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Abstract
Parechovirus A (PeV-A) is a species in the Picornaviridae family that can cause a variety of diseases,
mainly in children.The most prevalent genotype, PeV-A1, can causes mild respiratory and gastrointestinal
symptoms while the second most prevalent genotype, PeV-A3 can elicit severe neurological disease such
as meningoencephalitis in infants. The factors determining differential outcomes between genotypes are
poorly understood. In this study, we investigated the viral dynamics and tropism of PeV-A1 and PeV-A3
infection in human induced pluripotent stem cell (hiPSC)-derived unguided neural organoids (UNOs).
UNOs supported PeV-A1 and PeV-A3 replication, as measured by RT-qPCR and confirmed by TCID50. Both
genotypes showed similar cell tropism and infected neurons and astrocytes. Despite replicating up to a
higher titre as compared to PeV-A3, PeV-A1 infection showed no significant cytokine upregulation while
PeV-A3 infection resulted in an increased production of IFN-λ1 and CXCL10. This effect was also seen for
Echovirus 11, another picornaviruses resulting in neurological disease. Blocking the IFN-pathway with
Ruxolitinib resulted in enhanced replication of PeV-A3 indicating IFN-mediated restriction of PeV-A3
replication. This genotype-specific immune response could explain the exacerbated PeV-A3 associated
severe clinical neuropathology.

Introduction
Human parechoviruses, officially known as Parechovirus A (PeV-A), are common childhood pathogens in
the Picornaviridae family with a potential for severe clinical manifestations in infants1. PeV-A has been
shown to circulate in several countries such as the Netherlands2, Japan3, and the United States of
America (USA)4. PeV-As are closely related to enteroviruses (EVs), showing similar clinical characteristics
and outbreak potential. PeV-As are as prevalent as EVs and are the second leading cause of viral CNS
infections in neonates1. The striking parallelism between PeV-A and EVs is highlighted by the initial
classification of PeV-A as Echoviruses5, a polyphyletic group of “orphan” viruses within the enterovirus
genus that include neurotropic viruses such as Echovirus 11 (E11)6-8. 

The PeV-A species is subdivided into 19 genotypes with the most prevalent genotypes worldwide being
PeV-A1 and PeV-A39. Although both PeV-A1 and PeV-A3 can elicit gastrointestinal and respiratory
disease, PeV-A3 is predominantly associated with central nervous system (CNS) disease10,11. Several
PeV-A3 outbreaks have been reported globally, being the most recent one in the USA in 202212.  After
infection of the primary replication sites (airway and/or intestinal epithelium) the virus can reach the
blood stream causing sepsis-like illnesses and infect other organs10, causing CNS-related diseases
like transient paralysis13, encephalitis1,14, and meningitis10,14. Most of these cases occur in infants
younger than three months with PeV-A3 detection in the cerebrospinal fluid (CSF)10,15. Short-term
neurological sequelae have been reported in 5% of infected children increasing to nearly 27% on the long-
term16. The most reported neurological sequelae are neurodevelopmental delays, impairment in auditory
functions, or gross motor function delay16,17. Despite the remarkable differences in clinical presentation
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between the genotypes and potential long-term consequences, the underlying reasons for the differences
are yet to be discovered.

A possible explanation for this genotype-specific difference in disease could be related to a preference of
PeV-A3 to infect CNS cell types as compared to PeV-A1. In this regard, we previously described that PeV-
A3 strains show higher replication kinetics on a neural cell line (SH-SY-5Y) compared to PeV-A1 strains18.
The main structural difference between both genotypes resides in their receptor-binding region. The VP1
of PeV-A1, but not of PeV-A3, contains an Arginyl-glycyl-Aspartic acid (RGD) motif, which enables PeV-A1
to bind to cell membrane bound integrins19,20 suggesting differential receptor usage of PeV-A1 and -A3
for entry. This differential use could lead to a difference in cell tropism and disease presentation. Lastly,
as PeV-A3 induced immune responses have  been linked to the pathogenesis of PeV-A321,22, differences
in genotype-specific immune responses is posed as an explanation for the differences in PeV-A1 and
PeV-A3 induced clinical presentations.

