EV-D68 have a preference toward α2,6-linked SAs or 
α2,3-linked requires further investigation. In humans, 
α2,6-linked SAs are abundantly expressed on ciliated 
epithelial cells of the upper respiratory tract (URT; nasal 
cavity, nasopharynx and oropharynx) and lower respira
tory tract (LRT; trachea, bronchi and bronchioles). In the 
alveoli, α2,6-linked SAs are predominantly expressed on 
type I pneumocytes. In contrast, α2,3-linked SAs are pre
dominantly expressed in the LRT on club cells in the 
bronchioles and type II pneumocytes in the alveoli 
[23,24] (Table 1). Human lung epithelial cell lines, includ
ing A549, express SAs, which corresponds to the suscept
ibility of these cells to EV-D68 infection in vitro [25,26]. 
Haploid genetic screening revealed that infection of the 
laboratory-adapted Fermon strain depends on SA, whereas 
some clinical isolates from 2009 and 2010 from the 
Netherlands are SA-independent suggesting a potential 
role for other functional receptors [21]. Sialic acids are 
also abundantly expressed beyond the respiratory tract 
but this has not been studied in the context of tissue or 
cell tropism for EV-D68. In vitro, infection of neuroblas
toma (SK-N-SH) cells with EV-D68 isolates from 2009 to 
2016 from the Netherlands is in part associated with attach
ment to SAs [20].

In addition to SAs, heparan sulfate proteoglycans 
have been identified as a functional receptor for EV- 
D68 in vitro [27]. Whether heparan sulfate is also 
a functional receptor in vivo remains to be determined, 
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since it is associated with cell culture-adaptive muta
tions [20,27]. In human airway epithelial cells, heparan 
sulfate is mainly expressed on the basolateral side, 
which suggest that heparan sulfate might not be an 
important receptor in the human respiratory tract. 
However, heparan sulfate is abundantly expressed on 
cells outside the respiratory tract, such as cells of the 
CNS and muscle cells [28–30] (Table 1), and could 
therefore contribute to EV-D68 infection outside the 
respiratory tract.

Intercellular adhesion molecule 5 (ICAM-5) has been 
identified as a functional receptor for SA- dependent and 
-independent EV-D68 isolates in vitro [31]. ICAM-5 is 
expressed on human rhabdomyosarcoma (RD), human 
embryonic kidney (HEK) 293 T and HeLa cells [31,32]. 
ICAM-5 expression in vivo is restricted to the somato
dendritic membrane of neurons of the telencephalon in 
the brain, so ICAM-5 is not expressed on cells in the 
brainstem and spinal cord [32,33]. All known cellular 
receptors for EV-D68 and their presence in various cell 
types of the respiratory tract, CNS and lymphoid system 
are summarized in Table 1.

Overall, EV-D68 can use different receptors to enter 
the host cell, and their expression varies among tissues. 
This is likely an important factor for the broad tissue 
and cell tropism of EV-D68 in mammals, including 
respiratory epithelial cells, muscle cells, lymphoid cells 
and even cells in the CNS. Even though differences in 
receptor recognition have been reported among EV- 
D68 isolates, it remains to be determined whether this 
has an impact on the tissue and cell tropism in vivo.

EV-D68 infection in the respiratory tract

Clinical observations

EV-D68 infection causes mild to severe respiratory 
diseases, especially in young children with a median 
age of 4 years old [34,35]. It is thought that during 
a mild or subclinical infection the virus mainly infects 
the URT, resulting in fever and coughing. However, 
more severe respiratory disease is observed when virus 

spreads to the LRT, resulting in dyspnea, wheezing 
pneumonia and hypoxia, and occasionally leads to the 
need for ventilator support and intensive care admis
sion [36]. Previous history of asthma or recurrent 
wheezing appears to be an important risk factor for 
the development of asthma exacerbation or pneumonia 
[34,37,38]. However, severe pneumonia caused by EV- 
D68 has also been observed in patients without under
lying diseases [35].

Although EV-D68 infections are predominantly 
reported in children, viral RNA has been detected in 
adults that developed mild respiratory disease. This 
adult group included healthy adults [13,39,40] as well 
as adults who were immunocompromised or had 
underlying co-morbidities, including hematologic 
malignancies or hematopoietic cell transplant patients 
[1–3].

Pathogenesis

The pathogenesis of EV-D68 infection in the respira
tory tract in humans is poorly studied. Few clinical 
studies have reported interstitial pneumonia with dif
fused and patchy alveolar infiltration in the lungs 
[40,41]. The fact that EV-D68 was detected in diagnos
tic samples from the URT and LRT suggests that the 
virus is able to replicate throughout the respiratory 
tract (Figure 1a) [1,35]. Although receptors for EV- 
D68 are present in both human URT and LRT (Table 
1), the exact cell tropism during mild or severe respira
tory disease in humans is unknown.

