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Abstract 

Numerous pathogens, including viruses, enter the central nervous system and cause neurological disorders, such as encephalitis. 
Viruses are the main etiologic agents of such neurological diseases, and some of them cause a high death toll w orldwide . Our knowl- 
edge about neuroinvasive and encephalitogenic virus infections is still limited due to the relative inaccessibility of the brain. To miti- 
gate this shortcoming, neural ex vivo models have been developed and turned out to be of paramount importance for understanding 
neur oinv asi v e and neur otr opic viruses. In this r e vie w, we describe the major ex vivo models for the central nervous system, including 
neur al cultures, br ain or ganoids, and or ganotypic brain cultures. We highlight the key findings from these models and illustrate how 

these models inform on viral processes, including neurotropism, neuroinvasion, and neurovirulence. We discuss the limitations of ex 
vivo models, highlight ongoing pr ogr ess, and outline next-generation ex vivo models for virus resear c h at the interface of neuroscience 
and infectious diseases. 

Ke yw ords: neur oinv asion; neur otr opism; virus; ex vivo ; or ganoid; or ganotypic culture 
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Introduction 

For viral pathogens , neuroin vasiveness is usually defined as the 
capacity to enter the nervous system, while neur otr opism is r e- 
lated to the ability to infect and replicate in neural cells. Neu- 
rovirulence is a notion linked to central nervous system (CNS) dis- 
ease manifestation caused by a virus, independently of neuroin- 
v asion or neur otr opism (Bauer et al. 2022 ). Encephalitic viruses 
are thus neurovirulent because they cause CNS pathology, but all 
neur oinv asiv e viruses are not necessarily neurotropic or neurovir- 
ulent. Likewise, a virus can be neurotropic in cell culture experi- 
ments, but can be unable to enter the nervous system (i.e. be non- 
neur oinv asiv e). Neur oinv asiv e and encephalitic viruses gather a 
myriad of pathogens from different families, such as herpes sim- 
plex virus type 1 and cytomegaloviruses (HSV-1 and CMV, fam- 
ily Orthoherpesviridae ), Borna disease virus 1 (BoDV-1, family Bor- 
naviridae ), r abies virus (RABV, famil y Rhabdoviridae ), enter ovirus 
A71 and D68 (EV-A71 and -D68, family Picornaviridae ), West Nile,
Dengue, Zika, and tick-borne encephalitis virus (WNV , DENV , ZIKV ,
and TBEV, family Flaviviridae ), La Crosse virus (LACV, family Peri- 
bun yaviridae ), human immunodeficienc y virus (HIV, family Retro- 
viridae ), canine distemper, measles, Hendra and Nipah virus (CDV,
MeV , HeV , and NiV , famil y Param yxoviridae ), to cite a fe w. Encephali- 
tis, whic h is classicall y defined as the inflammation of the brain,
can be the result of a dir ect br ain infection or indirect affec- 
tion following infection outside the CNS. Numerous viruses are 
thought to commonly reach the CNS, accidentally or as a re- 
sult of a genuine neur otr opism, tr ansientl y/acutel y or c hr oni- 
call y/persistentl y, activ el y r eplicating or not (Ludlow et al. 2016 ,
Bookstaver et al. 2017 ). Ho w ever, what is known about these 
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iruses mainly comes from data obtained in animals or after
ymptoms onset and post-mortem. T hus , a knowledge gap exists
egarding the early, asymptomatic, and prodromal stages of vi- 
al encephalitis, but also regarding neuropathology progression at 
he organ, cellular, and molecular levels, because of the relatively
naccessible nature of the CNS. To investigate these aspects, rel-
 v ant models are needed and researchers have used three main
ypes of ex vivo systems of increasing complexity, namely neural
pol y)cultur es, or ganoids, and or ganotypic cultur es . T heir primary
oal is to mimic the tissue/organ microenvironment, and regard- 
ng neurovirulent viruses, to ultimately model and decipher no- 
abl y vir al possible entry r outes into the CNS, neur otr opism, dis-
emination, virus–host cell interactions, and viral evolution. 

Viruses are the main cause of encephalitis, which often co-
ccurs with viral meningitis. Although the cause of many en-
ephalitic cases remains unknown, viruses are the etiologic agent 
f 70% of confirmed cases. Viral encephalitis still causes high
orbidity (3.5 to 7.5 per 100 000 people) and mortality (up to

0%–100% depending on the pathogen and outbreaks) worldwide 
Venkatesan 2015 , Ludlow et al. 2016 , Bohmwald et al. 2021 , Said
nd Kang 2024 ). Although specificities in pathophysiological fea- 
ures exist depending on the virus, encephalitis is essentially an
nflammation of the brain parenchyma that causes brain swelling 
nd neurological damage, sometimes associated with vasculitis.
r oadl y speaking, cer ebr al edema, v ascular congestion, thr om-
osis , hemorrhage , necrosis , immune cell infiltration and associ-
ted inflammatory response can regularly be observed. Brain re- 
ions and neural cells can be differ entiall y infected depending on
he virus (Dahm et al. 2016 , Bohmwald et al. 2021 ). Encephalitic
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iruses can r eac h the CNS by different routes . T hey can use an-
er ogr ade or r etr ogr ade axonal tr ansports fr om peripher al neu-
ons (e.g . motor or olfactory neurons, for RABV for example) (Ly-
ke and Tsiang 1987 ). Access can also occur hematogenously by
he crossing of the blood–brain/cerebrospinal fluid or meningeal–
er ebr ospinal fluid barrier, via direct infection of endothelial cells,
ompromising the barrier, or via infiltration of virus-carrying im-
une cells, in the case of WNV for instance (Wang et al. 2004 ,

erma et al. 2010 ). For a certain number of pathogens such as MeV,
iV, or se v er e acute r espir atory syndr ome cor onavirus 2 (SARS-
oV-2), entry routes into the CNS during natural infection are still
ot completel y decipher ed (Griffin et al. 2012 , Koyuncu et al. 2013 ,
auer et al. 2022 , Jagst et al. 2024 ). 

As stated abo ve , three important notions regarding these
iruses infecting the CNS are neuroin vasiveness , neurotropism,
nd neuro virulence , which are often used interchangeably in the
iter atur e although they refer to distinct meanings, a fact partic-
larly highlighted during the SARS-CoV-2 pandemic (for a review,
ee Bauer et al. 2022 ). Actuall y, these ar e centr al questions that ar e
odeled in in vitro and ex vivo models for the study of encephalitic

iruses: How does a virus enter the nervous system (neur oinv a-
iv eness), whic h cells of the nervous system are infected by this
irus (neur otr opism), and ho w does the virus cause nerv ous sys-
em pathology (neurovirulence) (Fig. 1 )? We detail here how CNS

odels are used to study viral neuroinfections by highlighting
heir properties and k e y findings about different pathogens, and
hat will be the future developments for these systems. 

wo-dimensional models: neural cultures 

lassical neur al (pol y)cultur es consist of two-dimensional (2D)
ultures of individual or mixed neural cell types (neurons, as-
r ocytes, oligodendr ocytes, and micr oglia). They can be obtained
r om differ ent parts of the CNS (spinal cord, br ain substructur es
uc h as cortex, cer ebellum, hippocampus, br ainstem, etc.). Var-
ous methods to generate these cultures and subsequently use
hem in infection studies have been de v eloped ov er the years. The

ost straightforw ar d method for generating these cultures is the
solation and culture of a single cell type from embryonic, fetal,
r neonatal animal brains (Banker and Co w an 1977 , Brew er et al.
993 , Ahlemeyer and Baumgart-Vogt 2005 , Br e wer and Torricelli
007 ). Alternativ el y, neur al stem/pr ogenitor cells can be isolated
nd cultured as adherent monolayer cultures or neurospheres
i.e . fr ee-floating neur opr ogenitor cells clusters), whic h can self-
 ene w, pr olifer ate, and be passaged in long-term culture . T hey re-
ain in an undifferentiated or early differentiated state and can

hus then be differentiated into neur ons, astr ocytes, and oligo-
endrocytes (Liem et al. 1995 , Gobbel et al. 2003 , Yan et al. 2005 ,
r e wer and Torricelli 2007 , Barak et al. 2022 ). Such cultures can
lso be obtained from embryonic stem cells (ESC) (Yan et al. 2005 )
r induced pluripotent stem cells (iPSCs) (Barak et al. 2022 ). 

T hese cultures ha ve been used for decades to study encephal-
togenic and other neuro virulent viruses . Almost 70 years ago,
ytopathological effects of poliomyelitis virus upon infection of
solated human neural cells were described (Hogue et al. 1955 ),
nd in the late 1960s, cultured human and murine glial cells
er e r eported to sustain long-term pr oduction of highl y encephal-

togenic arboviruses without cytopathic effect (Illavia and Webb
969 ) (Fig. 2 ). Neural cultures are particularly useful tools be-
ause they are a simple reductionist system that is r elativ el y easy
o implement and anal yze, being r ather well defined in terms
f culture conditions (medium, oxygen needs , etc.). T hey enable
orking without the influence of hormonal, vascular, and im-
une/inflammatory factors facilitating intracellular and cell-to-
ell observ ation (Br e wer and T orricelli 2007 ). T o go further, they
llow the study of various aspects of encephalitic neur oinv asiv e
iruses, fr om neur al cell permissiv eness, intr acellular tr ansport of
ucleocapsids , cytopathic effects , viral persistence , to viral spread
etween neural cells. 

ornaviridae : BoDV-1 

oDV-1 is a prototypical example of a highl y neur otr opic virus,
hic h causes se v er e encephalitis, mainl y in horses and sheep, but
lso in humans, although little is known regarding pathogenesis
n the latter (Jungbäck et al. 2025 ). BoDV-1 was shown to infect and
eplicate in human neural stem/progenitor cells without altering
heir survival. Ho w ever, in mixed neurons-astrocytes cultures, it
ighl y impair ed the surviv al of neur ons ne wl y gener ated upon
ifferentiation of these progenitor cells, by inducing Caspase-3-
ediated apoptosis (Brnic et al. 2012 ). Surprisingly, infection of the
ain target of the virus , hippocampal neurons , does not impair

eur onal surviv al (Hans et al. 2004 ). Infection of neur ons gr own
n m ultielectr ode arr ays r e v ealed no impact on spontaneous neu-
onal activity. It sho w ed, ho w ever, an impairment of synaptic plas-
icity, because pharmacological induction of increased synaptic
fficac y b y bicuculline causes a rise in neur onal burst fr equency
r eflectiv e of synaptic activity), but this high le v el of network ac-
ivity did not last after drug r emov al for BoDV-1-infected neurons
hat returned to basal le v els, contr ary to non-infected ones whose
ncreased activity lasted for several hours (Volmer et al. 2007 , Prat
t al. 2009 ). Another impact of BoDV-1 on neuron physiology, as
ho wn follo wing infection of primary rat neurons, is the increase
f the proportion of DNA double-strand breaks, which serve as
 docking platform for the virus replication organelle, resulting
n impair ed neur onal firing (Marty et al. 2021 ). The liter atur e pr o-
ides discordant results concerning BoDV-1 cytopathicity and per-
istence in neural cells (Ovanesov et al. 2008a ,b , Brnic et al. 2012 ,
ungbäck et al. 2025 ). As a matter of fact, BoDV-1 pathogenesis
articularly highlights the discrepancies that can exist between

n vivo and ex vivo infection, but also the utility of the neural cul-
ur es to inv estigate contr adictory observ ations. BoDV-1 is non-
ytopathic and non-cytolytic in cultured rat neurons; ho w ever,
n infected newborn animals, neuronal death is observed (Weis-
enböck et al. 2000 , Hans et al. 2004 ). In addition, infection of adult
 ats is c har acterized by str ong neur otr opism associated with neu-
onal destruction and leads to se v er e meningoencephalitis, as ob-
erved for human infection (Jungbäck et al. 2025 ). Neural cultures
ho w ed that neuronal death actually occurs during differentia-
ion as a result of viral interference on pathways important for
eur onal matur ation (Brnic et al. 2012 ). On the other hand, BoDV-
 can also persist in the brain of animals without impairing neu-
ons (Lipkin et al. 2011 , Nobach et al. 2015 ). Microglia activation
as also been proposed as a mechanism responsible for neuronal
eath in neonatal infection (Ovanesov et al. 2008a ,b ). 