Although immortalized cell lines and an animal model have been used to study PeV-A neuropathology23,
they come with several limitations. Models based on cell lines lack complexity and biological relevance24,
while animal models are often not susceptible to human viruses and do not recapitulate the human
neurodevelopment25,26. Organoids address these shortcomings by not only closely recapitulating the
cellular composition, structure, and complexity of the organ they mimic, but also the human
neurodevelopment24. There are several types of organoids that mimic the brain with the two main
subtypes being unguided neural organoids (UNOs)27 and regionalized neural organoids. UNOs are 3-
dimensional (3D) structures generated from human induced pluripotent stem cells (hiPSCs) that
recapitulate characteristics of the developing human brain28. Compared to regionalized organoids UNOs
encompass broader characteristics of the human CNS with different cell types and regions present as
seen during human neurodevelopment29. UNOs mature in stages52 and show genetic features53 similar
to the developing human embryonic brain. 

UNOs and other brain organoid models have previously been used to study infection of various viruses30.
For example, UNOs recapitulate Zika virus induced fetal microcephaly observed in patients31,32. Similarly,
the use of UNOs has allowed for the study of herpes simplex virus 1 (HSV-1) reactivation33, and when
infected with human cytomegalovirus (HCMV), UNOs showed similar patterns to clinical brain
specimens34. Multiple advantages of organoids over conventional models have been demonstrated for
studying CNS-related viruses30.  They have proven to be of great value to recapitulate cellular tropism and
the effect of infection on the cellular organization35-38. These benefits show great promise for addressing
the questions regarding the genotype-specific CNS pathology of PeV-A3.

In this study, we use UNOs to study the effects of viral infection with genotypes PeV-A1 and PeV-A3.
 Infection of UNOs with E11 are included as a neuropathogenic  control that causes clinically similar
neurological disease as described for PeV-A339. Our aim is to identify the difference in neuropathological
effects caused by neuropathogenic (par)echoviruses compared to the non-neuropathogenic  PeV-A1



Page 5/26

genotype and the mechanisms behind this by evaluating the viral replication kinetics, cell tropism, and
immunological response. 

Results

Unguided neural organoids resemble cytoarchitecture and
spatial organisation of the developing human foetal brain
UNOs were cultured for 67 days (Figure 1A), to determine the cell types present their cytoarchitecture was
assessed by immunofluorescence. At this UNO development stage, we expected the presence of
progenitor zones surrounded by self-organized patterns of neurons and astrocytes28. Indeed, the
generated UNOs featured typical ventricular-like zones (VZs) with neural progenitor cells (SOX2+) in the
centre. These VZs were surrounded by radially distributed mature neurons (MAP2+) and specific astrocyte
rich regions (GFAP+) (Figure 1B; Supplementary Movie 1). Moreover, the cortical regions within the UNOs
displayed a stereotypical layered organization of the developing human brain as previously
described40,41. These cortical regions included cells positive for neural progenitor cell marker PAX6+ in the
centre (VZ). We observed organized cell layers surrounding the VZ that expressed neural markers specific
for early-born deep-layer neurons (CTIP2+), and late-born superficial layer neurons (SATB2+)28,40 (Figure
1C). This indicates proper development and layer organization that is observed in the developing human
fetal brain41, hence presenting a good model for the study of viral CNS infection in neonates.

PeV-A1, PeV-A3, and E11 infect and replicate in UNOs
To compare infection dynamics of the two PeV-A genotypes, 67-day old UNOs were inoculated with PeV-
A1, PeV-A3, and E11 (Figure 2A). We observed significant replication of E11 in UNOs with peak copy
numbers on day three (Figure 2B). For both PeV-A1 and PeV-A3 infected UNOs  a significant increase in
viral RNA copies is shown over time (Figure 2B). However, the kinetics of PeV-A1 and PeV-A3 replication
were different. PeV-A1 showed a similar replication to that of EV E11, while PeV-A3 showed a slower and
lower replication compared to PeV-A1 and EV E11. The increase in RNA copies was related to active viral
replication, as we observed a reduction in viral RNA copies over time when the viruses were heat-
inactivated prior to inoculation (Supplementary Figure 1). Finally, to confirm the generation of infectious
viral particles, a TCID50 assay was performed. In accordance with the RT-qPCR data, there was a
significant increase in TCID50 over time for all three viruses, indicative of presence of infectious viral
particles (Figure 2C).