The cell tropism of EV-D68 in the URT has been 
studied using in vitro and in vivo models. In vitro, EV- 
D68 infected predominantly ciliated epithelial cells in 
human nasal airway cultures, causing cell lysis. The 
infection also resulted in the induction of several cyto
kines, such as interleukin (IL-8), IP-10, interferon- 
(IFN-) λ1/λ3, IL-1β, IL-6, and granulocyte- 
macrophage colony-stimulating factor (GM-CSF) at 
4 days post-inoculation (dpi) [42]. In vivo, infectious 
virus and viral RNA were detected in nasal washes from 

Table 1. Cellular receptors for EV-D68 and their expression on different cells types of the respiratory tract, CNS and 
lymphoid system SAs: Sialic acids; CNS: central nervous system; DCs: dendritic cells; NA: not available; *: in vitro study.

Receptors Tissue
Respiratory tract CNS Lymphoid

α2,3-linked 
SAs

goblet cells; club cells; type II pneumocytes; 
alveolar macrophages (23, 24)

neurons; astrocytes; glial cells (93) monocytes; macrophages (94, 95)

α2,6-linked 
SAs

ciliated epithelial cells;  goblet cells; type I 
pneumocytes (23, 24)

neurons; glial cells; astrocytes; 
oligodendrocytes(93, 96)

monocytes; macrophages; B cells(94-96)

ICAM-5 NA dendrites/soma of neurons of the 
telencephalon (33, 97)

NA

Heparan 
sulfate

basal side of human respiratory epithelial cells* 
(28)

neurons*; astrocytes (28, 30) monocytes; macrophages; immature DCs; 
mature DCs; B cells (98, 99)
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intranasally inoculated ferrets (Mustela putorius furo) 
and cotton rats (Sigmodon hispidus), indicating virus 
replication in the URT [43,44]. Unfortunately, the cell 
tropism of EV-D68 and the associated inflammatory 
response in the URT have not been studied in these 
in vivo models.

The pathogenesis of LRT disease caused by EV-D68 
has been studied to a limited extend in animal models. 
From cotton rats that were intranasally inoculated with 
viruses isolates from the USA in 2012 and 2014 or 
Fermon strain, infectious virus has been isolated from 
bronchoalveolar lavage (BAL) and lung tissue. Virus 
titers peaked at 24 hours post-inoculation (hpi) and 
rapidly dropped afterward. Rapid antiviral responses 
in the LRT were detected within 4 to 48 hpi, including 
inflammatory cytokines (IL-6 and IFN-γ), chemokines 
(GRO, MCP-1, IP-10 and RANTES), IFN-β and two 
IFN-inducible proteins (Mx-1 and Mx-2). Pathology 
showed mild peribronchiolitis and interstitial pneumo
nia at 48 hpi. Unfortunately, the tissue and cell trop
ism – by detection of virus antigen in vivo – was not 
determined [43]. In ferrets intranasally inoculated with 
Fermon, viral RNA was detected in lung tissues 3 dpi. 
Acute inflammatory responses in the lungs included IL- 
1, IL-5 and IL-8 at 7 and 14 dpi. Histological evidence 

for mild interstitial pneumonia was observed from 3 to 
7 dpi without any lesions in the trachea. Additionally, 
EV-D68 viral capsid protein VP1 was detected in the 
connective tissues surrounding the alveoli, which was 
associated with thickening of the alveolar wall. Double 
stainings for viral VP1 and cellular SAs in the ferret 
lungs revealed that EV-D68 exclusively infected cells 
that expressed α2,6-linked SAs [44].

In vivo studies using mice – both BALB/c and IFN- 
α/β and -γ receptor-deficient mice – revealed that EV- 
D68 replicates within the lungs and peaks within the 
first 24 hpi [45,46]. In IFN-α/β and -γ receptor- 
deficient mice, increased levels of inflammatory cyto
kines and chemokines were detected in the lungs at 24 
hpi, which included MCP-1 and IL-6, compared to 
sham-infected mice. Histopathological changes com
prised of moderate interstitial pneumonia characterized 
by mononuclear cell infiltrates in the perivascular space 
and alveolar walls. In addition, EV-D68 viral capsid 
protein VP2 was detected at 48 hpi in alveolar epithelial 
cells [45]. Infection of BALB/c mice with clinical iso
lates from 2014 resulted in elevated lung inflammatory 
cytokines and chemokines, including IL-17A and its 
target proteins CXCL1 and CXCL2, compared to sham- 
infected mice and rhinovirus-inoculated mice. EV-D68 