Mor e specificall y, sole expr ession of BoDV-1 phosphoprotein in
uman neur al pr ogenitor cultur es inhibited neur ogenesis, a phe-
otype correlated with decreased expression of genes involved in
eur onal differ entiation (Scordel et al. 2015 ). In-de pth stud y of
on-cytolytic BoDV-1 persistence revealed that it depends on the
xpression of the viral non-structural protein X, which localizes
n the nucleus and in mitochondria and inhibits the induction of
poptosis in neurons (Poenisch et al. 2009 ). This led to investigat-
ng the promising therapeutic potential of BoDV-1 X as a neuro-
r otectiv e pr otein in the context of neur odegener ativ e patholo-
ies. Indeed, using micr ofluidic cultur es of primary neur ons, the
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Figure 1. Ov ervie w of the different CNS models used to address questions related to neuroinvasive and neurotropic viruses. Created in BioRender.com. 
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protein w as sho wn to pr otect neur ons a gainst neur ogener ativ e in- 
sults, notably by preventing axonal fragmentation and enhanc- 
ing mitochondrial filamentation. In rotenone-treated neurons, X 

conferr ed pr otection a gainst o xidati v e str ess (Szelec howski et al.
2014 ). Engineering a protein with improved mitochondrial local- 
zation led to increased neuroprotection (Ferré et al. 2016 ). Fur-
her, expression in primary motor neurons from a murine model
f amyotr ophic later al scler osis, c har acterized by mitoc hondrial
ysfunction leading notably to decreased ATP production,of the 
omain of X responsible for its neuroprotective effects, restored 
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Figure 2. Timeline summarizing milestones in the implementation of neural ex vivo models in virology research. Created in BioRender.com. 
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TP le v els. Like wise, in vivo tr eatment of this m urine model with
 or domain thereof delayed symptoms onset and improved dis-
ase pr ogr ession, with notabl y impr ov ed motor performance and
otor neuron survival (Tournezy et al. 2024 ). 

rthoherpesviridae : CMV , HTLV -1, and HSV -1 

y contrast, human CMV (HCMV) impairs neuronal differentiation
nd is cytopathic to precursor cells, as demonstrated with neuro-
pher e cultur es fr om human fetus br ains, but also to differ enti-
ted neurons and astrocytes (van Den Pol et al. 1999 , Odeberg et
l. 2006 ). Similarly, HIV infection of human neurospheres revealed
hat their differentiation ability was not impaired but ne wl y gen-
r ated neur ons sho w ed signs of injury and decr eased expr ession
f neuronal markers (McCarthy et al. 2006 ). In the same family,
uman T-l ymphotr opic virus 1 (HTL V -1) can infect the CNS and
ause neuroinflammation and highly rare cases of encephalitis,
lthough the consequences of HTL V -1 neuroinfection may be un-
erestimated (Costa et al. 2012 , Rocamonde et al. 2023a ,b ). Little

s known about the neur otr opism of HTL V -1, and it was r ecentl y
hown to primarily target neurons in human iPSCs-derived neu-
 al pol ycultur es and in the br ain of primates natur all y infected
Rocamonde et al. 2023a ). CNS infection by HSV-1, the most com-

on cause of encephalitis, was also modeled using human iPSCs-
eriv ed neur ons . T his system was used for demonstrating their
usceptibility to infection by this virus that can enter a quiescent
tate in these cultures but not in progenitor cells, for comparing
he changes in gene expression, cellular functions, and epigenetic

arks between acute , quiescent/lytic , and latent infection of neu-
ons, and for comparing antiviral drugs (D’Aiuto et al. 2015 , 2019 ).

habdoviridae : RABV 

n the contrary, RABV is a w ell-kno wn zoonotic agent causing a
ell-documented encephalitis, and ex vivo studies using stem cell-
erived human forebrain-type neuron/astrocyte cultures, com-
ined with micr ofluidics, demonstr ated induction of inflamma-
ory cytokines, absence of neuronal death, and axonal tr affic k-
ng of the virus in the neuronal network upon infection (Sun-
aramoorthy et al. 2020a ). Infection of murine primary neurons
 e v ealed a selective viral-induced axonal and dendritic degenera-
ion that hinders virus spread between connected neurons (Sun-
aramoorthy et al. 2020b ). 
aramyxoviridae : MeV and NiV 

rimary neural cultures have been widely used to study important
spects of MeV, a par amyxovirus causing r ar e but serious acute or
ela yed encephalitis , with r espect to its neur oinv asiv e pr operties,
speciall y interneur onal and intr aneur onal dissemination (Young
nd Rall 2009 ). Using primary cultures of embryonic hippocampal
eur ons, MeV (v accine str ain) cell-to-cell spr ead w as sho wn to be
ece ptor-inde pendent and to require direct cell-cell contact but
ot syncytia formation, as reported in the brain of patients with
eV encephalitis. In patient br ains, lar ge syncytia ar e not com-
onl y observ ed compar ed with what is seen for non-neuronal

ells, leading to the hypothesis of a tr ans-syna ptic tr ansmission
Lawrence et al. 2000 ). Infection of similar hippocampal neuron
ultur es r e v ealed that the w ell-kno wn antivir al pr otein Tetherin
ur prisingl y pr omotes MeV neur onal infection (Miller et al. 2021 ).
n pur e cultur es of neur ons and cocultur es of m urine neur ons and
stroc ytes, it w as sho wn that MeV seemed unable to infect as-
r ocytes dir ectl y, but that neur on-astr oc yte contact w as needed.
n astr ocytes, MeV can r eplicate and disseminate without forma-
ion of syncytia and production of infectious units, which may
e related to their natural ability to self-organize in syncytial-
ike networks . Moreo ver, neuron-neuron and astroc yte-astroc yte
pread was independent of a high affinity receptor and required
ell membrane fusion, contrary to neuron-astrocyte spread that
ay r el y on the release of infectious units in the synaptic cleft

Poelaert et al. 2021 ). Note, ho w e v er, that MeV r emains a primate-
estricted virus, because outbreaks in both human and non-
uman primates are reported (MacArthur et al. 1979 , Choi et
l. 1999 , Dogadov et al. 2023 ), which may lead to some varia-
ion in the infection behavior between species used to model
nfection. 

T hese models , along with three-dimensional (3D) models to
ome extent, as described below, have been used and optimized
or studying neur otr opic/neur oinv asiv e viruses suc h as BoDV-1 or
eV, and further validated for emergent pathogens such as NiV or

ARS-CoV-2. For NiV, infection of primary human olfactory neu-
 ons r e v ealed efficient vir al r eplication and a cytopathic effect
Borise vic h et al. 2017 , Ozdener et al. 2023 ), arguing for the ex-
stence of an olfactory route for Henipavirus neur oinv asion, as al-
eady suggested in a hamster in vivo model (Munster et al. 2012 ).
his model r eca pitulates some k e y features of the human olfac-
ory epithelium, such as heterogeneity in olfactory cell popula-
ion, expression of olfactory receptors, and responses to odorant
ues (Borise vic h et al. 2017 , Ozdener et al. 2023 ). 
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Flaviviridae : TBEV and ZIKV 

In the Flaviviridae family, TBEV is well described to cause neurolog- 
ical pathology but little is known about the molecular interplays 
gov erning vir al tr opism and susceptibility of neur al cells. In this 
regard, infection of human neural progenitor-derived neuronal- 
glial cultures phenocopies natural human brain infection with 

pr edominant tr opism for neur ons inducing neur onal death, and 

astrogliosis . T he authors demonstrated that distinct susceptibil- 
ity in neurons and astrocytes was linked to differential antiviral 
ca pacities, with astr ocytes being able to upregulate more immune 
genes and mor e str ongl y than neurons (Fares et al. 2020 ). With 

respect to TBEV-induced neuronal death, transcriptomic analysis 
in the same model r e v ealed an upregulation of pyroptosis- and 

a poptosis-r elated genes upon infection (Fares et al. 2021 ). Simi- 
larly to BoDV-1, study of human primary neural progenitor cells 
infected with ZIKV indicated that neurogenesis and differentia- 
tion were stimulated upon infection, via notably the aberrant ac- 
tivation of the Notch pathway, inducing premature differentiation.
Progenitor cells were more permissive to the infection than cells 
differentiated into neurons and astrocytes, phenotypes driven by 
the mounting of a robust innate immune antiviral response in 

mor e differ entiated cells. Connecting these data to natur al pr eg- 
nancy infection, they may explain the dr astic negativ e impacts 
on fetal brain development (leading notably to microcephaly and 

other neurological disorders), via the targeting of neural progeni- 
tors and dysregulation of neurogenesis (Ferraris et al. 2019 ). 

Coronaviridae : SARS-CoV-2 

Regarding SARS-CoV-2, there were conflicting data on whether it 
commonl y tar gets the br ain befor e the Omicr on v ariant, espe- 
cially because most of them come from post-mortem analysis 
that are a picture of the infection endpoint and resulting dam- 
a ges, whic h do not necessarily reflect the previous stages of the 
infection (Matschke et al. 2020 , Ferren et al. 2021 , Meinhardt et al.
2021 , Solomon 2021 , Song et al. 2021 , Bauer et al. 2022 , Beckman 

et al. 2022 , Stein et al. 2022 ). Be that as it may, SARS-CoV-2-related 

CNS complications and (r ar e) cases of encephalitis exist (Vander- 
vorst et al. 2020 , Valencia Sanchez et al. 2021 ). Investigation of 
SARS-CoV-2 neurovirulence in primary murine neurons and hu- 
man ESC-derived cortical neuron cultures revealed neuronal fu- 
sion induced by infection that resulted in impaired synaptic ac- 
tivity (Martínez-Mármol et al. 2023 ). 

Drawbacks of the model 
Despite the simplicity to obtain and to use them to investigate 
important aspects of virus biology, the r epr esentativ eness of neu- 
r al cultur es r egarding CNS physiology is debatable (Table 1 ). As a 
cell culture technique, neural cells are k e pt out of their tissue and 

organ context, meaning that initial 3D configuration and cellular 
inter actions ar e lost and r ecr eated in two dimensions. Mor eov er,
for cultures of a single cell type, neurons in particular, purity can 

be challenging because glial cells can proliferate at a high rate 
and ov er gr ow the cultur e (Altman 1963 , Lesslic h et al. 2022 ). In 

pol ycultur es , ha ving a r epr esentativ e r atio of the four main CNS 
cell types is also not trivial (Lesslich et al. 2022 ). For example, de- 
pending on the protocol used, embryonic cultures can typically 
yield 60%–95% neurons and 5%–40% astrocytes, or 40% neurons,
50% astrocytes, and 10% microglia, while adult cultures consist 
of 80% neurons, 10% oligodendrocytes, 5% microglia, and 5% as- 
trocytes (Gao et al. 2002 , Patel and Brewer 2003 , Brewer and Torri- 
celli 2007 , Gao 2012 , Goshi et al. 2020 ). Cell maturity (and resulting 
ability in terms of neuronal electrical activity or glial phagocyto- 
is for example), differ entiation, neur on myelination, formation 

nd abundance of synapses, etc., can also v ary gr eatl y between
he vast number of available protocols. Animal cultures usually 
 equir e waiting ∼2 weeks before using them for infection stud-
es, and astrocytes seem to show an activ ation pr ofile that may
mpede infection success and bias observations (Thomson et al.
008 , Kleinsimlinghaus et al. 2013 , Gilmour et al. 2019 ). iPSCs have
r ov en their potential for the generation of r ele v ant neur al cul-
ur es, especiall y for ov ercoming the difficulty to have access to
rimary human neural cells and for obtaining cultures of high
uality and purity, but are still an expensive and time-consuming
ethod. They can virtually generate all cell types of the CNS and

hus have been used to produce pure and defined mixed neural
ultur es (Guttik onda et al. 2021 , Sato et al. 2021 , Barak et al. 2022 ).
eur al cultur es also usuall y lac k blood–br ain barrier (BBB, en-
ompassing endothelial cells and pericytes) and v asculatur e mor e
r oadl y speaking, c hor oid plexuses, and imm une system, whic h
re important elements in the neuropathogenesis of neuroviru- 
ent and encephalitogenic viruses. 