No difference in cell tropism observed for PeV-A1, PeV-A3
and E11
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Immunocytochemistry was used to visualize the viral tropism in UNOs and to identify possible changes in
the organoid architecture often accompanying viral infection in different brain organoid models42-44. We
did not observe any major changes in the cytoarchitecture of the UNOs as a result of the viral infection
(Figure 3). UNOs infected with PeV-A1 (Figure 3B) or PeV-A3 (Figure 3C) showed positive dsRNA
(indicative of viral infection) in astrocyte (GFAP+) and neuron (MAP2+) rich areas (Figure 4 and
Supplementary Figure 3). Moreover, we did not observe dsRNA within VZs, suggesting that neural
progenitor cells are likely not susceptible to PeV-A1 and A3 infection (Figure 3). Similarly, E11 was also
 mainly found in GFAP+ and MAP2+ areas (Supplementary Figure 2). 

PeV-A3 and E11 induce an upregulation of immune
responses in comparison to PeV-A1 
We previously described that PeV-A3 infection of human airway epithelium upregulated the expression of
several immune-related genes such as interferon (IFN) and NF-κB signaling22. Moreover, clinical data
from PeV-A3 infected patients showed elevated levels of inflammatory cytokines e.g. IFN-α2, C-X-C motif
chemokine ligand 10 (CXCL10), and monocyte chemoattractant protein 1  (MCP-1) in plasma45. To
understand the effect of PeV-A infection on innate immune responses of UNOs, we analysed the
expression of a panel of cytokines associated with PeV-A infection and key cytokines in the CNS
inflammatory response46. PeV-A3 infected organoids showed a significantly higher expression of CXCL10
and IFN-B1 at 5dpi compared to PeV-A1 infected organoids (Figure 5A) that was maintained at 10 dpi
(Figure 5B) although not significantly different. 

Moreover, to further confirm the relation between PeV-A3 infection and the corresponding cytokine
response, we measured the protein concentration of specific cytokines using a Luminex 10-plex assay.
We found that several inflammatory cytokines such as IFN-λ1, IFN-β, and CXCL10 were significantly
upregulated for PeV-A3 both at 5 dpi (Figure 5C) and 10 dpi (Figure 5D), while none of these cytokines
were upregulated for PeV-A1 (Figure 5C-D). The upregulation pattern observed for PeV-A3 was similar to
that of E11 (Figure 5C-D) suggesting an important role for the host immune response upon infection with
these viruses that are associated with clinical CNS disease.

Blocking of the IFN-pathway enhances PeV-A3 replication
Since some of the highly upregulated cytokines, namely IFN-β, IFN-λ1, and CXCL10, are related to the IFN
signalling, we further characterized the role of the IFN-pathway on PeV-A infection. This was done by
blocking the Janus kinase-signal transduced and activator of transcription (JAK-STAT) pathway, that is
activated upon IFN binding resulting in IFN-stimulated transcription genes (ISGs) 47. This blocking was
performed using the JAK1/2 inhibitor Ruxolitinib (Rux; INCB018424)48. Firstly, it was confirmed that Rux
was able to block the JAK/STAT pathway in UNOs. Upon stimulation of organoids with 500 ng of IFN-β or
IFN-λ3, Rux-treated UNOs showed downregulation of ISGs expression compared to non-treated controls
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(Supplementary Figure 3). Next, we determined the effect of  Rux treatment on viral ISGs induction and its
effect on viral replication (Figure 6A-B). Rux treatment resulted in a downregulation of ISGs at 5 dpi
specially for PeV-A3 (Figure 6C), that was maintained until 10 dpi (Supplementary Figure 4A). 

At 5dpi, we observed the effect of Rux on PeV-A3 infected organoids that was reflected in an increase in
viral RNA (Figure 6D) and infectious particles (Figure 6E). Although the effect of blocking the JAK-STAT
pathway was clear at 10 dpi, we did not observe any significant increase in viral replication for any of the
PeV-A strains at this time point (Supplementary Figure 4C-D). Together these results indicate that IFN
plays a role in controlling PeV-A3 replication. No significant difference was found in either ISG expression
or viral replication upon Rux treatment in E11 infected UNOs (Figure 6).