Figure 1. Hypothetical model of pathogenesis of EV-D68 infection based on findings from EV-D68 infected patients and experi
mental in vivo and in vitro studies. (a) EV-D68 infection in the respiratory tract: Inhaled virus particles firstly replicate in the upper 
respiratory tract and might spread to the lower respiratory tract. (b) EV-D68 infection outside the respiratory tract: Systemic 
dissemination of virus into the bloodstream and/or draining lymph nodes, resulting in viremia and infection of extra-respiratory 
tissues including the gastrointestinal tract, skin and heart. (c) EV-D68 infection in the CNS: EV-D68 may invade the CNS through 
infection of the muscles and subsequent spread via the neuromuscular junction to motor neurons in the anterior horn of the spinal 
cord using retrograde axonal transport. Other possible invasion mechanisms into the CNS are via the blood-brain barrier, blood-CSF 
barrier or cranial nerves. Purple dot represents EV-D68. Purple arrow represents the flow of EV-D68 systemic dissemination in the 
circulation.
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viral capsid protein VP3 was detected in the lungs at 24 
hpi. The number of neutrophils increased in the BAL 
fluid collected from these mice at 48 hpi . These find
ings suggest that EV-D68 induces neutrophilic airway 
inflammation facilitated by IL-17A, which may in part 
explain the development of asthma exacerbation fol
lowing EV-D68 infection in humans [46].

The studies described above suggest that EV-D68 
is able to infect and replicate in the URT and LRT. In 
most individuals, infection is followed by the induc
tion of innate immune responses, which limit virus 
replication and associated inflammation early after 
infection [13,40]. The mechanisms by which some 
individuals, especially children and immunocompro
mised adults, develop more severe disease are not 
fully understood [1]. However, it is likely that host 
immune responses, or the lack thereof, is an impor
tant determinant, together with the different mechan
isms of EV-D68 for evading the host innate immune 
responses. The latter have mainly been studied 
in vitro, but it is important to study the virus-host 
interaction and the associated immune response in 
more details in vivo [47–49].

Altogether, to get more insight into the pathogen
esis of EV-D68-induced respiratory disease, an ani
mal model that mimics disease in humans is 
essential. Experimental infections in ferrets and cot
ton rats suggested that these animal models can be 
promising tools to study the pathogenesis of respira
tory disease caused by EV-D68. However, the limited 
use of relevant EV-D68 clinical isolates and instead 
the use of laboratory-adapted virus strains might not 
fully represent the clinical disease in humans. 
Therefore, ideally future in vivo studies should use 
contemporary strains to unravel the receptor usage 
and associated cell tropism, as well as the host and 
viral factors that impact immune response and asso
ciated pathogenesis.

Systemic dissemination of EV-D68

EV-D68 can be detected outside the respiratory tract, 
although the frequency is not well known. Viral RNA 
has been detected in blood, sera and stool samples from 
EV-D68 infected patients and in cerebrospinal fluid (CSF) 
from EV-D68-associated AFM patients [6,7,16,39,50,51]. 
The mechanism of extra-respiratory spread is not com
pletely understood, but will be discussed in this section.

Even though virus or viral RNA has been detected in 
the blood or serum of EV-D68 infected patients, the 
temporal kinetics of an viremia or RNAemia and 
whether this only occurs during severe disease are 
unclear. Unfortunately, from most patients, only 
respiratory tract samples are tested for EV-D68 (Table 
2). In animal models, systemic spread of EV-D68 
including viremia and RNAemia have been detected. 
Infectious virus particles have been isolated from lungs, 
blood, muscle, spinal cord, liver, kidneys and spleen of 
intranasally inoculated interferon-deficient four-week- 
old mice [45,52] and, similarly, viral RNAs were also 
detected in several tissues of intraperitoneally inocu
lated one-day-old mice [53]. Viral RNAs were also been 
detected in the blood of ferrets intranasally inoculated 
with Fermon at 3 dpi and Chinese rhesus macaques 
(Macaca mulatta) inoculated with Kunming strain at 
9 days post-inoculation [44,54].

The origin of virus in the blood is unknown but it is 
likely that infected lymphoid cells and lymphoid tissues 
contribute to a viremia. Other picornaviruses, such as 
poliovirus, have been found to replicate in CD11c+ 

macrophages or dendritic cells in the tonsil follicles 
[55], but whether EV-D68 is capable to replicate in 
these or other immune cells in vivo remains to be 
determined. In vitro inoculation of human leukocytic 
cell lines with the Fermon strain have shown 
a productive infection of granulocytic (KG-1), mono
cytic (U-937), T (Jurkat and MOLT) and B (Raji) cell 

Table 2. The detection of EV-D68 in diagnostic samples including whole blood, serum or plasma, stool and CSF samples in reported 
cases. CSF: cerebrospinal fluid; NA: not available. *: More than 1 sample were collected from a patient.