D microphysiological models: towards 

omplex brain organoids 

nother application of iPSCs is the generation of brain organoids,
hic h ar e self-assembled micr ophysiological 3D cultur e systems

omposed of neuronal and glial cells r eca pitulating aspects of
he brain (Lancaster et al. 2013 , Lancaster and Knoblich 2014 ,
arr er as et al. 2023 , Birtele et al. 2025 ). They can be obtained
rom human and animal cells, which is adv anta geous for studying
oonotic neur otr opic viruses fr om differ ent host species (P ain et
l. 2021 , Kim et al. 2025 ). Unguided pr otocols spontaneousl y pr o-
uce organoids, giving rise to heterogeneous structures. Alterna- 
iv el y, guided pr otocols use specific patterning and growth factors
o generate more organized organoids that are re presentati ve of
 given brain region (e .g . cortex, hippocampus , or midbrain) (Fan
t al. 2022 , Barr er as et al. 2023 ). Their use for stud ying ence phali-
ogenic viruses is lar gel y less widespr ead than that of neural cul-
ures, although they allow to address questions related to neu-
 al permissiv eness, vir al neur otr opism, vir al spr ead, cytopathic ef-
ects, impacts on organoid gene expression, organization, size and 

nnate immune response upon infection, and drug testing (Depla 
t al. 2022 , Barr er as et al. 2023 ). Their major interest is the pos-
ibility to genetically modify iPSCs to study gene mutations and
heir impact on viral infection in a complex cellular model. In ad-
ition, they can be derived from somatic cells easily accessible
rom patients (Beghini et al. 2024 ). 

laviviridae : ZIKV and DENV 

er ebr al or ganoids hav e been notabl y used to study ZIKV-induced
icr ocephal y, and sho w ed r educed size of or ganoids, disor ganiza-

ion with less ventricles and loss of progenitor cells upon infection
Garcez et al. 2016 , Qian et al. 2016 , Antonucci and Gehrke 2019 ).
n the study of Garcez et al ., organoid growth impairment was spe-
ific to ZIKV because infection with DENV2 (16681 strain), another
losel y r elated Fla vivirus , did not impact organoid size (Garcez
t al. 2016 ). In particular, ZIKV and DENV show major patholog-
cal differences in human brain organoids, with ZIKV infection 

nducing apoptosis and defects of growth and folding in cortical
rganoids, while DENV infection does not (Li et al. 2017b ). ZIKV
r efer entiall y infects neural progenitor cells, consistent with de-
 elopmental defects r eported when infections occur during preg-
anc y (Gar cez et al. 2016 , Tang et al. 2016 ). The AXL protein has
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Table 1. Adv anta ges and limitations of the main neural models used to study neur oinv asiv e and neur otr opic viruses. 

Neural cultures Brain organoids Organotypic brain cultures 

Adv anta ges Easy; quick; inexpensive; long-term 

cultur e; r ather well c har acterized 
3R compliance; 3D cultures; 

patient-specific; starting material 
easy to obtain e v en fr om humans; 
better reflects in vivo cell identity; 
model of any brain region; more 

pr edictiv e than cell cultures 

3R compliance; 3D cultures in its 
original tissue configuration; all 
cell types; easy to obtain; easy to 

infect and analyze; more predictive 
than cell cultures 

Limitations Cells out of their physiological 
context; difference between young 
and old animal; access to human 

cells difficult; potential lack of cell 
types; lack of vascularization, 

immune system, and blood–brain 
barrier; low r epr esentativ eness of 
physiological neural populations; 

heterogeneity in protocols 

Expensive; long and not easy to 
obtain; high variability; usually 
lac k micr oglia, v ascularization, 

immune system, and blood–brain 
barrier; infection and analysis 

some what tric ky; necr osis in the 
center; heterogeneity in protocols; 
imperfect replication of the precise 

brain cellular composition, 
div ersity, and structur al 

or ganization br ain 

Difference between young and old 
animal; access to human 

organ/sample difficult; lack of 
v ascularization, imm une system, 

and blood–brain barrier; 
slicing-induced astrogliosis; 

possible pr olifer ation of glial cells; 
hard to standardize human slices 
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een proposed to be a receptor for ZIKV in the brain. Ho w ever, ge-
etic ablation of AXL by TALENs and CRISPR genome editing tech-
ology in iPSCs, then differentiated into neural progenitor cells or
r ain or ganoids, did not pr e v ent infection and death of the cells

Wells et al. 2016 ). This work was further supported by cell cul-
ure studies showing that AXL mediates ZIKV entry into human
str ocytes and micr oglia but not neur al pr ogenitors, and in vivo
noc k out studies (Retallac k et al. 2016 , Meertens et al. 2017 , Li et
l. 2017a ). The authors suggested that the virus uses another re-
eptor to enter into the less differentiated cells. By contrast, DENV,
or which AXL is also an entry factor, is dependent on this protein
o infect micr oglia, astr ocytes, and neur al pr ogenitors (Meertens
t al. 2012 , 2017 ). 

rthoherpesviridae : HSV-1 and CMV 

n the case of HSV-1 encephalitis, the genetic determinants in pa-
ients r emain poorl y documented. Data indicating that heter ozy-
ous mutations in the SNORA31 gene found in patients could be
ausative of HSV-1 encephalitis were further confirmed using ge-
eticall y engineer ed human iPSCs-deriv ed cortical neur ons and
ligodendrocytes. Indeed, CRISPR-mediated deletion of SNORA31
akes these neurons susceptible to HSV-1, similarly to neurons

eriv ed fr om iPSCs of patients with SNORA31 m utations (Lafaille
t al. 2019 ). These studies highlight the r ele v ance of genetic ma-
ipulation of iPSCs and deriv ed or ganoids to decipher k e y mech-
nisms of neuroinfection. 

HSV-1 also causes micr ocephal y. Compar ed with ZIKV, HSV-1
mpair ed or ganoid size as well, and e v en caused their disintegr a-
ion at a higher dose. Ho w e v er , HSV -1 and ZIKV infections induced
iffer ent tr anscriptional r esponses. Additionall y, while interfer on

IFN) beta tr eatment r escued ZIKV-induced or ganoid alter ations, it
as not efficient against HSV-1 (Krenn et al. 2021 ). Distinct patho-

ogical features of HSV-1 were highlighted in brain organoids com-
ar ed with 2D neur al cultur es, with acute and latency-like in-
ections observed in both cases . T he r eactiv ation w as, ho w e v er,
ess efficient for HSV-1 in organoids, as seen in the CNS of an-
mal models where HSV-1 reactivation is inefficient. HSV-1 was
 eported to spr ead fr om the or ganoid periphery to its inner lay-
rs (D’Aiuto et al. 2019 ). Modeling HSV-1 encephalitis in human
r ain or ganoids demonstr ated virus-induced alter ation of tissue

ntegrity, neuronal functions, and tr anscriptome. Although highl y
 educing vir al load, acyclovir used as antivir al tr eatment did not
r e v ent vir al dama ge and induction of neur oinflammation, but
nly did in combination with anti-inflammatory drugs, offering a
otential ther a peutic str ategy aiming at stopping vir al r eplication
nd tuning inflammatory response to mitigate subsequent brain
njury (Rybak-Wolf et al. 2023 ). 

Three studies thoroughly examined the impact of HCMV infec-
ion on brain organoids (Brown et al. 2019 , Sison et al. 2019 , Sun
t al. 2020 ). HCMV was able to spread in cortical organoids and
mpair ed their structur al or ganization (suc h as neur al r osettes
ormation) and the further generation of differentiated neurons
Brown et al. 2019 , Sison et al. 2019 ). Similar observ ations wer e

ade by Sun and colleagues, who reported reduced organoid
rowth upon infection and alteration in the formation of corti-
al la yers . Incubation of the virus with neutralizing antibodies re-
tored the defects caused by infection in these settings (Sun et al.
020 ). 

oronaviridae : SARS-CoV-2 

s expected, numerous studies used human brain organoids to
ssess SARS-CoV-2 neur otr opism and neuro virulence , with some-
imes discr epant r esults that may be tied to differ ences in m ul-
iplicity of infection used, type of protocol for organoid produc-
ion, cellular composition, and age of the organoids, etc. (Oster-

ann and Schaal 2023 ). They demonstrated neurons permissive-
ess under these conditions and sho w ed pr oductiv e infection of
eur ons to differ ent extents, and syncytia formation upon cell-
ell fusion as observed in neural cultures. Evidence of neuronal
eath and perturbations of synaptic functions were associated
ith the infection, indicating a potential dir ect vir al involv ement

n CNS manifestations for some authors (Bullen et al. 2020 , Ra-
ani et al. 2020 , Zhang et al. 2020 , Song et al. 2021 , Partiot et

l. 2024b ). SARS-CoV-2 infection of brain organoids aberrantly re-
rr anges syna pse mor phology with enlar gement of pr esyna ptic
tructur es and incr ease of their number as r e v ealed by anal ysis
f the pr esyna ptic marker Bassoon, and perturbs electrical ac-
ivity, as shown by monitoring local field potentials of organoids
ultur ed on micr oelectr ode arr a ys . Mec hanisticall y, infection in-
uces an upregulation of synaptic proteins expression, the most
v er expr essed being Latr ophilin-3 (LPHN3), a pr otein involv ed in
ynapse formation and maintenance. Interestingly, this protein
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and its receptor are also upregulated in the brain of COVID-19 
cases. Swelling of synapses was dependent on LPHN3, as it could 

be r e v erted by pharmacological treatment with an agonist pep- 
tide of this pr otein. Tr eatment also r e v erted the alter ed electrical 
activity of infected organoids . T his study also suggested a k e y role 
of microglia in synaptic pruning in this context, because adding 
monocytes to the cer ebr al or ganoids r e v erted the enlar gement of 
syna pses (P artiot et al. 2024b ). The r ele v ance of these findings 
with respect to natural CNS infection and COVID-19 neurologi- 
cal symptoms should be further addr essed. Indeed, e v en if LPHN3 
deficiency has been associated with defective electrical activity 
in mouse (Sando and Südhof 2021 ), ther e ar e no av ailable data 
involving this protein in viral infections to date. Similarl y, r epli- 
cation of SARS-CoV-2 in human iPSC-derived brain organoids in- 
duces death of cortical neurons and loss of synapses (Mesci et al.
2022 ). 

Such a model of infection should be car efull y used to address 
specific questions and does not allow e v aluating whether the 
virus can actually reach and enter the brain or the CNS more glob- 
all y. A c hor oid plexus or ganoid model sho w ed that c hor oid plexus 
cells wer e mor e permissiv e to SARS-CoV-2 than neurons and 

that infection impaired the integrity and function of the blood–
cer ebr ospinal fluid barrier (Pellegrini et al. 2020 ). Neur on-neur on 

and neuron-glia fusion, and subsequent formation of syncytia via 
the fusion of neurites (and mor e mar ginall y soma), wer e r eported 

in SARS-CoV-2-infected brain organoids (Martínez-Mármol et al. 
2023 ). 

Paramyxoviridae : MeV , NiV , and HeV 

P ar amyxoviruses gather important neurovirulent and en- 
cephalitic viruses, including highly lethal zoonotic pathogens 
with pandemic potential such as HeV and NiV; ho w e v er, onl y 
a few studies using brain organoids to deal with this family of 
viruses have been conducted to date. Infection of human brain 

organoids with MeV highlighted the crucial role of the viral 
fusion protein in neural dissemination. Notably, single mutations 
destabilizing the fusion protein, identified in patients with MeV 

encephalitis, r ender ed the virus highly efficient to infect and 

spr ead in or ganoids. A fusion inhibitory peptide was shown to 
pr e v ent vir al spr eading (Mathieu et al. 2021 ). To date, no study 
using br ain or ganoids for examining emer ging HeV and NiV has 
been published, despite these viruses being highly neuroinvasive 
and encephalitic to animals and humans. 

Retroviridae : HIV-1 

An elegant model of coculture between microglia and human 

br ain or ganoids was used to inv estigate HIV-1 neur opathogenesis 
(Dos Reis et al. 2020 ). HIV-1 may cause encephalitis and targets 
microglia and other glial cells in the CNS, while leaving neurons 
uninfected (Masliah et al. 1992 , Kaul and Lipton 2006 ). Microglia 
infected with HIV-1 were added to human brain organoids and 

w ere sho wn to attac h, infiltr ate, support pr oductiv e infection, and 

produce inflammatory cytokines in the organoids, consistent with 

the neuroinflammatory environment seen in vivo . This resulted in 

neuronal loss and astrocytosis (Dos Reis et al. 2020 ). Another re- 
port using microglia-containing human brain organoids indicated 

that micr oglia wer e the onl y tar get cells in this model, and that 
they supported pr oductiv e infection (Gumbs et al. 2022 ). This was 
further demonstrated in a recent model of cerebral organoids, in 

which hematopoietic progenitors are cocultured with human iP- 
SCs and differentiated into microglia during organoid formation, 
ener ating or ganoids with a physiologicall y r ele v ant percenta ge
f microglia of ∼7% (Narasipura et al. 2025 ). 

icornaviridae : EV -A71, EV -D68, and PeV 

icornaviridae include notable neur otr opic and encephalitic 
iruses, especially EV-A71, EV-D68, and par ec hoviruses (PeV) 
Huang and Shih 2015 , Leber et al. 2016 , Wiley 2020 , Wang et al.
023 , Liu and Long 2025 ). EV-A71 primaril y r eplicates in the gut,
ut can invade the CNS via different means, by using retrograde
xonal and tr ans-syna ptic tr ansport, and cr ossing the BBB via
he infection of immune cells. It can infect peripheral nerves
uch as enteric and cranial nerves, and motor neurons at neu-
 om uscular junctions (Tan et al. 2014 , Lim et al. 2021 , Wang et
l. 2023 , Gaume et al. 2024 ). Ex vivo neural models are somewhat
nderused to explore EV-A71 neur opathology. Tr opism for motor 
eur ons was notabl y demonstr ated in human ESC-derived hu-
an spinal neurons (consisting of mixed cell populations, namely 
otor neur ons, interneur ons, and neur al pr ogenitor cells) and

pinal cord organoids, in which neural progenitors and neurons 
ere found infected (Chooi et al. 2024 ). Using both 2D and 3D
odels of neural, intestinal, and respiratory tissues, Tseligka 

nd collea gues inv estigated intr a-host ada ptation by studying a
ariant of EV-A71 bearing a substitution in the VP1 capsid protein
Tseligka et al. 2018 ), acquired in an immunocompromised pa-
ient. Inter estingl y, this substitution was absent in the r espir atory
r act, but the v ariant was pr esent in a mixed population in the
ut. By contrast, it was present as a dominant population in the
lood and cer ebr ospinal fluid, and was shown to be adv anta geous
or the infection of a neural cell line, suggesting this substitution
r omotes neur otr opism and enables neur oinv asion (Cordey et
l. 2012 ). Mec hanisticall y, the substitution seems to confer the
irus the ability to bind heparan sulfates. Ho w e v er, instead of
ctually favoring neurotropism specifically, it rather seems to 
mpr ov e ov er all dissemination and subsequent r eac hing of the
NS (Tseligka et al. 2018 ). 