Discussion
Despite the importance of picornaviruses infections, such as PeV-A, for human health, the pathology
caused by PeV-A genotypes is largely unknown, especially in the CNS where it can cause debilitating
disease. In this paper, we expanded the current understanding of PeV-A infection pertaining to CNS
disease in humans using human neural organoids. Our data indicates that genotype-specific differences
are not due to neuroinfectivity as both PeV-A1 and PeV-A3 productively infected UNOs. Viral RNA co-
localized within the same cell types following infection. The innate immune response of UNOs following
PeV-A3 infection was significantly stronger than that of PeV-A1. PeV-A3 elicited strong inflammatory
immune responses comparable to E11 infection, that is clinically characterised by a similar aggressive
CNS disease as PeV-A3. Collectively our findings align with clinical observations and suggests a role for
immune-mediated neuropathology in PeV-A3 infection.

Previous research from our laboratory showed that in a neuroblastoma cell line, PeV-A3 was more
infectious compared to PeV-A118. And studies in human-based in vitro models have shown that the cell
tropism of PeV-A1 and PeV-A3 was similar in human airway epithelium but different in human intestinal
epithelium49,22. We therefore hypothesized that the different CNS neuropathology between genotypes
could be explained by a lack of neurotropism for PeV-A1 or a differential cell tropism.

In contrast to what was suggested in our previous data with cell lines, results from our study in UNOs
showed no differences in cell tropism between the genotypes, with both genotypes infecting neurons and
astrocytes. Moreover, we did not observe any viral infection in VZs that are mainly composed of neural
progenitor cells. The cell types that were infected by PeV-A1 and PeV-A3 in UNOs were the same as for
E11, and have also been shown to be infected in patients by other members of the Picornaviridae family
causing similar neuropathology (meningitis, encephalitis, etc.), such as poliovirus50 or EV-A7151.
Interestingly, PeV-A1 has only been described to cause CNS symptoms in one outbreak in 198652 and has
since then never been associated with CNS disease. Similar findings of clinically non-neurotropic viruses
infecting human organoid models have been described previously for dengue virus53,54. It could be that
the blood-brain barrier (BBB) shields the brain from certain potentially neurotropic viruses that are
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therefore not able to reach the brain. This warrants further studies on the ability of different PeV-A
genotypes to bypass the BBB and to initiate CNS infection. 

The main difference between genotypes observed in this study was related to the elicited innate immune
response. Notably, despite PeV-A1 replicating faster and to a higher titre in the UNOs as compared to PeV-
A3 and EV E11, no upregulation of cytokines was observed upon infection. On the other hand, our positive
control virus, E11, showed an enhanced production of several cytokines/chemokines including IFN-λ1,
CXCL10 or MCP-1, that have also been associated with E11 infection in the clinic55 and in an in vivo
mouse model56. Similarly, PeV-A3 induced a significant upregulation of IFN-λ1 and IFN-β that has also
been observed in humans45. In addition, CXCL10 which is upregulated upon IFN signaling57, was also
upregulated in our organoids which indicates an important role for the IFN pathway in controlling PeV-A3
infection. This role for the IFN signalling pathway was further confirmed by enhanced viral replication
upon inhibition of the JAK/STAT pathway with Rux. For PeV-A1 and E11, we did not observe any
significant increase in replication upon Rux treatment. This could indicate that activation of the
JAK/STAT pathway may be weaker for PeV-A1 and E11 as compared to PeV-A3 or that other
mechanisms are involved in controlling viral cerebral spread. In the case of PeV-A1, where we did not
observed any increase in IFN production, it is possible  that the virus circumvents triggering the IFN
pathway, as described for many other viruses (Japanese Encephalitis virus, Rubella virus, Hendra virus,
Dengue virus) that have developed ways to escape the host immune response58. Further studies
accounting for the  other innate immune pathways ought to be performed to confirm this possible
explanation.  

CXCL10 (or IP-10) is pivotal for attracting inflammatory leukocytes across the blood-brain barrier (BBB)
and therefore, plays an important role during neuroinflammation. It can be expressed by both neurons
and astrocytes and is highly upregulated in astrocytes following viral infections59. CXCL10 has
previously been shown to play either a protective or detrimental role in neuropathology caused by
viruses, such as lymphocytic choriomeningitis virus, West Nile virus, and Herpes Simplex
Virus57. Interestingly, PeV-A3 infection is usually associated with leukopenia in both the plasma and
CSF60, which may indicate that patients are not able to respond to CXCL10 signaling. We did not observe
any significant upregulation of MCP-1, a pivotal chemokine of the CNS that is upregulated in PeV-A3
infected patients45. This could be explained by the high levels of MCP-1 in mock-infected organoids likely
due to hypoxia at the organoid core due to the lack of a vasculature61,62. 