Studies Total EV-D68-positive sample tested Number of EV-D68-positive samples out of total EV-D68-positive sample tested
Respiratory tract Whole blood Serum or plasma Stool CSF

Imamura et al. [51] 30 30/30 NA 28/30 NA NA
Greninger et al. [16] 12 12/12 1/12 NA 1/12 0/12
Esposito et al. [6] 1 1/1 NA NA NA 0/1
Chong et al [50]. 11* 7/11 1/11 1/11 2/11 1/11
Giombini et al. [2] 1* 1/1 0/1 NA 0/1 1/1
Cabrerizo et al. [100] 3* 3/3 0/3 NA 3/3 0/3
Sejvar et al. [77] 11 11/11 NA NA 0/11 1/11
Pfeiffer et al. [80] 2 2/2 NA 0/2 0/2 0/2
Van Haren et al. [68] 9 9/9 NA 1/9 NA NA
Kusabe et al [39]. 1 NA NA 1/1 NA 0/1
Hu et al. [101] 9* 9/9 0/9 0/9 0/9 0/9
ElBadry et al. [102] 1 NA NA 1/1 NA NA
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lines [56]. Unfortunately, these studies have not been 
performed with clinical isolates. Nonetheless, this find
ing suggests that infection of leukocytes may play a role 
in EV-D68 viremia and thereby contribute to the sys
temic spread of EV-D68 in vivo. In vivo, viral RNA has 
been detected in the axillary lymph nodes of ferrets 
inoculated intranasally with the Fermon strain at 5 
and 7 dpi [44]. Intramuscular inoculation of cotton 
rats with a clinical isolate showed the presence of nega
tive stranded viral RNA, indicative for virus replication, 
in the draining lymph nodes of the site of inocula
tion [43].

EV-D68 could enter the bloodstream through the dis
ruption of the respiratory epithelial-endothelial barrier, 
via basolateral release of virus from respiratory epithelial 
cells or through direct infection of pulmonary endothelial 
cells. EV-D68 infection of primary human nasal epithelial 
cells grown in air-liquid interface led to high cytotoxicity, 
as measured by lactate dehydrogenase release into the 
basal medium, and loss of tissue integrity, as shown by 
a decrease in transepithelial electrical resistance [42]. 
Whether this disruption of epithelial integrity leads to 
spillover of virus particles into the bloodstream in vivo 
remains to be determined. Whether, EV-D68 infection of 
polarized epithelial cells leads to polarized release of new 
virus progeny, like observed with other respiratory 
viruses, is unknown. Newly produced influenza 
A viruses, for example, are released from the apical side 
of epithelial cells [57]. Since EV-D68 infection leads to cell 
lysis at late stages of infection, it might be challenging to 
determine if there is basolateral release of viral progeny 
prior to cell lysis using in vitro models. Nonetheless, 
studies have shown that enteroviruses can exit the 
infected host cell in autophagosomes before cell lysis 
and EV-D68 has also been suggested to reshape the 
autophagic pathway to promote virus replication and 
egress [12,58]. Whether EV-D68 infection of respiratory 
epithelial cells results in basolateral release of these autop
hagosome-like vesicles containing new virus progeny 
remains to be determined. Infection of endothelial cells 
by EV-D68 has not been reported. Other picornaviruses 
have been shown to infect various endothelial cells 
in vitro, but whether this occurs in vivo is unknown 
[59–66].

EV-D68-associated acute gastroenteritis has been 
reported, suggesting that the virus, despite being 
a respiratory virus, may also be able to infect the 
gastrointestinal tract like other enteroviruses [67]. 
This enterotropism is supported by the fact that EV- 
D68 is occasionally detected in stool samples from 
patients (Table 2) [50,68–70]. EV-D68 has also been 
shown in vitro to infect human intestinal epithelial cell 
lines. Inoculation of human colorectal adenocarcinoma 

HT-29 and LS174T cell lines with the Fermon strain 
resulted in infection, based on the detection of viral 
RNA and intracellular VP1, but not in efficient replica
tion, based on the low RNA levels and virus titers in the 
supernatant [71]. Ferrets inoculated intranasally with 
the Fermon strain showed that viral RNA could be 
detected in feces at 3 dpi [44]. Similar observation 
were observed in Chinese rhesus macaques inoculated 
intranasally with the Kunming strain, of which viral 
RNA peaked at 3 dpi in feces [54]. The rare detection 
of EV-D68 in stool samples of infected patients, the 
inefficient replication efficiency in vitro, together with 
the early and transient detection of EV-D68 in stool 
samples of experimentally infected ferrets or macaques 
suggest that EV-D68 replication in the gastrointestinal 
tract is suboptimal.