In the case of EV-D68, the role of heparan sulfates in promot-
ng virulence and neur otr opism was also tackled in iPSCs-derived
r ain or ganoid. Because hepar an sulfates ar e br oadl y expr essed in
uman tissues (and also expressed in this organoid model), muta-
ions conferring the ability to bind heparan sulfates were hypoth-
sized to expand EV-D68 tropism (i.e . confer neurotropism). Inter- 
stingl y, hepar an sulfates-binding v ariants did not hav e an y ben-
fits, as all non-binding and binding variants could infect neural
ells of human cer ebr al or ganoids (Sridhar et al. 2022 ), suggesting
hat gaining this ability is not or is mar ginall y involv ed in the ac-
uisition of neur otr opism. Br ain or ganoids wer e also used to com-
are a neuroinvasive and the prototypic non-neuroinvasive strain.
hey sho w ed higher permissiveness to the former, as seen in vivo
nd as opposed to what is observed in the SH-SY5Y neuroblas-
oma cell line where both viruses replicate (Vazquez et al. 2023 ),
ighlighting the r ele v ance of or ganoid models. Neur opathogenic
apacity of different EV-D68 strains was effectively modeled in 

or ebr ain or ganoids with r egard to cellular innate r esponses, tak-
ng adv anta ge of cultur es at differ ent de v elopmental sta ges. In
ess mature organoids (shorter culture period), neural stem cells,
hich had functional antiviral innate responses, w ere sho wn to
asall y expr ess IFN-stim ulated genes, priming them to r espond to
he infection. Accordingly, while both neuropathogenic and non- 
eur opathogenic str ains could efficientl y infect late or ganoids

and SH-SY5Y cells), only the neuropathogenic strain could repli- 
ate pr oductiv el y in earl y or ganoids, suggesting a higher per-
issiveness of late organoids. In addition, neuropathogenic EV- 
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68 counter acts IFN r esponses , hampering innate induction. T his
tudy further sho w ed that the entry of both strains depends in
art on sialic acid expressed in cer ebr al or ganoids (Vazquez et al.
024 ). Similar findings concerning the antiviral immunity of pro-
enitor cells were made with LACV in early forebrain organoids
eriv ed fr om human iPSCs, in whic h type I IFN-mediated innate
ignaling was induced within uninfected neur al pr ogenitors and
imited viral spread and replication. Further, the virus antago-
ized this response via its specialized protein NSs (Negatu et al.
025 ). 

Ho w e v er, ther e ar e contr adictory r esults concerning induction
f and response to IFN in neural stem/progenitor cells and neu-
ons at different maturation states, which may be linked to the dif-
er ent models, pr otocols, and viruses used, the origin of the model
human, wild-type [WT] or transgenic animal), or the type of neu-
onal populations studied (Farmer et al. 2013 , Fantetti et al. 2016 ,
erren et al. 2019 , Lin et al. 2019 , Winkler et al. 2019 , Telikani et
l. 2022 , Carvajal Ibañez et al. 2023 , Ferren et al. 2023 , Vazquez et
l. 2024 , Negatu et al. 2025 ). Typically, while some reports indicate
n association of neuronal maturation with increased susceptibil-
ty to LACV-induced apoptosis mediated by r educed IFN r esponse,
r a protection of neural stem/progenitor cells from MeV infec-
ion by IFN gamma (Fantetti et al. 2016 , Winkler et al. 2019 ), other
ata show that human neur onal differ entiation induces the up-
egulation of type I IFN pathway and increase of functional IFN
esponse, and suggest that immature neurons and progenitors
r e mor e susceptible to alphaviruses infection, or that adult/more
iffer entiated neur ons become non-permissiv e to infection in the
ase of MeV for example (Dhondt et al. 2013 , Farmer et al. 2013 ,
err en et al. 2019 , Welsc h et al. 2019 , Ferr en et al. 2023 ). This as-
ect ther efor e warr ants mor e pr ecise c har acterization and use of
ertinent systems with respect to human neuropathology. 

EV-D68 tr opism r emains elusiv e during human infection; how-
 v er, in vivo and in vitro studies indicate that it targets spinal
ord motor neur ons, cortical neur ons, and astr ocytes (Br own et
l. 2018 , Poelaert et al. 2023 ). By infecting iPSCs-derived spinal
ord organoids containing spinal motor neurons , interneurons ,
nd glial cells, it was shown that historic strains of EV-D68 were
nable to r eplicate, contr ary to contemporary neuropathogenic
tr ains, e v en infecting deep inside the organoids, with the extra-
ellular release of progeny virions but absence of obvious cyto-
athic effects (Aguglia et al. 2023 ). 

In the same family, certain PeV such as PeV-A3 can cause
NS disease, while others do not, such as PeV-A1. In human
r ain or ganoids, both viruses ar e able to infect and r eplicate

n astrocytes and neurons (Capendale et al. 2024 ). Ho w ever,
 eV-A1 infection w as more efficient than that of P eV-A3, con-
rary to observations made in neuroblastoma cell line (Wester-
uis et al. 2012 , Capendale et al. 2024 ). The major difference
etween neuropathogenic and non-neuropathogenic P eV w as a
tr ongl y incr eased inflammatory r esponse upon PeV-A3 infec-
ion of or ganoids, corr elating clinical data, suggesting that neu-
opathology is mediated by neuroinflammation induction, rather
han vir al r eplication itself (Koyuncu et al. 2013 , Ca pendale et al.
024 ). 

atonaviridae : RuV 

s a last example, rubella virus (RuV) infection during pregnancy
an result in neurological pathology, but the viral tropism and
echanisms of pathogenesis in the CNS are still poorly defined.

o address these questions, brain organoids were used to model
he early developing brain and engrafted with fetal primary hu-
an microglia. This model highlighted the strong viral tropism
o w ar ds micr oglia, r e v ealed by ca psid staining in these cells, but
ot in other neural cells (P opo v a et al. 2023 ), similarl y to HIV-1 and
IKV congenital infection, but opposite to other pathogens such
s HSV or HCMV (Roc k et al. 2004 , Retallac k et al. 2016 , Lum et al.
017 ). Microglia infection w as sho wn to require diffusible factors
r om non-micr oglial cells in order to occur, and infection ov er all
mpacted the expression of genes involved in cer ebr al de v elop-

ent (P opo va et al. 2023 ). 

rawbacks of the model 
ne of the reported limitations of most brain organoid mod-
ls is the lack of the resident macrophages of the CNS, mi-
roglia, because the y deri ve from the mesoderm, contrary to the
ther neural cells originating from the neuroectodermal lineage
Barr er as et al. 2023 ). Ho w e v er, pr otocols to pr oduce micr oglia-
ontaining br ain or ganoids ar e being de v eloped by adding im-
ortalized/primary microglia or macrophage progenitor to pre-

iousl y gener ated or ganoids (Abr eu et al. 2018 , Dos Reis et al.
020 , Xu et al. 2021 ). Besides, it was actually reported that cells
ith typical features of microglia (morphology, phenotype, func-

ions) can intrinsically develop in human brain organoids, dis-
roving the consensus to date (Ormel et al. 2018 , Gumbs et al.
022 ). In the first organoid models, the presence of oligodendro-
 ytes w as also someho w lac king, but pr otocols to induce oligoden-
rogenesis and myelination in brain organoids were reported in
 ecent years (Madhav an et al. 2018 , Shaker et al. 2021 ). Just like
eur al cultur es, most or ganoids lac k internal v asculatur e, BBB,
 hor oid plexus, and immune system. In addition, organoids re-
emble more a embryonic brain structure than that of an adult,
nd the protocols for organoid generation are quite heteroge-
eous, which can make comparisons difficult between studies.
he technique is still not standardized and homogenous between

abs and its variability is thus relatively high. In most cases, size
nd shape of the organoids are not controlled parameters, al-
hough size- and sha pe-contr olled or ganoids ar e being de v eloped
Pamies et al. 2017 ). Size is a critical factor, because as they mature
nd grow until reaching a certain limit, necrosis in the inner core
f the organoids occurs as a result of limited diffusion and subse-
uent depletion of oxygen and nutrients . T his leads to additional
ariability that can still be compensated by increasing the num-
er of samples per condition (Gr eben yuk and Ranga 2019 ). Fr om
 practical point of view, infection, treatment or analysis (such as
onitoring of vir al spr ead) of organoids can be somewhat tricky

ue to their 3D structure (Table 1 ). 

 window into the brain: organotypic brain 

ultures 

e v eloped se v er al decades a go (Humpel 2015 ), or ganotypic br ain
ultures (OBCs) are an even more complex and physiological
odel, inasm uc h as they r epr esent an open window dir ectl y on

he brain. They are less used than primary neural cultures be-
ause of the higher complexity to pr epar e them. Additionall y,
hey are less easy to implement but have shown their great value
or studying neur otr opic viruses in the last 20 years. Historically,
r ganotypic cultur e of nervous tissue was notably initiated in
962 with the work of Bousquet and Meunier on rat h ypoph ysis
r a gments (Bousquet and Meunier 1962 ), further to which two

ain methods were sequentially developed. The first one is the
 oller-tube tec hnique, wher e or ganotypic slices ar e cultur ed on
at-sided culture tubes under slow rotation with a low amount
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of medium, allowing regular alternation of feeding and aeration 

(Gähwiler 1981 , Gähwiler et al. 1997 ). Optimization of this tech- 
nique in the 1990s led to the membrane interface culture method,
where slices are k e pt on semipermeable membranes (Fig. 2 ) (Stop- 
pini et al. 1991 , Gähwiler et al. 1997 , Daviaud et al. 2013 ). 

OBCs consist of slices of brain substructures (cerebellum, hip- 
pocampus, brainstem, olfactory bulb, etc.) typicall y pr epar ed with 

a tissue chopper (in the open air) or a vibratome (in liquid 

medium). For the tissue chopper protocol, these cultures are then 

maintained on a semipor ous membr ane suc h as they r eside on 

an air–liquid interface, receiving nutrients from the medium un- 
derneath the membrane and oxygen from the upper side, or in 

liquid medium for the vibratome protocol (Humpel 2015 , Welsch 

et al. 2017 ). A standardized tissue chopper protocol for virology 
was notably established by our lab a few years ago (Welsch et 
al. 2017 ). OBCs have several notable advantages . T hey retain the 
original c ytoar c hitectur e and all the neur al cell types, and can be 
obtained fr om virtuall y an y animal model (r odents, ferr et, dog,
primate, etc.) or e v en humans (including post-mortem or from 

sur gical r esection). They ar e ethicall y pr efer able ov er in vivo ex- 
periments because se v er al slices fr om se v er al substructur es can 

be pr epar ed fr om one animal, ther eby enabling the testing of sev- 
eral conditions and reducing animal toll. In addition, euthanasia 
is quic k, ther eby r educing animal pain because no animal manip- 
ulation is r equir ed. 