On a broad note, a strong immune response in the CNS is usually associated with meningitis,
encephalitis, and meningoencephalitis63, suggesting that more profound immune responses might
explain the PeV-A3 associated clinical manifestations. This could also explain why this disease is usually
associated with young neonates as their immature immune system may not yet be capable of controlling
viral spread64.  This hypothesis is supported by other findings in vivo and in vitro23, suggesting an
increased innate antiviral immune response as a possible explanation for the clinical manifestations of
PeV-A3. 
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In conclusion, we showed that brain organoids are a useful model to study genotype-specific
characteristics of PeV-A infection of the CNS. PeV-A1 and PeV-A3 were able to infect these organoids
without any apparent differences in cell tropism. PeV-A3, most commonly associated with CNS disease in
humans, showed an upregulated immune response and enhanced replication upon blocking of the
JAK/STAT pathway. We hypothesize that this may be related to the pathogenesis of PeV-A3 and its
preferential infection of neonates. This hypothesis is further supported by similar observations upon E11
infection of UNOs. 

Limitations
Although more complex than 2D models based on cell lines, UNOs still lack the full cell composition of
the human brain, as they do not contain some key cell types such as microglia. The contribution of
immune cells in this model will be highly interesting as they are vital in viral neuropathology and the
corresponding immune response to infection. Furthermore, as previously mentioned , our model lacks
vasculature and the BBB (and other CNS barriers) which may be an important factor in the genotype
specific neuropathology of PeV-A. For this study UNOs, rather than region specific neural organoids, were
used to ensure that a broad range of CNS regions were represented in the model. The inconsistency in cell
number and composition that are associated with UNOs65 compromise reproducibility. Future studies
could use organoids with a guided protocol that contain neurons and astrocytes and are more consistent
in size and composition, such as dorsal forebrain organoids66,67. Moreover, the use of other CNS models
such as the choroid-plexus organoids68 would allow the study of PeV-A3 presence in CSF and the role of
the CSF barrier in PeV-A infection. 

Materials And Methods

Cell lines and virus strains
Human colorectal adenocarcinoma cells (HT-29, ATTC HTB-38), rhesus monkey kidney cells (LLCMK2,
provided by the Municipal Health Services, the Netherlands), and African green monkey kidney cells (Vero,
provided by the National Institute of Public Health and the Environment, RIVM, the Netherlands) were
used for virus culture. All cell lines were maintained in Eagle’s minimum essential medium (EMEM, Lonza)
supplemented with 8% (v/v) heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich), 100 U/mL
penicillin/streptomycin (Pen-Strep, Lonza), 1% (v/v) non-essential amino acids (100x, ScienceCell
Research Laboratories), and 0.1% (v/v)  L-glutamine (Lonza). Cell lines were incubated at 37ºC,  5% CO2

and 95% humidity and passaged every seven days using trypsin.

The PeV-A1 Harris strain was obtained from the RIVM and cultured on HT-29 cells. The PeV-A3 152037
strain, a Dutch isolate from 2001 adapted to cell culture, was cultured on LLCMK2 cells. The Echovirus 11
(E11) 50473 strain, a Dutch isolate from faecal material was cultured on Vero cells. Heat inactivated (HI)
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controls were generated by incubating the virus stock in a water bath at 65ºC for 20 min and infection
was performed as described previously.

Human induced pluripotent stem cell culture
Human induced pluripotent stem cells (hiPSCs) (IMR90-4, WiCell) were cultured on human laminin 521
(Biolamina) – coated culture treated six-well plates and maintained in mTeSR+ medium (STEMCELL
Technologies) supplemented with 1% (v/v) Pen-Strep. Cells were maintained at 37°C with 5% CO2,
passaged weekly with ReLeSR™, and subcultured in mTeSR+ medium with 10 µM Y-27632 Rho Kinase
(ROCK) inhibitor (Cayman Chemical Company). Lines were kept in culture with removal of differentiated
patches when necessary and regular testing for mycoplasma was performed.