Other extra-respiratory complications associated 
with EV-D68 infection have also been reported. Some 
patients with EV-D68 infection developed cardiac 
symptoms, such as myocarditis, pericarditis and acute 
cardiac failure [72]. Several clinical cases have reported 
the appearance of skin rash in EV-D68 patients [73– 
75]. Whether the virus infects the cells of the heart, 
which leads to cardiac symptoms, or the dermis and 
epidermis, which leads to skin rash, remains to be 
determined. Intranasal or intraperitoneal inoculation 
of mice resulted in infection of limb muscles and the 
development of muscle disease, suggesting that EV-D68 
is capable of replicating in muscle cells in vivo [45,76]. 
However, whether muscle cells are infected in humans 
is still unknown. Potential replication sites and affected 
tissues during the systemic dissemination of EV-D68 
are summarized and illustrated in Figure 1b.

All in all, the frequency and mechanism of the systemic 
dissemination of EV-D68 remains poorly understood. 
However, as systemic spread of EV-D68 is an important 
factor in the pathogenesis of EV-D68, it is important to 
get more insight into the frequency and temporal kinetics 
of systemic spread as well as its association with the 
development of severe disease and CNS complications. 
In addition, future studies should reveal if systemic spread 
is solely a spillover of virus produced in the respiratory 
tract, or if virus is transported – either cell-free or cell- 
associated – to lymphoid tissues where virus is amplified 
and released into the circulation.

EV-D68 infection in the central nervous system

Clinical observations

Various CNS complications are associated with EV- 
D68 infections, of which the development of AFM is 
being reported most frequently. In addition, EV-D68 
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infection has been associated with cranial nerve dys
function, encephalitis, meningoencephalitis and aseptic 
meningitis. Signs of CNS complications mostly occur 
following febrile upper respiratory tract symptoms, 
such as rhinorrhea, coughing and pharyngitis, and gas
trointestinal symptoms, such as vomiting and diarrhea. 
EV-D68-associated CNS disease is challenging to diag
nose since the virus is rarely detected in CSF (Table 2). 
However, EV-D68 viral RNA can be detected in naso
pharyngeal samples in the first week after onset of CNS 
complications, after which the chance to detect of EV- 
D68 in respiratory samples declines [10,68,77,78].

The development of EV-D68-associated AFM can 
progress rapidly, even within hours to days after onset 
of symptoms [68,79]. Early manifestations of AFM 
include headache, stiffness or pain in the back and 
neck or affected limb, followed by reduced or absent 
reflexes [10,68]. One to four limbs can be affected with 
an asymmetric distribution. Generally, upper limbs are 
more commonly affected than lower limbs 
[10,68,77,78]. In severe cases, the diaphragm muscles 
may also be affected, resulting in the need for ventilator 
support [78,80]. Magnetic resonance imaging (MRI) 
showed lesions in the anterior horn of the spinal cord, 
especially in cervical regions (C2-C8) and upper thor
acic regions (T1-T3). In addition, electrodiagnostic stu
dies showed a motor neuropathy at C5-C8 level [78]. 
Together, these clinical and diagnostic evidence sup
port that EV-D68 can impair motor neurons in the 
spinal cord. Furthermore, nearly all patients had nota
ble muscle atrophy in the affected limbs within weeks 
to months after paralysis onset [10] and diffused mus
cle aches and limb pain that lasted up to weeks or 
months after onset [68].

Other neurological complications have also been 
associated with EV-D68 infections [68,77]. Cranial 
nerve dysfunction has been observed in AFM patients, 
which correlated with brainstem lesions in cranial 
motor nuclei within the pons, medulla and midbrain 
by MRI [78,81]. Interestingly, a number of patients had 
cranial nerve dysfunction without clinical evidence for 
AFM [10,79]. Cranial nerve dysfunction was mostly 
characterized by facial weakness associated with the 
facial nerve (cranial nerve VII), diplopia associated 
with the abducens nerve (cranial nerve VI), or hypo
phonia, dysarthria and dysphagia associated with the 
glossopharyngeal nerve (cranial nerve IX) and the 
vagus nerve (cranial nerve X) [10,77]. Furthermore, 
some patients experienced sensory deficit in paralyzed 
limbs or autonomic deficit associated with bowel and/ 
or bladder dysfunction [68,79].