Bornaviridae : BoDV-1 

These ex vivo cultures offer an unique opportunity to investigate 
earl y e v ents of CNS vir al infection. Examination of BoDV-1 patho- 
genesis in newborn rat hippocampal slice cultures revealed a se- 
lectiv e neur onal loss of dentate gr anule cells upon infection, as 
observed in vivo in infected ne wborn r ats, wher eas BoDV-1 is non- 
cytolytic in primary neuron cultures, indicating that these ex vivo 
cultur es ar e r ele v ant to model BoDV-1 neur opathogenesis (Mayer 
et al. 2005 ). OBCs can also be used to compar e differ ent substruc- 
tures in terms of their intrinsic response to infection and to fac- 
tors like cytokines in the absence of a circulating immune system.
For BoDV-1, murine organotypic cerebellar and hippocampal cul- 
tures supported viral proliferation with neurons being the main 

infection target, as shown by imm unofluor escence labeling. Ad- 
ditionall y, tr eatment with IFN gamma was fully efficient for in- 
hibiting BoDV-1 infection in cer ebellar slices, seemingl y by putting 
non-infected neural cells in an antiviral state and pr e v enting in- 
fection, contrary to hippocampal slices for which efficiency was 
lessened. This observation highlights a differential sensitivity to 
this cytokine depending on the brain region (Friedl et al. 2004 ). 

Orthoherpesviridae : HSV-1 and CMV 

OBCs are particularly suitable to study initial viral neurotropism,
both at the cellular and brain region scales, as was done for HSV- 
1 in neonate mouse and rat OBCs for example (Braun et al. 2006 ,
Cohen et al. 2011 ). HSV-1 neur otr opism was specifically oriented 

to w ar ds leptomeningeal, cortical, periventricular, and hippocam- 
pal areas, infecting meningeal, e pend ymal, and undifferentiated 

cells, but only a few differentiated astrocytes or neurons, paral- 
leling observations made in intracerebrally inoculated animals 
(Braun et al. 2006 ). Age of the animal at the time of slicing is an im- 
portant factor for infection susceptibility, as shown in this study 
where HSV-1 infection of adult OBCs was far less extensive than 

that of neonate animals (Braun et al. 2006 ), seemingly because of 
a different maturity state of the neural cells and cellular intrin- 
sic innate response. Similar observations were made with murine 
MV (MCMV) in murine OBCs (Kawasaki et al. 2002 , van den Pol
t al. 2002 ). Recently, human fetal OBC was developed to investi-
ate HSV infection in a more relevant system and demonstrated
 consistent cell tropism (to w ar ds astroc ytes and neurons) and
eur opathology compar ed with what is observ ed in the br ain of
eonatal and adult cases of HSV encephalitis, and notably virus-

nduced necroptosis (Young et al. 1965 , DeBiasi et al. 2002 , Wn ęk
t al. 2016 , Rashidi et al. 2024 ). Such findings should, ho w ever, be
r eated cautiousl y because fetal br ain tissues differ fr om neona-
al ones, in that they r epr esent distinct de v elopmental and thus

aturity stages . Con versely, this model would be relevant for viral
nfections occurring during pregnancy such as ZIKV infection. 

aramyxoviridae : MeV , NiV , and CDV 

 lar ge cor pus of data regarding Param yxovirus ence phalitis has
een gathered thanks to OBCs. In particular, the initial cellular
argets of MeV infection in human CNS r emained elusiv e, and
e v er al studies addressed this knowledge gap. MeV infection of
r ganotypic hippocampal cultur es fr om IFN signaling-deficient 
IFNAR 

KO ) mice expressing MeV receptor sho w ed increased viral
 eplication compar ed with imm unocompetent cultur es, and that
ll neural cell types were permissive to MeV infection in both set-
ings. Ho w e v er, astr ocytes and microglia became refractory to in-
ection over time in culture in immunocompetent slices, but not
n IFNAR 

KO slices . T his was concomitant to the de v elopment of
n astrogliosis phenomenon induced by the slicing procedure that 
epends on IFN signaling, pr esumabl y putting r esponder cells (as-
rocytes and microglia) in an antiviral state while leaving neurons
nd, to a lo w er extent, oligodendroc ytes permissive to the infec-
ion (Welsch et al. 2019 ). 

This model describing the role of IFN signaling in the control
f astrogliosis and of MeV CNS infection and early permissive-
ess of glial cells, and more generally, MeV initial neural tropism,
as been r ecentl y inv estigated further in hamster or ganotypic
er ebellar cultur es (Ferr en et al. 2023 ). Hamster is a mor e r ele-
ant model for MeV because hamster brain is naturally suscepti-
le to infection contrary to mouse, harboring a too strong type I
FN response as observed elsewhere for NiV (Dhondt et al. 2013 ).
his study notabl y demonstr ated that WT virus and a neur oinv a-
ive hyperfusogenic variant (bearing a single substitution found 

n MeV encephalitis patients in the fusion protein) were able to
nfect all CNS cell types . T he WT virus infected few cells in to-
al and sho w ed limited spr eading compar ed with the neur oinv a-
iv e v ariant. As observ ed in MeV encephalitis patients, the ini-
ial tropism of the neuroinvasive variant was strongly skewed to-
 ar ds neur ons. Strikingl y, stim ulation with type I IFN str ongl y

mpair ed astr ocytes and micr oglia permissiv eness to both WT
nd mutant viruses , lea ving neurons as almost the only infected
ells. Infection after 7 days of culture, that is, after the de v elop-
ent of IFN-dependent astrogliosis, led to the same observation 

Ferren et al. 2023 ). Incidentally, in murine OBCs this time, this
eV v ariant str ongl y induces IFN-stim ulated genes (Mathieu et

l. 2021 ). Inter estingl y, astr ogliosis is a feature of MeV encephalitis
nd astr ogliosis-r elated loss of permissiv eness of astr ocytes and
icroglia could thus explain why infection of these cells is bar el y

etectable in post-mortem patient samples (Allen et al. 1996 , Mc-
uaid and Cosby 2002 , Ferren et al. 2019 ). In this case, OBCs would
imic MeV encephalitis pr ogr ession fr om initial cellular targets

o terminally infected cells at disease outcome (early and late
r opism, r espectiv el y). 

MeV and CDV earl y tr opism and neur ovirulence wer e com-
ared in olfactory bulb, hippocampal and cortical organotypic cul- 
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ur es fr om natur all y susceptible hosts (non-human primate, dog,
nd ferret). This study sho w ed similar infection levels and ini-
ial tropism between these closely related viruses, with predom-
nant infection of microglia and neurons (Laksono et al. 2021 ).
n addition, the ability of exogenous T cells to migrate to and
lear neur otr opic viruses fr om infected neur on, and the r ole of
FN gamma in this non-cytol ytic vir al clear ance , ha ve been high-
ighted in MeV- and WNV-infected murine hippocampal cultures
Stubblefield Park et al. 2011 ). Addressing viral spread in the CNS
s particularl y r ele v ant in OBCs. In MeV-infected hippocampal cul-
ur es, vir al spr ead occurr ed unidir ectionall y, in a r etr ogr ade fash-
on. It seemed to be mainly cell-cell contact-dependent but inde-
endent of the release of infectious units, suggesting the involve-
ent of microfusion events at synaptic contacts (Ehrengruber et

l. 2002 ). 

laviviridae : ZIKV and WNV 

eur otr opism of arbo viruses , such as ZIKV and WNV, and ef-
ects of infection on CNS physiology, were also tackled in OBCs. In

urine OBCs of different embryonic developmental stages, ZIKV
as found to target preferentially neocortical proliferative and de-
 eloping midbr ain ar eas, and to impair neur onal migr ation. In-
riguingl y, a poptosis of uninfected cells was observ ed, potentiall y
imiting viral dissemination (Rosenfeld et al. 2017 ). Combined use
f cerebellar organotypic cultures and brain organoids revealed
hat ZIKV-infected monocytes had increased adhesion and trans-

igration ability and promoted infection and viral dissemination
ithin the neural cultures (Ayala-Nunez et al. 2019 ). 
Neur onal a poptosis is also a hallmark of WNV neuropathogen-

sis, and was suggested to be mediated by death receptor signaling
n infected neurons in murine OBCs. Signaling of death receptors,
ell surface receptors that are members of the tumor necrosis fac-
or receptors family and whose binding triggers apoptosis notably
ia the activation of caspases, is upregulated in WNV-infected
BCs, and inhibition of Caspase-8 minimizes virus-induced tis-
ue injury (Clarke et al. 2014 ). Neurons and astrocytes are found
nfected in this model, but not micr oglia, whic h instead appear

or e to pha gocyte debris fr om infected cells. As observ ed in MeV
tudies, data also point out the role of microglia and astrocyte ac-
iv ation upon WNV infection, whic h influences WNV pathogen-
sis (Clarke et al. 2014 , Stonedahl et al. 2022 ). Indeed, depletion
f microglia in OBCs promotes viral growth and cell death, sug-
esting a role in limiting WNV dissemination in the CNS likely via
hagocytosis of viral particles or infected neural cells (Stonedahl
t al. 2022 ). 

oronaviridae : SARS-CoV-2 

ey aspects of SARS-CoV-2 neuropathogenesis were effectively
odeled in OBCs, which turned out to be a choice model to

 a pidl y gather knowledge at the beginning of the pandemic about
his r a pidl y emer ged pathogen. It could infect and disseminate
n hamster brainstem and cerebellar organotypic cultures by tar-
eting mainl y gr anular and Golgi neur ons, and induce a poptotic,
ecr optotic, and pyr optotic signatur es (Ferr en et al. 2021 ), consis-
ent with in vivo data involving infection-induced brainstem neu-
opathology (Bulfamante et al. 2021 , Coleon et al. 2024 ). Other re-
orts mainly indicate infection of astrocytes, and limited or unde-
ectable infection of neurons in human cortical OBCs and hamster
er ebellar cultur es (Andr e ws et al. 2022 , Lamour eux et al. 2022 ).
uc h discr epancies could be tied to differ ences in cellular sub-
opulations between the OBCs used, in culture conditions, in viral
oses used for infection, in the method of infection or in the virus
 ariant used. Inter estingl y, data obtained in post-mortem human
BCs and neuronal cultures indicate that retention of SARS-CoV-2
articles in synapses is correlated with impairment of synaptic or-
anization and functions. Indeed, as observed in brain organoids,
nfection increases presynaptic contents and affects synapse or-
anization. Syna ptic dysfunction a ppears thus to be the r esult of
yna pse r eor ganization and tr ans-syna ptic accum ulation of vir al
articles leading to local hindr ance, whic h may contribute to neu-
ological disorders observed in patients (Partiot et al. 2024b ). 

etroviridae : HIV-1 

 model of human OBC from healthy surgical resection of adult
rain tissue was recently developed to study HIV-associated neu-
opathology, and was shown to be almost fully viable for up to
 weeks in culture as measured by cell dissociation and flow cy-
ometry. Using patient-matched T cells exposed to HIV-1 and co-
ultured with these human OBCs, mimicking the Trojan horse
ec hanism of neur oinv asion, this study demonstr ated efficient

nfection (of astrocytes and myeloid cells notabl y), whic h spr ead
n the slices without impairing viability. This model has great po-
ential to r ele v antl y inv estigate mec hanisms of HIV neur oinfec-
ion, and e v aluate antir etr ovir als and neur opr otectiv e tr eatments
Van Duyne et al. 2024 ). 

rawbacks of the model 
BCs are useful tools to establish proof-of-concept and for screen-

ng antiviral molecules, and have the advantage of being more pre-
ictive of the in vivo efficiency and toxicity of the tested drugs than
D cell cultures . T his w as sho wn, for instance, for MeV with fusion
nhibitory peptides and inhibitors of host factors needed for infec-
ion, for a tick-borne encephalitis virus with antiviral small inter-
ering RNA, or for SARS-CoV-2 and the ineffectiveness of remde-
i vir and hydro xychloroquine (Maffioli et al. 2012 , Welsch et al.
013 , 2017 , Blo y et et al. 2016 , Ferren et al. 2021 ). Ho w ever, like
r ganoids, OBCs lac k v ascular and circulating imm une systems.
s mentioned abo ve , development of astrogliosis over time ren-
ers OBCs less susceptible to infection, and similarly, the suscep-
ibility of OBCs from aged animals is generally decreased com-
ared with neonate or young animals (Humpel 2015 , Welsch et al.
017 , 2019 , Ferren et al. 2023 ). Instead of using OBCs before the on-
et of astrogliosis, it is also possible to culture them for ∼2 weeks
ntil astrogliosis has ceased before performing infection experi-
ents, ho w e v er, taking into account the tissue remodeling due to

he healing process (Humpel 2015 ) (Table 1 ). 

ontribution and relevance of ex vivo 

odels for the understanding of 
eur otr opic pa thogens 

s pr e viousl y mentioned, ex vivo systems ar e useful tools to ad-
ress basic questions relevant for all families of CNS-targeting
iruses, and allow pertinent mimicking of the in vivo context (Ta-
le 2 ). Common study questions typically include viral tropism
hat is r eadil y inv estigated in these systems, whic h allow the com-
arison of closely related viruses, as illustrated by the study of
DV and MeV, or ZIKV and DENV. They also allow to easily as-
ess the antiviral activity of candidate molecules . T hese are gen-
ral questions that can be tackled for e v ery virus, ho w e v er, oth-
rs are specific for some viral properties, for example, related to
cute infection, cytopathic effect, viral adaptation, or evolution
ithin the tissue. As a matter of fact, neural ex vivo models were
iffer entl y used depending on the virus families and orders. In-
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Table 2. Selected examples of k e y findings made in ex vivo neural models and their corresponding in vivo relevance with regard to 
neur oinv asiv e and neur otr opic viruses. 