Generation of unguided neural organoids

UNOs were generated from the IMR90 hiPSC (WiCell®) using the Cerebral Organoid Generation and
Maturation kit from STEMCELLTM Technologies, that is based on the protocol described for UNOs
generation by Lancaster et al28. In short, hiPSCs were detached into a single cell suspension using Gentle
Cell Dissociation Reagent (STEMCELLTM Technologies) and seeded in an ultra-low attachment round
bottom 96 well-plate (Corning) with embryoid body (EB) Formation Medium to obtain EBs. Hereafter,
induction of neuroectoderm was obtained using Induction Medium (STEMCELLTM Technologies)
followed by expansion of neuroepithelia by embedding EBs in ESC-qualified Matrigel (Corning) and
culturing in Expansion Medium (STEMCELLTM Technologies). On day ten the organoids were placed on
an orbital shaker (66 rpm) in Maturation Medium (STEMCELLTM Technologies) and medium was
refreshed every 3-4 days until infection at day 67.

Infection of unguided neural organoids
UNOs from three independent batches were infected in technical triplicates with 105 50% tissue culture
infectious dose (TCID50) per mL of the different viruses. Individual organoids were placed on a round

bottom 96-well plate coated with Anti-Adherence Rinsing Solution (STEMCELLTM Technologies) and
100 µL of the virus inoculum were added. Organoids were incubated for 2 h at 37ºC with 5% CO2, washed
three times with phosphate buffer saline (PBS, Lonza), and moved to a freshly coated 48-well plate with
500 µL of Maturation Medium (STEMCELLTM Technologies). After 10 min incubation the 0 h time-point
was collected, and medium was replenished. Collection with full medium replenishment was repeated at
1-, 3-, 5-, 7-, and 10-days post infection (dpi). 

RT-qPCR
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RNA was isolated from 25 µL of the collected supernatant using the Bioline Isolate II RNA mini kit
(Meridian Bioscience®) following the manufacturer´s instructions. Equal volumes of the eluted RNA were
used for reverse-transcription and 5 µL of the cDNA was used for reverse-transcription quantitative PCR
(RT-qPCR). qPCR was performed on a CFX Connect Real-Time PCR Detection System (Bio-Rad), and Cq

values were transformed into viral genome copies using a standard curve with known concentrations of
the viral genomes. For RT-qPCR primers see Supplementary Table 1.

To analyse cytokine expression UNOs were harvested in RLY lysis buffer (Bioline Isolate II RNA mini kit
(Meridian Bioscience®)) and stored at -80°C until RNA isolation. The sample was thoroughly
homogenized by vortexing and resuspension by pipetting before RNA was isolated. The same protocol as
described previous was used for RNA extraction, cDNA synthesis, and RT-qPCR. Cytokine upregulation
was measured using primer sets (see Supplementary Table 1, Biolegio) where expression of the target
gene was normalized to reference genes. The combination of RPLP0 and RPLP2 was chosen as most
stably expressed set of reference genes under both mock and virus infected organoids using
Normfinder69. Gene expression was normalized using the  method70 using the geometric mean of both
reference genes. Infected samples were normalized to the uninfected control to visualize the effect of
infection on cytokine expression in the UNOs. 

TCID50

Supernatant samples (25 µL) of multiple time-points were titrated for each virus, where PeV-A1 was
titrated on HT-29, PeV-A3 was titrated on LLCMK2 and E11 was titrated on Vero cells. Briefly, ten-fold
dilutions of each sample were performed and seeded in a 96-well plate (50 µL), the appropriate cells were
added (200 µL) and incubated for 10 days until readout. For the readout, the cells were examined for the
appearance of cytopathic effect and the TCID50 was calculated using the Reed and Muench Method71

and normalized to the 0 h time-point to determine the increase of infectious particles over time.