EV-D68 infection is occasionally associated with 
encephalitis, meningoencephalitis or aseptic meningitis. 

Brainstem encephalitis was reported in an EV-D68- 
infected child and led to cardiopulmonary failure [82]. 
A fatal meningoencephalitis was reported in 
a previously healthy child with EV-D68-associated 
AFM and severe pneumonia [7]. Non-fatal aseptic 
meningitis has been reported in both children and 
adults [2,6,16,83–85]. Interestingly, the presence of EV- 
D68 RNA in the CSF seems to be more often detected 
in patients with aseptic meningitis than in AFM 
patients, although this may partly due to underreport
ing [83].

Pathogenesis

The unprecedented emergence of CNS complications 
associated with EV-D68 has raised several questions 
about how the virus enters and causes diseases in the 
CNS. Mechanisms of virus entry and subsequent virus 
spread within the CNS and associated immune 
response in vivo remains largely unknown. Lesions in 
the anterior horn of the spinal cord are associated with 
AFM, suggesting that motor neuron function is 
impaired during the pathogenesis of EV-D68- 
associated AFM [10,78]. Furthermore, lesions in the 
cranial motor nuclei of the pons, medulla and midbrain 
are associated with cranial nerve dysfunction [81,86]. 
Whether these lesions are a direct result of virus infec
tion needs to be confirmed, but the detection of EV- 
D68 RNA in the CSF of someAFM patients suggests 
that virus can invade the CNS [2,7,16,83,86]. To better 
understand the pathogenesis of EV-D68 infections in 
the CNS, we will discuss possible routes for neuroinva
sion and subsequent virus replication within the CNS 
and associated inflammatory responses.

Neuroinvasion

In general, viruses can gain access into the CNS via 
peripheral nerves or the hematogenous route. Virus 
entry into the CNS via peripheral nerves requires 
axonal transport. Mice inoculated intramuscularly 
with EV-D68 developed paralysis associated with 
motor neuron loss within 3 to 4 dpi [32]. The same 
study also showed that EV-D68 was transported retro
grade, but not anterograde, using axonal microtubules 
in motor neurons derived from human induced plur
ipotent stem cells (hiPSCs) [32]. In vivo evidence for 
virus spread to the CNS via peripheral nerves are 
mainly derived from mice studies. Intraperitoneal 
inoculation of newborn mice or IFN-α/β/γ receptor- 
deficient mice with recent USA isolates of EV-D68 
resulted in infection of muscle cells of the limb, fol
lowed by detection of virus in the spinal cord 
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[18,53,76,87]. This suggests that EV-D68 virus can 
enter motor neurons via the neuromuscular junction, 
which is the direct connection between the muscle 
cells and the motor neurons. However, replication in 
muscle cells detected in mice after intranasal infection 
with a clinical isolate from 2014 or mouse adapted EV- 
D68 isolates did not always lead to neuroinvasion 
[45,76].

Cranial nerve dysfunction has been observed in 
a number of patients without limb paralysis [10]. 
Since affected cranial nerves, like the facial, abducens, 
glossopharyngeal and vagus nerves innervate muscles 
of the face, respiratory tract, oral cavity and tongue 
with motor neurons or directly innervate the respira
tory mucosa and oral cavity with sensory neurons, 
EV-D68 might use these to enter the CNS. Whether 
EV-D68 can enter the CNS via cranial nerves and 
what the exact mechanism is require further 
investigation.

To date, there is no direct evidence that EV-D68 
invades the CNS through the blood-brain-barrier 
(BBB) or blood-CSF barrier. Since EV-D68 can be 
detected in the blood circulation, the virus could 
possibly invade the CNS and spread across the BBB 
or blood-CSF barrier. Other viruses, such as polio
virus, have been suggested to cause leakage of the 
BBB through direct infection of brain microvascular 
endothelial cells in vitro and in vivo [63,88]. Another 
possible route for EV-D68 to enter the CNS is via 
infection of lymphocytes or other immune cells that 
enter the CNS. Nonetheless, the mechanism of CNS 
invasion of EV-D68 in vivo requires more in-depth 
studies as various routes of entry may result in the 
diversity of clinical CNS diseases. Possible replication 
sites and dissemination route in the CNS are sum
marized and illustrated in Figure 1c.

Taken together, infection of EV-D68 leads to a wide 
spectrum of clinical CNS complications, ranging from 
AFM to cranial nerve dysfunction and meningoence
phalitis. Even though the exact mechanism of CNS 
invasion is not known, it is possible that different 
invasion strategies used by the virus can explain the 
different disease manifestations.