Virus Key insights in ex vivo models Corresponding in vivo rele v ance References 

BoDV-1 

Neur al cultur es: neur onal loss due 
to viral interference with 

neurogenesis Neuronal death upon infection of 
neonatal animals 

Weissenböck et al. 2000 , Hans et al. 
2004 , Brnic et al. 2012 , Scordel et al. 

2015 

Or ganotypic cultur es: loss of 
hippocampal dentate granule cells 

upon infection 

Mayer et al. 2005 

Neur al cultur es: neur opr otectiv e 
role of the viral X protein, which 
inhibits apoptosis induction in 

neurons 

Neur opr otectiv e r ole of the vir al X 

protein in a mouse model of 
amyotr ophic later al scler osis 

Szelechowski et al. 2014 , Tournezy 
et al. 2024 

ZIKV 

Or ganoids: r eduction of or ganoid 
size, disorganization, apoptosis, 
and loss of neural progenitors 

induced by infection 

Br ain de v elopment defects and 
micr ocephal y upon fetal infection 

Garcez et al. 2016 , Qian et al. 2016 , 
Li et al. 2017b 

Neur al cultur es and or ganoids: 
AXL-independent viral entry into 
neur al pr ogenitors and neur ons 

Axl knoc k out in neonatal mouse 
does not pr e v ent br ain infection 

Wells et al. 2016 , Li et al. 2017a 

HSV-1 

Or ganoids: r eduction of or ganoid 
size induced by infection, 

destruction at high infection dose 

Br ain de v elopment defects and 
micr ocephal y upon fetal infection 

Krenn et al. 2021 

Or ganotypic cultur es: vir al tr opism 

tar geting neur ons and astr ocytes, 
and virus-induced necroptosis in 

fetal OBC 

Tropism oriented to w ar ds neurons 
and astrocytes, and induction of 

a poptosis/necr optosis in the brain 
of HSV encephalitis cases 

Young et al. 1965 , DeBiasi et al. 
2002 , Wn ęk et al. 2016 , Rashidi et 

al. 2024 

NiV 

Neur al cultur es: efficient vir al 
replication in primary olfactory 
neurons and cytopathic effect 

Neur oinv asion via the olfactory 
entry route in the hamster model 

Munster et al. 2012 , Borise vic h et 
al. 2017 , Ozdener et al. 2023 

Or ganotypic cultur es: high 
susceptibility of the c hor oid plexus 

in infected murine OBC 

High susceptibility of the cells of 
the ventricular system in ferrets 

and pigs 

Weingartl et al. 2005 , Clayton et al. 
2012 , Gellhorn Serra et al. 2024 

MeV 

Organoids and organotypic 
cultures: hyperfusogenicity and 
pr efer ential neur on tr opism of 
variants with mutated fusion 

protein, linked to IFN pressure and 
astrogliosis 

Neurovirulence of variants with 
mutated fusion protein in brain of 
patient with encephalitis, strong 

tropism for neurons, and 
occurrence of astrogliosis 

Allen et al. 1996 , McQuaid and 
Cosby 2002 , Ferren et al. 2019 ; 

Welsch et al. 2019 , Mathieu et al. 
2021 , Ferren et al. 2023 

SARS-CoV-2 

Organoids and organotypic 
cultur es: upr egulation of LPHN3 
and LPHN3-dependent aberrant 
enlargement of synapses upon 

infection 

Upregulation of LPHN3 and its 
receptor in the brain of COVID-19 

patients 

Partiot et al . 2024b 

Or ganotypic cultur es: vir al 
expr ession le v els upon infection 
comparable to that of naturally 
infected human brain samples, 

suggesting physiological replication 
le v els 

Viral RNAs detectable at relatively 
low le v els in the cortical tempor al 

lobe of patients who died of 
COVID-19 

Or ganotypic cultur es: pr oductiv e 
infection of the brainstem with 
pr efer ential tr opism for gr anule 
neurons in motor and sensory 

areas of the tissue 

Neur oinv asion via the v a gus nerv e, 
and brainstem productive infection 

c har acterized by 
neur odegener ativ e featur es tied to 

neurological disorders 

Bulfamante et al. 2021 , Ferren et al. 
2021 , de Melo et al. 2023 , Woo et al. 
2023 , Andersson and Tracey 2024 , 

Coleon et al. 2024 
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Table 2. Continued 

Virus Key insights in ex vivo models Corresponding in vivo rele v ance References 

HIV-1 

Or ganoids: pr oductiv e infection of 
microglia, leading to production of 

inflammatory cytokines and 
subsequent neuronal loss and 

astrocytosis 

Tropism oriented to w ar ds microglia 
and neurons left uninfected in 

encephalitis cases, 
neuroinflammation 

Masliah et al. 1992 , Kaul and Lipton 
2006 , Dos Reis et al. 2020 , Gumbs et 

al. 2022 , Nar asipur a et al. 2025 
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eed, for Rhabdoviruses and RABV in particular, whic h initiall y
nfects motor neurons at neuromuscular junctions, or HSV, for
hich infection starts from mucosal epithelium where the virus

nters the nervous system via axon termini of sensory neurons
Ludlow et al. 2016 ), these models have been pivotal to under-
tand r etr ogr ade axonal tr ansport of these pathogens and access
o the CNS. On the contr ary, v ery fe w studies hav e inv estigated,
or example, how P ar amyxoviruses spr ead within and between
eural cells and, notably, how their ribonucleoprotein complexes
r e tr ansported within these cells. On the contr ary, questions r e-
ated to the involvement of the paramyxoviral fusion machinery
the surface gl ycopr oteins allowing vir al entry into tar get cells) in
he neur al spr ead hav e been widel y addr essed ex vivo , leading to
he conclusion that mutations destabilizing the fusion machin-
ry facilitate viral spread in CNS tissues. For Bornaviruses, ex vivo
NS models wer e particularl y used to study the cytopathic effects
f these viruses and the role of their virulence factor. Concern-
ng the ex vivo study of Retroviruses and HIV in particular, the
mm unological featur es of the CNS infection are especially ex-
mined, with a focus on the interaction between the pathogen
nd microglia. Co-infection studies would also be of interest, be-
ause opportunistic pathogens can sometimes infect the CNS of
IDS patients . For instance , measles inclusion-bod y ence phalitis

s a type of encephalitis caused by MeV occurring in immunosup-
ressed patients because of HIV infection, notably. Nobody ad-
ressed the possible inter connexion betw een measles and HSV
r HTL V -1 in infected patients knowing that this virus can also
pread to the CNS and lead to encephalitis and HTL V -1-associated
yelopathy/tropical spastic paresis, an aggressive neurodegener-

tive disease (Rocamonde et al. 2023a ,b ). The main CNS-targeting
athogen in AIDS patients was HCMV before the democratization
f antir etr ovir al ther a p y (Ludlo w et al. 2016 ). 

The knowledge gap is even more pronounced for viruses requir-
ng high/maxim um le v el of containment (biosafety le v el [BSL-]3
nd 4). BSL-4 pathogens notably include the highly neurotropic
enipaviruses HeV and NiV, zoonotic viruses causing se v er e r es-
ir atory syndr omes and encephalitis in humans with case fatality
ates that can be > 90% depending on the outbreaks (Li et al. 2023 ).
n culture, HeV and NiV induce the formation of syncytia (mult-
nucleated cells) and strong cytopathic effect in most cell types
Eaton et al. 2006 ). The emer ging NiV is highl y efficient at entering
nd invading hamster brainstem and cerebellar organotypic cul-
ur es (Ferr en et al. 2021 ), but mor e studies ar e needed to explor e
eur oinv asion and decipher neuropathogenesis of Henipaviruses

n OBCs. Indeed, the w ay b y which HeV and NiV can r eac h the
NS, the way they spread within the nervous tissue, or what neu-
 al cells ar e primaril y tar geted in the earl y sta ges of infection, ar e
till elusive, because the work done in the BSL-2 context for other
 ar am yxoviruses lik e MeV or CDV is more difficult to accomplish
or BSL-4 viruses. NiV is highly neuroin vasive , neurotropic , and
eurovirulent, as shown by numerous studies performed in 2D
odels, but only a few in more relevant 3D ex vivo models (Ferren
t al. 2021 , Gellhorn Serra et al. 2024 ). In the study of Ferren and
olleagues, NiV infection of brainstem and cerebellar slices was
sed as a comparison for SARS-CoV-2 infection in these models.
iV tar geted differ ent tissue ar eas and spr ead mor e widel y com-
ared with SARS-CoV-2 (Ferren et al. 2021 ). Murine OBCs were also
sed to decipher NiV neur otr opism. The virus replicated in these
ultures, but without detectable release of infectious viral parti-
les, suggesting cell-to-cell spread (Gellhorn Serra et al. 2024 ). Of
ote, the c hor oid plexus was seemingly found to be str ongl y in-
ected, in accordance with in vivo data indicating infection of the
entricular system (Weingartl et al. 2005 , Clayton et al. 2012 ). This
bservation supports the hypothesis that NiV could enter the CNS
y infecting the cells of the blood–cer ebr ospinal fluid barrier (Gell-
orn Serra et al. 2024 ). Ho w ever, in this study, slices were not stan-
ardized in terms of size and quality of the explants, and infec-
ion was performed 4 days after isolation, which may not be very
ertinent because of the induction of astrogliosis over the time

n cultur e (Welsc h et al. 2017 , 2019 , Ferr en et al. 2023 ). Mor eov er,
ouse is less r ele v ant than, for example, hamster, to study Heni-

a viruses , limiting the inter pr etations of the results (Wong et al.
003 , Juelich et al. 2023 ). We and others ar e curr entl y inv estigating
nfection by NiV and HeV in r ele v ant ex vivo systems (OBCs and
r ganoids), notabl y with respect to neurotropism and characteri-
ation and comparison of the fusion machineries of the different
trains of Henipa viruses , or evaluation of antiviral strategies (Fer-
en 2021 ). 

Inter estingl y, these viruses can cause acute, but also r ela psed
nd late-onset encephalitis, up to se v er al y ears follo wing initial in-
ection (Eaton et al. 2006 ). In the BSL-4 setting, acute infection, cy-
opathic effect, and vir al e volution/ada ptation ar e gener all y stud-
ed over a few days in both in cellula and ex vivo models. On the
ontrary, long-term (at the scale of several months or years) ex
ivo studies are not ac hie v able, and it is thus not possible to model
ate encephalitis so far and to decipher how the virus stays “inac-
ive” in the CNS for a long time. More globally, high biosafety levels
ec hnicall y limit the feasibility of the studies, with for instance the
eed to inactivate the samples with harsh and strict protocols to
nalyze them outside of BSL-4 labor atories. Alternativ el y, ex vivo
ystems could be combined with the use of virus-like particles,
llo wing w orking in BSL-2 conditions. 

The questions addressed and further interpretations also de-
end on the properties of the model used (species and region of
he CNS fr om whic h it originates, de v elopmental sta ge, etc.), no-
ably for OBCs . T his is typicall y illustr ated with a study comparing
he neurovirulence of ZIKV , WNV , and the Usutu virus (another
losel y r elated neur otr opic arbo virus , which co-circulates with
NV in Europe) in human fetal OBCs (Marshall et al. 2024 ), and a

tudy investigating HSV infection in human fetal OBCs (Rashidi
t al. 2024 ). While this model is particularly relevant for infec-
ions occurring during pregnancy (e.g . in the case of ZIKV), it is less
rue for infections occurring in neonates and adults (in the case
f HSV and WNV), because fetal, neonatal, and adult tissues dif-
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fer significantl y fr om eac h other. For Her pesviruses, specific ques- 
tions related to latency and reactivation, and the link with the 
imm une system, hav e been tac kled ex vivo , with better r ele v ance 
compared with classical animal culture models. Indeed, CNS neu- 
r ons deriv ed fr om human iPSCs ar e permissiv e to HSV-1 (acute 
infection), and can also exhibit features of viral latency similar to 
those observed in animal models. In human iPSCs-derived brain 

organoids, acute infection with evidence of viral trafficking from 

the outer surface to inner la yers , as well as latency, could also be 
observ ed. Reactiv ation could be induced in both models but with 

less success in or ganoids, mirr oring the low r eactiv ation efficiency 
in vivo (D’Aiuto et al. 2019 ). 