Immunofluorescence staining
Organoids were fixed at 5 and 10 dpi with 4% (v/v) formaldehyde (Sigma-Aldrich) in PBS for 30 min at
room temperature (RT). After fixation organoids were washed three times with PBS and incubated in 30%
(w/v) sucrose (Merck) by overnight incubation at 4°C. The organoids were embedded in optimal cutting
temperature compound (OCT, Tissue Tek) snap frozen on dry ice, and stored at -80°C until sectioning.
20 µm sections were cut using a cryostat (NX71, Thermo Fisher Scientific) and collected on SuperFrost
Plus slides (Thermo Scientific). Sections were stored at -80°C until staining. For immunostaining, sections
were blocked for 2 h at RT in a blocking solution consisting of 10% (v/v) SeaBlock Blocking Buffer
(Thermo Scientific) with 1% (v/v) Triton X-100 (Sigma) in PBS. After blocking, primary antibodies
(Supplementary Table 2) were added in 1:1 blocking solution:PBS and incubated overnight at 4°C.
Sections were washed three times with PBS for 5 min, and incubated with secondary antibody
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(Supplementary Table 2) solution and Hoechst (Thermo Fisher Scientific) at RT for 1 h. Samples were
quenched using ReadyProbes Tissue Autofluorescence Quenching kit (Invitrogen, kit) and incubated for 5
min, followed by 3 PBS washes. Finally, slides were mounted with glass coverslips using ProLong Gold
Antifade Mounting Medium (Invitrogen). UNOs were imaged using Leica TCS SP8-X microscope and
Leica LAS AF Software (Leica Microsystems). Z-stacks were also taken, and 3D reconstructions were
made using the LAS-X 3D software (Leica Microsystems).

Ruxolitinib treatment
UNOs were pretreated with 5 µM or vehicle dimethyl sulfoxide (DMSO, Santa Cruz Biotechnology) and
incubated for 1 h before infection at 37°C. After pre-treatment organoids were stimulated with 500 ng
interferon (IFN) β (R&D Systems), or IFN-λ3 (R&D Systems), or infected as described previously with PeV-
A1, PeV-A3, or E11. Treatment with 5 µM Rux/vehicle was continued throughout the 10 days post
infection with every medium change at 1-, 3-, 5-, 7-, and 10dpi.

Procartaplex Multiplex Immunoassay
To detect cytokines, present in supernatant samples of (un)infected brain organoids, a customized 10-
plex Luminex® assay was used (Procartaplex Multiplex Immunoassay, Invitrogen). Samples were lysed
with 12.5% (v/v) Cell Lysis Buffer (Invitrogen) to inactivate viruses and the measurement was performed
following the manufacturer’s instructions. Fluorescence was measured using a Luminex (R&D) and from
this cytokine concentrations were calculated using the provided standard curve in the kit. Values that
were below the lower limit of detection (LLOD) were replaced by the LLOD/72.

Statistical analysis
All statistical analysis was performed using GraphPad Prism 8 (GraphPad Software Inc.). experiments
were performed in three independent organoid batches in triplicates (unless otherwise indicated). Data
are presented as geometric mean ± geometric SD. The specific statistical tests performed for each
analysis are indicated in the correspondent figure legend. Differences were considered significant when
the p-value was <0.05.

Abbreviations
2D 2-Dimensional

3D 3-Dimensional

BBB Blood-brain barrier
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CNS Central Nervous System

CSF Cerebrospinal Fluid

CXCL10 C-X-C motif chemokine ligand 10

DMSO Dimethyl sulfoxide

dpi Days post-infection

E11 Echovirus 11

EB Embryoid body

EMEM Eagle’s minimum essential medium

FBS Fetal bovine serum

HCMV Human cytomegalovirus

HI Heat-inactivated

hiPSCs Human induced pluripotent stem cells

HSV-1 Herpes simplex virus 1

IFN Interferon

ISG Interferon-stimulated gene

JAK-STAT Janus kinase-signal transduced and activator of transcription

LLOD Lower limit of detection

MCP-1 Monocyte chemoattractant protein 1   

OCT Optimal cutting temperature compound

PeV Parechovirus

PeV-A Parechovirus A

RGD Arginyl-glycyl-Aspartic acid

ROCK Rho Kinase

RT Room temperature
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RT-qPCR Reverse-transcribed quantitative polymerase chain reaction