Replication in the CNS

The cell tropism of EV-D68 in the CNS is not known, 
but postmortem pathological analyses has given some 
insights. In a patient with fatal meningomyeloence
phalitis, extensive lymphocytic meningomyelitis and 
encephalitis were associated with neuronophagia in 
motor nuclei in meninges, cerebellum, midbrain, 
pons, medulla and cervical cord. In the spinal cord 

infiltrating CD3+ T cells were observed around motor 
nuclei and infiltrating CD20+ B cells in perivascular 
areas [7]. Detection of EV-D68 proteins or viral RNA 
was not included making it challenging to link histo
logical findings directly with local virus replication, 
even though EV-D68 RNA was detected in the CSF. 
In other EV-D68 patients, brainstem lesions were also 
observed by MRI although these were not further 
investigated [10,78,81].

In vivo, viral RNA and virus antigen have been 
detected in the spinal cord of intraperitoneally and intra
cranially inoculated mice [18,53,87]. Intracranial inocula
tion of mice with clinical isolates from 2014 or 
a prototype strain of EV-D68 resulted in minimal to 
absent virus replication in the cerebrum and cerebellum 
but efficient replication in motor neurons in the anterior 
horn of the spinal cord. This suggest that EV-D68 viruses 
can spread through the CNS toward the motor neurons in 
the spinal cord, but the mechanism remains unclear [18].

The current understanding on the cell tropism of 
EV-D68 in the CNS relies in part on in vitro studies, 
which do not always correspond to in vivo observa
tions. In vitro, human (SH-SY5Y and SK-N-SH) and 
mouse neuroblastoma cell lines [19,20,26], together 
with motor neurons, cortical neurons and astrocytes 
derived from hiPSCs are permissive for EV-D68 
infection [19,32]. Motor neurons derived from 
hiPSCs supported virus replication for 72 hours with
out a cytopathic effect, which contrasts to the death of 
motor neurons in intramuscularly inoculated mice 
[26]. Moreover, in vivo, virus replication within the 
CNS of intracranially inoculated mice was restricted 
to motor neurons of the spinal cord [18], while 
in vitro data based on hiPSCs showed permissiveness 
of human cortical neurons and astrocytes [19]. In ex 
vivo organotypic brain slices of neonatal mice EV- 
D68 isolates from 2014 replicated efficiently, but the 
phenotype of EV-D68-infected cells in this model was 
not determined [19].

The functional receptor or receptors of EV-D68 in 
the CNS are not known. Both sialic acids and ICAM-5 
could facilitate virus entry into neuronal cells [31,32]. 
However, ICAM-5 is not expressed on motor neurons 
[32] (Table 1). Another possible receptor that may play 
a role in the cell tropism of EV-D68 is heparan sulfate, 
since it is abundantly expressed on cells of the CNS 
[28]. These observations suggest that EV-D68 could 
possibly infect and replicate in neurons and astrocytes. 
Whether this also occurs in vivo and whether the cell 
tropism contributes to differences in the clinical pre
sentation requires further investigations.

Taken together, data from humans, in vivo mice 
models and in vitro studies suggest that EV-D68 has 
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a preference for motor neurons while the susceptibility 
of other cells in the CNS varies among studies. 
Whether infection of motor neurons is necessary to 
cause paralysis remains unclear. In vivo studies in 
mice have shown that infection of muscle tissues with
out lesions in the spinal cord or motor neuron deple
tion resulted in paralysis [76]. It is plausible that 
paralysis and muscle atrophy, which are commonly 
observed within weeks to months after weakness 
onset, are a result of viral-induced myositis, destruction 
of motor neurons, or a combination of both. To get 
more insight into the pathogenesis of EV-D68- 
associated paralysis future in vivo studies should focus 
on virus induced damage muscles tissues, including 
analysis of muscle enzymes in the blood as well as the 
detection of viral RNA and antigen in muscle tissues 
during the course of infection. In conclusion, the cell 
tropism of EV-D68 in cells of the CNS and how this is 
associated with clinical outcomes remains to be 
determined.

Viral factors important for the pathogenesis of 
EV-D68

Even though different clades of EV-D68 have circu
lated globally over time, the role of viral factors in the 
pathogenesis of EV-D68-associated respiratory and 
neurological diseases remains unknown. During the 
reemergence in 2014, multiple clades co-circulated 
but subclade B1 was predominant and associated 
with the development of severe respiratory diseases 
and AFM [16]. After 2014, AFM has been reported in 
patients infected with different clades, including sub
clades B1, B3 and D1 [13,89,90]. Whether genetic 
changes are responsible for the increased number of 
patients with severe respiratory disease and occur
rence of neurological diseases since 2014 remains 
unclear [16,91]. Sequence analyses of subclade B1 
isolates from the outbreak in 2014 revealed 12 specific 
amino acid substitutions in both structural and non- 
structural viral proteins compared those of clades A, 
C, subclade B3 and Fermon strains. These amino acid 
substitutions were found in the 5ʹUTR as well as 
different viral proteins, including VP2, VP3, 2A, 2B, 
2 C and 3D. Some of these amino acids are also 
observed in neurotropic enteroviruses, e.g. poliovirus, 
EV-A71 and EV-D70 [91], but whether these amino 
acid substitutions are associated with an increased 
pathogenicity in vivo remains to be elucidated.