Neuronal infection in peripheral organs: 
interplay with the CNS and the innate 

immunity 

Neur oinv asiv eness, neur otr opism, and neur ovirulence of the 
aforementioned viruses also manifest in peripheral organs, but 
quite a few studies make use of ex vivo systems to investigate 
infection of peripher al neur ons, notabl y. Numer ous viruses tar- 
get neural cells in peripheral organs before eventually reaching 
the well-protected CNS. In this regard, the enteric nervous sys- 
tem, containing > 500 million neurons, can impact the CNS and 

be a portal of entry upon infection of enteric neurons, highlight- 
ing the incr easingl y studied gut-br ain axis (Valdetar o et al. 2023 ).
Peripheral infection and inflammation can also affect the CNS,
for instance inducing sensitization and alterations of the BBB,
micr oglial activ ation, and par enc hymal inflammation (Var athar aj 
and Galea 2017 ). It is also noteworthy that while some organs such 

as the liver only receive innervations, others like the lung contain 

intrinsic neurons (Delalande et al. 2004 , Freem et al. 2010 , Bo w er 
et al. 2014 ). 

Peripher al neur ons ar e notabl y tar geted by HSV -1, SARS-CoV - 
2, human coronavirus OC43 (HCoV-OC43), varicella-zoster virus 
(VZV), or RABV. Infection of peripheral neurons is almost never 
investigated in ex vivo models of peripher al or gans . T he attention 

is pr obabl y mor e focused on the most obvious and abundant cells 
present in these tissues, such as enterocytes and other epithelial 
cells in the gut, hepatocytes in the liver, or pneumocytes in the 
lung. In addition, most peripher al or gans possess only nerve end- 
ings , which ma y be difficult to maintain for a long time in cul- 
tur e. Consequentl y, most data come from in vivo studies. HSV-1 
w as sho wn to infect and persist in enteric neurons in a mouse 
model, inducing the recruitment of macrophages and T cells, ul- 
timately leading to gastrointestinal inflammation and neuromus- 
cular dysfunction (Brun et al. 2018 , 2021 ). Similarly, infection of 
mice with WNV results in enteric neurons and enteric glial cells 
damage and loss, and subsequent gut dysmotility, via T cells infil- 
tr ation (Janov a et al. 2024 ). VZV, whic h can also cause encephalitis,
is able to infect dorsal root ganglia and enteric neurons of guinea 
pigs infected intr adermall y (Chen et al. 2011 ). 

In COVID-19 cases, SARS-CoV-2 antigens were detected in neu- 
rons of the myenteric plexus, which innervates the muscular lay- 
ers of the gut and is responsible for peristalsis (Gray-Rodriguez 
et al. 2022 ). In this regard, enteric neurons may be a possible en- 
try into the CNS for SARS-CoV-2, notably given that these neu- 
r ons ar e tr ans-syna pticall y connected to CNS neur ons, although 

this assumption r equir es to be thor oughl y tested (Valdetar o et al.
2023 ). Similarly, the virus may also use sensory neurons in the 
lung to tr av el r etr ogr adel y to w ar ds the CNS, notabl y via the v a gus
nerv e (Yav ar pour-Bali and Ghasemi-Kasman 2020 , Bulfamante et 
l. 2021 , Ferren et al. 2021 , Woo et al. 2023 , Andersson and Tracey
024 ). The olfactory epithelium was confirmed as a major entry
oute into the brain of hamster infected with SARS-CoV-2, which
 as sho wn to perform r etr ogr ade and anter ogr ade axonal tr ans-
ort in neuron-epithelial in vitro microfluidic models, but nerve 
erminals of the orofacial mucosa, for example, are also a possible
NS entry point (Fenrich et al. 2020 , de Melo et al. 2023 ). A simi-

ar mechanism could be at play for the enteric nervous system. By
omparison, HCoV-OC43 tr av els tr ans-syna pticall y along axons in
eur onal cultur es (Dubé et al. 2018 ), TBEV uses autonomic nerv es
f the enteric nervous system plexus to r eac h the CNS in mouse
Nagata et al. 2015 ), and EV-A71 is strongly suggested to travel ret-
 ogr adel y in axons of peripheral autonomic nerves to the CNS (Li
t al. 2019 ). 

Although this is still poorl y c har acterized, gut infection can
e a cause of neuroinflammation and, as such, viruses can in-
uce neuropathology at a distance, without necessarily directly 

nfecting neurons. As an example, exposure of rat gut to HIV-1
at protein leads to activation of enteric glial cells, and this neu-
 oinflammation also pr opa gates to the CNS via cell-to-cell signal-
ng in the glial network (Esposito et al. 2017 ). The gut-brain axis
s incr easingl y studied, including in virology, and in this context,
ut infection and inflammation are proposed or reported to af-
ect the BBB and the CNS at a distance. Besides infecting periph-
r al neur ons to e v entuall y enter the CNS, viruses infecting the
ut can cause an inflammatory response that may, for example,
ensitize and permeabilize the BBB (through alteration of the in-
egrity of tight junctions, induction of endothelial dysfunction and 

str ocytic dama ge), facilitating entry of inflammatory factors or
irus into the brain, inducing a neuroinflammation (Varatharaj 
nd Galea 2017 , Valdetaro et al. 2023 , Yata 2024 ). BBB disruption is
emonstrated in acute COVID-19 cases, but also in patients with

ong COVID-associated neurological sequelae, linked to sustained 

nd systemic inflammation (Valdetaro et al. 2023 , Greene et al.
024 ). 

Other peripher al neur ons can modulate host imm une and in-
ammatory responses upon infection. Peripheral tissues and or- 
ans ar e innerv ated by sensory neur ons, whic h ar e the tar get for
e v er al viruses. Some sensory neurons can signal to immune cells
ia the release of neuropeptides , cytokines , and other molecules
Sar aiv a-Santos et al. 2024 ). In the lung, for instance, sensory neu-
 ons wer e shown to exert anti-inflammatory responses (Tamari
t al. 2024 ), and in the case of influenza, an airway-to-brainstem
ensory pathw ay w as sho wn to mediate onset of sickness behav-
or and response to infection (Bin et al. 2023 ). HSV and VZV in-
ect sensory neurons and establish latency in sensory ganglia.
r om peripher al nerv e fibers, they use r etr ogr ade axonal tr ans-
ort to r eac h the cell bodies in sensory ganglia, and anter ogr ade
ransport to the skin and mucosa to spread upon reactivation
Koyuncu et al. 2013 ). Dorsal root ganglia ex vivo and sensory neu-
 on cultur es wer e shown to be susceptible to HSV-1 infection, and
emonstr ated that vir al attac hment and entry r el y on hepar an
ulfates expressed at the surface of sensory fibers (Sharthiya et
l. 2017 ). Regarding antivir al r esponses to HSV-1, compartmen-
alized cultures of murine sensory neurons from trigeminal gan- 
lia sho w ed that these cells respond to IFN beta by axon termi-
als and soma, enabling control of the infection (Rosato and Leib
015 ). Both the neurons and the virus implement complex strate-
ies to antagonize the other party. For instance, the neuropep-
ide calcitonin gene-related peptide (CGRP) is secreted by sensory 
eur ons and pr otects Langerhans cells a gainst HSV infection by
ownr egulating vir al entry r eceptors (Cohen et al. 2022 ), but con-
 ersel y HSV-1 inhibits CGRP expression of rat primary trigemi-
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al neurons (Hamza et al. 2007 ). Mor e r ecentl y, sensory and au-
onomic neurons were shown to be susceptible to SARS-CoV-2 in-
ection in vivo and in primary neuronal cultures . T he virus was
etected in trigeminal and dorsal root ganglia (sensory ganglia)
nd superior cervical ganglia (autonomic ganglia). The r a pid in-
asion of the peripheral nervous system (PNS) and CNS before
ir emia, and the str ongest detection of the virus in functionally
onnected brain regions (e.g . brainstem for the trigeminal gan-
lia projections), led the authors to postulate an alternative en-
ry route into the brain besides the olfactory one (Joyce et al.
024 ). 

As pr e viousl y detailed, numer ous studies r el y on in vivo ani-
al experimentations or post-mortem inv estigations (notabl y im-
 unostainings), whic h ar e not necessaril y r epr esentativ e of the

nitial steps of infection, virus repercussions on the BBB and the
NS (neuropathology at a distance), and viral spread to w ar ds the
NS. While primary peripheral neuron cultures and ganglia ex-
lants are to some extent used to study viral neuroinfection, more
omplex ex vivo PNS models, such as ganglia organotypic cul-
ur es, PNS or ganoids, PNS-CNS assembloids (Roc kel et al. 2023 ,
o y anagi et al. 2024 ), or peripheral organoids containing inner-
 ation, ar e lac king in this line of r esearc h. Like wise, gut ex vivo
ystems are not commonly used to investigate the infection of
eripher al neur ons (Barr eto-Dur an et al. 2024 , Lulla and Sridhar
024 , Yata 2024 ), although models containing gut plexuses could
e (and are already to some extent in the form of gut slices kept on
ulture inserts, for instance) implemented, provided that the via-
ility and r ene wal/pr olifer ation of epithelial cells are better man-
 ged (Sc hw er dtfeger et al. 2016 , Biel et al. 2022 , Jung and Kim 2022 ).
her ex vivo models of organs of interest for the study of neu-
 otr opic virus, in particular organotypic cultures of lung (Nicholas
t al. 2015 , Ferren et al. 2021 ) or liver for example (Ogire et al.
024 , Lalande et al. 2025 ), are in their infancy. Of note, a study
 eports the cultur e of m urine embryo lung explants containing
ntrinsic neurons (Bo w er et al. 2014 ). In this sense, examining
nd monitoring neuronal infection in ex vivo models of periph-
r al or gans, whose de v elopment and use ar e still r ather late in
irology (Lalande et al. 2025 )—although mainly neuronal termini
ight still be present (probably for a few hours/days) in the tis-

ues in the case of organotypic slice cultures—and even combin-
ng them with CNS ex vivo models, could be pivotal in understand-
ng neur opathogenesis. Alternativ el y, explants could be pr epar ed
rom animals infected in vivo , and used to address basic questions
uch as viral tropism or dissemination from non-neuronal cells to
erves. 

ext-gener a tion ex vivo model technologies 

v er all, or ganoids ar e a ne w tec hnology still in de v elopment that
eeds to be further c har acterized, and their use for the study of
euroinfectious viruses is in its infancy. Further improvements
ill likely include the use of assembloids (combined organoids

hat could be used to study viral spread among brain regions, for
xample), transplantation of human organoids in an immunod-
ficient animal model to enable viral infection of human neural
ells in vascularized and more mature organoids, and brain- and
r ganoid-on-c hip tec hnologies (P a șca 2018 , 2019 , Castiglione et al.
022 , F an et al. 2022 , W iderspick et al. 2023 ). Usually of higher
omplexity compared with organoids, organ-on-chip and more
pecificall y br ain-on-c hip hav e been de v eloped in r ecent years
nd their use in vir ology r esearc h is still in its earl y sta ges. Se v-
ral designs exist but they basically consist of different cell types
f the CNS (or brain organoid) in a compartmentalized microflu-
dic chip including biosensors that enables the biomimicry of the
r ain, r eca pitulating cell inter actions, tissue/or gan functions, bio-
hysical forces, while allowing real-time monitoring and assess-
ent of multiple parameters (Tang et al. 2020 , Shahabipour et

l. 2023 ). These 3D engineer ed micr ofluidic de vices r econstitute
e v er al physiological aspects and functions of the organ. The few
tudies using this technology for neurotropic viruses focused, for
xample, on pseudorabies virus spread between cells and trans-
ort in axons (Liu et al. 2008 , Johnson et al. 2016 , Tang et al. 2020 ),
r SARS-CoV-2 impact on BBB and neuroinflammation in a com-
ined lung-brain chip model (Wang et al. 2024 ). Similarly, there are
ery limited examples of genetic editing of cer ebr al ex vivo models
o study viral infections, compared with the study of neurodegen-
r ativ e diseases or cancer (Lafaille et al. 2019 , Hendriks et al. 2020 ,
assor et al. 2020 , Zhou et al. 2021 , Meier et al. 2025 , P a gliar o et
l. 2025 ). An interesting case of genetic engineering of organoids
o investigate virus–host interactions is the establishment of a
ene knoc k out biobank of intestinal and airway or ganoids to study
ost factors involved in infection by corona viruses . CRISPR-Cas9-
riven gene editing was used to mutate host proteins exploited
y the virus and identify putative therapeutic targets (Beumer
t al. 2021 ). Such methodologies applied to CNS organoids and
 v en or ganotypic cultur es will sur el y be far mor e r ele v ant than
enetic screens and investigations performed in 2D cultures, be-
ause the former are more re presentati ve of the in vivo environ-
ent and pathogenesis, which should lead to findings that are