Rux Ruxolitinib

SD Standard deviation

TCID50 50% tissue culture infectious dose

UNOs Unguided neural organoids

USA United States of America

VZs Ventricular-like zones

ZIKV Zika virus
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Figure 1

Characterization of unguided neural organoids by immunofluorescence staining. (A) Schematic
representation of the protocol followed to obtain UNOs. (B) Representative image of an UNO section with
the expected cytoarchitecture. Astrocyte-rich areas (GFAP, red) and neuron-rich areas (MAP2, magenta)
are located outside the ventricular-like zones (VZs) that are high in neural progenitor cells (SOX2, yellow).
Dashed lines are marked around VZs. Scale bar 500 µm. (C) Representative image of cortical neuron
layering in UNOs. PAX6 staining (magenta) show neural progenitor cells in the VZs surrounded by early
born deep-layer neurons (CTIP2, yellow), and late-born superficial layer neurons (SATB2, blue). Scale bar
100µm. In both cases nuclei were stained with Hoechst (cyan).

Figure 2

Replication kinetics of PeV-A1, PeV-A3, and E11 in unguided neural organoids. (A) Schematic
representation and timeline of the infection of UNOs, (B) Relative increase in viral RNA copies in
supernatant at different time points and, (C)Viral infectious particles from supernatant at 0, 5, and 10 dpi.
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In all cases, data represents the geometric mean ± geometric standard deviation (SD) of three technical
replicates for three batches of organoids (n=9). Statistical significance was analysed per virus using a
Kruskal-Wallis test with multiple comparisons, * p-value < 0.05; ** p-value <0.01; *** p-value <0.001; ****
p-value <0.0001.

Figure 3
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PeV-A1 and PeV-A3 localize outside ventricular-like zones (VZs). Representative confocal z-stacks from
(A)MOCK, (B) PeV-A1, and (C) PeV-A3 infected UNOs at 10 dpi. Stained for nuclei (cyan), and
immunolabelled for dsRNA (yellow), astrocytes (GFAP, blue) and neurons (MAP2,magenta). Dashed lines
are around VZs. Scale bar 100 µm. Arrows indicate regions with positive dsRNA staining.

Figure 4
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PeV-A1 and PeV-A3 co-localize with astrocyte and neuronal markers. Confocal z-stacks of (A)PeV-A1 and
(B) PeV-A3 infected UNOs. Labelled for nuclei (cyan), and immunolabelled for dsRNA (yellow), astrocyte
(GFAP, blue), and neurons (MAP2, magenta). Orthogonal view of areas in white boxes are shown below
the 3D reconstructed z-stack. Scale bars 10 µm.

Figure 5

PeV-A3 leads to upregulation of the immune response. (A-B) Quantification of relative expression of
cytokines to MOCK infected organoids at (A) 5dpi and (B)10 dpi by RT-qPCR. All data represents the
geometric mean ± geometric SD of three technical replicates for three batches of organoids. Values
above the dashed line represent an upregulation of the gene expression relative to the MOCK. Statistical
significance was analysed by two-way ANOVA with Šídák’s multiple comparisons tests for each specific
cytokine. (C-D) Quantification of cytokines by Luminex present in supernatant of UNOs infected with PeV-
A1, PeV-A3, E11, or MOCK infected at (C) 5dpi and (D) 10dpi. For (C)cytokines for which most values were
below the LOD were removed. All data represents the geometric mean ± geometric SD of two technical
replicates in three batches of organoids. Statistical significance was assessed using a One-way ANOVA
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with Tukey’s multiple comparisons for each cytokine individually, * p-value < 0.05; ** p-value <0.01; *** p-
value <0.001; **** p-value <0.0001.

Figure 6

Ruxolitinib (Rux) treatment inhibits ISG activation and enhances PeV-A3 replication. (A) Schematic
representation of the effect of Rux on the JAK/STAT pathway. (B) Timeline of Rux treatment on infected
organoids. (C) ISGs gene expression at 5 dpi was normalized to reference genes and relative expression
to MOCK infected organoids was calculated. (D) Relative increase in RNA copies at 5dpi for Rux or
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DMSO-treated organoids from supernatant samples. (E) Virus titers at 5 dpi from supernatant collected
samples of Rux or vehicle-treated organoids. Titers were determined by TCID50.  In all cases, data
represents the geometric mean ± geometric SD of three technical replicates in three batches of organoids.
Statistical significance was determined using a Student’s t-test, * p-value < 0.05, ** p-value <0.01. For A-B
values above the dashed line represent an upregulation of the gene expression relative to the MOCK.
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