Phenotypic characterization of different EV-D68 
isolates from different clades has been performed 
after 2014 to identify possible viral factors important 
for the pathogenicity of EV-D68. Structure and 

sequencing analyses of clade B isolates from 2014 
have shown high genetic variation in VP1 [92]. 
Despite this high genetic variation, in vitro and 
in vivo studies did not reveal differences in replication 
efficiency between strains among the different clades 
or derived before and after 2014 [19,20]. Nonetheless, 
one study revealed that EV-D68 isolates from 2014 
were able to replicate in neuroblastoma SH-SY5Y 
cells but not isolates from before 2014 [26]. However, 
amino acid substitutions are easily acquired in clinical 
EV-D68 isolates while passaging in cell culture, result
ing in the recognition of heparan sulfate as an addi
tional receptor for EV-D68. The recognition of 
heparan sulfate was associated with large phenotypic 
changes in vitro, which emphasizes the necessity to 
sequence virus stocks to maintain phenotypic charac
teristics of clinical isolates [20].

EV-D68 nonstructural proteins 3 C and 2A have been 
shown to play a role in the suppression of innate immune 
responses in vitro [47–49]. The 3 C protein supresses type 
I IFNs through cleavage of IFN regulatory factor 7 (IRF7) 
[47] or through binding to melanoma differentiation- 
associated gene 5 (MDA5), consequently inhibiting its 
interaction with downstream adaptor protein MAVS 
[48]. The 2A protein also plays a role in the viral immune 
evasion by cleaving tumor necrosis factor receptor- 
associated factor 3 (TRAF3) [49]. Whether different EV- 
D68 strains utilize different strategies to evade innate 
immune responses and whether these strategies differ in 
different cell types is currently unknown.

Overall, how the evolution of EV-D68 clades in past 
years is associated with the cell tropism and pathogene
city of EV-D68 remains undetermined. Also, the possi
ble role of individual viral proteins in the reemergence 
of EV-D68 remains unclear. Therefore, further studies 
should provide more insight into phenotypic differ
ences among the different clades circulating, and how 
these influence the pathogenesis as well as the role of 
individual viral proteins.

Future perspectives

Despite its long circulation in the global population, the 
pathogenesis of EV-D68-associated respiratory,systemic 
and CNS diseases remains largely unknown. The ability 
of EV-D68 to be transmitted through inhalation and to 
cause mild respiratory diseases like rhinovirus may 
render this virus to appear less harmless than it actually 
is. EV-D68 is a serious global health threat, especially 
because its ability to cause CNS diseases comparable to 
that of poliovirus. Unlike poliovirus, there is no vaccine 
available to prevent EV-D68 associated disease. To 
date, the numbers of reported infections and mortality 
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cases were not as high as those for poliovirus. However, 
the numbers of EV-D68 infection and EV-D68- 
associated AFM cases rise biennially and it cannot be 
excluded that these will continue to rise, resulting in 
large outbreaks in the future. For a better understand
ing of the systemic pathogenesis of EV-D68-associated 
diseases, it is essential to continue the development of 
in vitro, ex vivo and in vivo models.

We have here discussed the different stages in the 
pathogenesis of EV-D68 infections in humans: respira
tory infection, systemic dissemination and CNS inva
sion. However, how these different stages are related to 
the severity and spectrum of clinical disease is not yet 
fully understood. For example, it is currently unknown 
if systemic dissemination directly leads to CNS inva
sion, or if systemic dissemination occurs even during 
mild or subclinical disease. In addition, it is still unclear 
if EV-D68-associated paralysis is always the result of 
CNS invasion and infection of motor neurons, or 
whether EV-D68 invasion into the muscle tissues 
could directly result in paralysis. It is therefore impor
tant to get more insight into the systemic pathogenesis 
of EV-D68, including the cell and tissues tropism and 
the role of viral and host factors. This information will 
be essential to understand disease progression and how 
this can be detected early after disease onset. 
Furthermore, these studies will enable scientist to 
develop better and targeted intervention strategies for 
the wide spectrum of EV-D68 associated diseases.
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