linicall y tr anslatable. 
In order to model viral neuroinfections even more pertinently,

ntegr ativ e ex vivo a ppr oac hes should undoubtedl y be imple-
ented in the near futur e. Because neur ological manifestations

an also occur following peripheral infections, and virus-induced
NS damages can also impact peripheral organs, it is critical

o de v elop models and tools to study inter-organ communica-
ion. A combination of organotypic cultures, organoids and organ-
n-c hips tec hnologies may be among the futur e k e ys to explore
uc h r outes used by encephalitic viruses . T he vir ology field widel y
dopted se v er al tec hniques pr esented thr ough this r e vie w, and pi-
neered some of them. The use of de v eloping cutting-edge models
s ongoing in the field, but maybe to a lo w er extent so far than in
ancer r esearc h and de v elopmental biology in particular, whic h
re at the forefront for the implementation of these new systems
Karzbrun et al. 2018 , Zhu et al. 2023 ). We belie v e that neurovi-
 ology r esearc h shall implement systems combining ex vivo mod-
ls (e .g . or ganoid-on-c hip, or ganotypic cultur e-on-c hip, and e v en
 ultior gans-on-c hip consisting of organoids and/or organotypic

ultur es fr om differ ent or gans on the same chip). This w ould allo w
o r ecr eate a circulatory system and inter-or gan comm unication
n order to model neuroinfections in a quasi-physiological way. For
xample, to study the neur oinv asiv eness of a neur otr opic virus
uch as NiV or SARS-CoV-2, an organotypic lung culture could be
ombined with an OBC in a chip, with a BBB organoid at the in-
erface, enabling the monitoring of the infection from the initial
atural site of infection and the entry into the CNS. This would
hus be adv anta geous to explor e the r emote e v ents linked to these
iruses, such as the influence of the permeabilization of the BBB,
f its inflammation and that of peripheral organs, the remodeling
f neurons at a distance, or the production of early markers impli-
ated in the encephalitogenesis for instance. Adding organotypic
iv er cultur es (Ogir e et al. 2024 ) or liver organoids to the system
ould benefit antiviral and drug testing studies by mimicking the
epatic metabolism of drugs. Such models would complement the

imits of each individual model, namely the fact that organoids are
 ggr egates of self-assembled cells but are not originated from the
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or gan itself, c hips ar e an artificial construction, and or ganotypic 
cultures come from the organ itself but lack blood flow. 

The latest de v elopments of the OBC model for vir ology r esearc h 

consist notably in their use as a preclinical platform for antivi- 
ral studies combined with artificial intelligence. In a proof-of- 
conce pt stud y, electrical acti vity (local field potential mor e pr e- 
cisely, used as a proxy for neural health) was measured in human 

post-mortem OBCs placed on 3D micr oelectr ode arr ays upon in- 
fection with a neur otr opic virus (Tahyna virus) and antiviral treat- 
ment. In this set-up, micr oelectr odes penetr ate deep in the OBC,
allowing r ele v ant electrical measur ement. Infection w as sho wn to 
disturb local field potential, and machine learning was used to an- 
al yze antivir al efficiency via e v aluation of OBC neur ohealth based 

on electrical activity (Partiot et al. 2024a ). 
K eys to pr ogr ess in neur ovir ology mainl y r eside in the tr anspo- 

sition of tools from neurobiology. Among them, electromonitoring 
of OBCs is not a recent development. A dense literature reports 
the use of electr ophysiological r ecordings in OBCs to c har acterize 
the model and study neuronal beha viors , brain processes , and dis- 
eases. Set-ups consisting of single tip electrodes inserted into the 
tissue, which can be used for electrical stimulation or recording,
allow to investigate synaptic activity, neuron excitability, viabil- 
ity , and plasticity , while k ee ping the cells in their nativ e envir on- 
ment (Stoppini et al. 1991 , Dong and Buonomano 2005 , Johnson 

and Buonomano 2009 , Ting et al. 2018 , Romero-Leguizamón et al.
2019 , Bak et al. 2024 ). Thr ee-dimensional micr oelectr ode arr a ys ,
on which OBCs can be directly grown, have also been extensively 
optimized and enable lar ger-scale, m ultisite electr ophysiological 
sim ultaneous r ecordings fr om a lar ge number of neur ons, includ- 
ing during long-term culture (Kristensen et al. 2001 , Blake et al.
2010 , Ito et al. 2014 , Ravi et al. 2019 , Romero-Leguizamón et al.
2019 , Forro et al. 2021 ). Electromonitoring allows to address ques- 
tions related to the impact of the infection on neuronal homeosta- 
sis, health, and activity, or whether a virus can leave a trace that 
can be detectable after the infection by analyzing the alterations 
of the electrical activity, for example. 

These types of system are, for example, used in fundamental 
neur oscience to compar e the neur onal netw ork cir cuitry of dif- 
fer ent br ain ar eas (Ito et al. 2014 ), in neur o-oncology to anal yze 
neuronal activity and viability of human cortical OBCs (Ravi et al.
2019 ), or to investigate neuronal network activity and remodel- 
ing in the context of neur odegener ativ e diseases and other neu- 
r opathies (Cr oft et al. 2019 , Bouillet et al. 2022 ). They are also 
applied to brain organoids, whose structure imposes the devel- 
opment of 3D electrophysiological devices covering or incorpo- 
rated into the organoid to monitor the whole surface and the in- 
ner electrical activity (P assar o and Stice 2020 , Forro et al. 2021 ,
McDonald et al. 2023 ). For instance, a r ecentl y de v eloped mi- 
cr oelectr ode arr ay with pr otruding cantile v ers that insert deepl y 
into cer ebr al or ganoids allows access to internal neur onal cells 
(Phouphetlinthong et al. 2023 ). Other strategies consist of slicing 
cer ebr al or ganoids and culturing them at the air–liquid interface,
similarly to OBCs, a technique that improves neuronal network 
viability and electrical activity (Giandomenico et al. 2019 , Qian et 
al. 2020 ). Ho w e v er, the use of electromonitoring in CNS models 
is sor el y lac king for the study of neur oinv asiv e and neur otr opic 
viruses, e v en although it could be a k e y tool to decipher how in- 
fections impact the neur al circuitry, neur onal and syna ptic activ- 
ity/plasticity, both in the earl y sta ges when the virus enters the 
CNS and in the long term. 

Similarl y, tec hniques that ar e commonl y used in neur oscience 
r esearc h suc h as optogenetics shall be of interest for the study of 
CNS-targeting viruses in ex vivo models . T he generation of pho- 
ocontr ollable neur otr opic viruses, whose gene expression and
eplication can be temporally and spatially switched on and off by
ight, further supports this claim (Tahara et al. 2019 , 2024 ). Robotic
echniques could also be applied in the near future for precise mi-
romanipulation of cells and microinjection of, for example, virus 
r specific molecules, for example, in specific cells, in the synaptic
left or other specific areas of the CNS tissue, in 3D ex vivo models
Wong et al. 2014 , Shull et al. 2019 , 2021 ). In this way, these tech-
ologies could give significant insights into how viruses propagate 
etween neural cells and impact their physiology, and that of spe-
ific compartments like synapses, for instance, as illustrated with 

ARS-CoV-2-induced perturbation of synaptic homeostasis (Par- 
iot et al. 2024b ), while also giving information on neural physiol-
gy itself. 

Curr entl y, the major limitations of the ex vivo models are that
hey mostly come from animals because of limited access to hu-

an samples, and that those of human origin gener all y entail an
nher ent v ariability. In addition, although pr otocols for pr epar a-
ion of human OBCs exist, the model is not as well standardized
s animal model OBCs. Human OBCs can come from surgical re-
ections , biopsies , post-mortem donors , or fetal samples , which
eans a certain degree of randomness in the areas of CNS be-

ng sliced and in the donor more globally. As an example, pro-
ocols to generate short-term human OBC maintained in liquid

edium have been used for the study of Or opouc he virus, an
mer ging neur oinv asiv e arbovirus that can induce neur ological
ymptoms. In this model, mature human neural cells were shown
o be susceptible to infection and to support the production of
nfectious virions . T he main infected cells were microglia. Some
eur ons ar e also found infected, contrary to astrocytes . T he re-

ease of pro-inflammatory tumor necrosis factor alpha was also 
oted upon infection, as well as an impairment of cell viability. A
otential impr ov ement could be to limit the hypoxia related to the

mmersion that can impact maintenance of microglia in the tis-
ue and responses to the infection (Fernandes et al. 2019 , Almeida
t al. 2021 ). Regarding animal OBCs, r epr oducible and well-defined
lices r epr esentativ e of the whole br ain, fr om the olfactory bulb
o the brain stem, or coronal slices, are still lacking, although at-
empts have been reported (Staal et al. 2011 , Ullrich et al. 2011 ,
oost et al. 2017 , McKenna et al. 2022 , Uçar et al. 2022 ). Such a
hole-brain model would be of great interest to investigate vi-

al dissemination between cerebral substructures, susceptibility 
f the different substructures and cell types, global response of
he cer ebr al tissue to the infection, virus evolution, for example,
n a context where all the brain elements are present and still
onnected, and easily accessible for analysis. 

oncluding remarks 

hrough this review, we aimed at showing how CNS models can
e used to study neuropathogenic viruses and to highlight key dis-
overies made thanks to them (Fig. 1 and Table 2 ). Ex vivo models
r e highl y useful to better understand br ain-tar geting viruses, but
hese pathogens themselves (such as HSV or RABV) are also valu-
ble tools with which to in vestigate CNS biology. T he most obvi-
us examples are their use for optogenetics, where they serve as
ectors for the delivery of photoreceptors, or for neuronal tracing
nd, mor e gener all y, tr ansgene expr ession. To date, or ganotypic
ultur es a ppear to be the most complex and physiologicall y r ele-
ant system, while being relatively easy to implement compared 

ith organoids, for example. Ho w e v er, one m ust k ee p in mind that
he ex vivo models of infection presented here are not represen-
ative per se of how infection natur all y occurs in vivo . They give
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nsights of what a virus is able to do (or not) in a specific CNS con-
ext, notably whether it can infect such models, when delivered
n a non-physiological way. Putting the virus dir ectl y on neural,
r ganotypic cultur es, or or ganoids is not the same as an airborne
irus, for example (such as MeV , NiV , or SARS-CoV-2), entering its
ost by its natural route of infection, and which possibly circu-

ates through the body, infects target peripheral tissues, makes
ocal and systemic dama ges, e volv es, befor e potentiall y r eac hing
he brain. This should thus be r emember ed when inter pr eting r e-
ults and putting them in perspective with in vivo pathogenesis, to
 void o ver-speculation, and further supports the need for de v el-
ping integr ativ e m ultior gans models. Considering the big pictur e,
 e per ceiv e that while detailed molecular information r egarding

nfection by neur oinv asiv e and neur otr opic viruses is av ailable in
ell lines, non- ex vivo or non-neural models, the amount of data is
o some extent sparser in more relevant CNS ex vivo models. Many
tudies focus their observations on the tissular and cellular scales,
nd less on the molecular one . Neuro virology research is some-
hat late in integrating more advanced techniques and technolo-

ies to its models, compared with other fields of research, but has
he limitation of dealing with infectious material. This is particu-
arly true for BSL-3 and BSL-4 pathogens . T here is still m uc h to do
o optimize and impr ov e the ex vivo models presented throughout
his r e vie w, notabl y in terms of standardization and c har acteriza-
ion, but they warrant to be more widely used to obtain deeper

olecular insight, beyond r elativ el y basic questions, suc h as, for
xample, neur otr opism. A major benefit of ex vivo models com-
ared with in vivo experimentation that supports the incentive
o see a greater use of these models is related to animal ethics,
ith dr astic r eduction of animal use, while preserving pertinent
hysiological contexts. Lastl y, futur e combination of ex vivo mod-
ls with artificial intelligence usage will surely allow better inte-
r ation and corr elation of the obtained data with the observations
ade in vivo and the pathogenesis descriptions in humans. 
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