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Abstract

Progress in stem cell research has revolutionized the medical field for more than two decades. More recently, the discovery of
induced pluripotent stem cells (iPSCs) has allowed for the development of advanced disease modeling and tissue engineering
platforms. iPSCs are generated from adult somatic cells by reprogramming them into an embryonic-like state via the expression
of transcription factors required for establishing pluripotency. In the context of the central nervous system (CNS), iPSCs have the
potential to differentiate into a wide variety of brain cell types including neurons, astrocytes, microglial cells, endothelial cells,
and oligodendrocytes. iPSCs can be used to generate brain organoids by using a constructive approach in three-dimensional (3D)
culture in vitro. Recent advances in 3D brain organoid modeling have provided access to a better understanding of cell-to-cell
interactions in disease progression, particularly with neurotropic viral infections. Neurotropic viral infections have been difficult
to study in two-dimensional culture systems in vitro due to the lack of a multicellular composition of CNS cell networks. In recent
years, 3D brain organoids have been preferred for modeling neurotropic viral diseases and have provided invaluable information
for better understanding the molecular regulation of viral infection and cellular responses. Here we provide a comprehensive
review of the literature on recent advances in iPSC-derived 3D brain organoid culturing and their utilization in modeling major

neurotropic viral infections including HIV-1, HSV-1, JCV, ZIKV, CMV, and SARS-CoV?2.
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Three-dimensional (3D) brain organoid cultures

The human brain is the most complex organ in our body, with
many aspects of its development and human-specific pathology
remaining unknown because of limited accessibility to living
human brain tissue. As a result, many approaches and models
have been generated in an attempt to recapitulate the human
brain in an in vitro system.

Two-dimensional (2D) cell culture systems have his-
torically been used to model various diseases and systems
in vitro; however, they are quite limited when it comes to
modeling complex systems such as the human brain. 2D-cell
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culture systems lack the cellular organization that is pre-
sent in the brain, as they are grown in a monolayer format
which limits cell interactions only to their periphery. This
results in a lack of proper oxygen and nutrient diffusion as
well as waste clearance (Antoni et al. 2015). Furthermore,
2D systems lack the tissue complexity that is present in the
brain. As cells are often cultured as a single cell type, they
are missing the cell-to-cell interaction between different
cell types that is present in vivo. To create a 2D system
that is more resemblant to cellular interactions in the human
brain, co-cultures of cells can be created, such as co-cultur-
ing neurons with other neural cell types such as microglia
(Haenseler et al. 2017; Vahsen et al. 2022). Despite these co-
culturing techniques, the cells are still limited to peripheral
contacts and lack the organization needed to recapitulate the
human brain in vitro.

Various neuronal cells, such as primary neurons and
neuroblastoma cells, have been used in 2D systems in
neuroscience research (Liu et al. 2022). However, obtain-
ing patient-derived brain tissue, or neural stem cells and
embryonic stem cells that can differentiate into neuronal
cells, is controversial and not always accessible (Gabriel
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and Gopalakrishnan 2017). The innovation of induced
pluripotent stem cell (iPSC) technology eased this prob-
lem by opening the doors to being able to generate human
neural cell types without the need to isolate cells directly
from the human Central Nervous System (CNS) (Gabriel
and Gopalakrishnan 2017). The somatic cell-derived
iPSCs are a type of stem cell that can differentiate into
other cell types in the body (Lyadova and Vasiliev 2022),
which makes them an available source for researchers
(Karagiannis and Kim 2021). iPSCs were developed by
Takahashi and Yamanaka 2006 at Kyoto University in
Japan, where they first induced pluripotency in mouse
embryonic stem cells (ESCs) and then in adult human
fibroblast cells a year later (Takahashi and Yamanaka
2006; Takahashi et al. 2007). Takahashi and Yamanaka
generated their iPSCs from fibroblast culture by using ret-
roviral vectors to introduce specific transcription factors
such as Oct3/4, Sox2, KIf4, and c-Myc into the skin cells.
They noted that their iPSCs display both the morphology
and growth properties of ESCs and express ESC-specific
marker genes (Takahashi and Yamanaka 2006; Takahashi
et al. 2007). Researchers have created techniques for gen-
erating iPSCs without using viral vectors, like plasmid-
based or episomal reprogramming, that can eliminate the
dangers linked to mutations due to viral integration into
the genome (Bang et al. 2018). This method involves elec-
troporation, where the electrical shocks introduce plasmid
into the genome of the cells. Additionally, CRISPR-based
reprogramming allows for the precise and efficient edit-
ing of certain genes for successful reprogramming (Liu
et al. 2018).

Human iPSCs (hiPSC) prove a powerful tool for easily
generating human neural cell types in culture; however, the
differentiated cells are still 2D and limited in the same way
other 2D cell culture systems are, as listed previously. This
led to the need to develop alternative models to study such
systems in vitro while mimicking an in vivo environment,
such as 3D culture systems. One of the first successful 3D
neural systems was that of neurospheres. Neurospheres are
3D cell aggregates of multipotent neural stem cells (NSC)
grown in culture, providing a good resource for studying
NSCs in vitro (Soares et al. 2021). These clusters of NSCs
can then be differentiated into varying cell types, such as
neurons and glial cells, all within the same sphere, also
known as a neural spheroid (Dingle et al. 2015; Zhou et al.
2016; Pamies et al. 2017). This further allows for a better
representation of cell-to-cell interactions in vitro. Although
these systems provide a better representation of the brain
in vitro than traditional 2D cell culture, they lack complete
cellular composition, organization, and complexity of the
human brain (Reynolds et al. 1992; Pamies et al. 2017). The
human brain has very specific region specificity and cel-
lular organization that is crucial to its function, and this is
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lacking in neurospheres and neural spheroids as the cells do
not organize (Dingle et al. 2015).

Unlike 2D cell culture systems and neurospheres, brain
organoids are able to model the human brain at a cellular,
structural, and developmental level, allowing researchers to
model the human brain and its function in ways that were
previously impossible. Brain organoids were first generated
by Lancaster et al. in (2013) as a system to study micro-
cephaly. They were able to successfully generate an iPSC-
derived 3D cell system, which they dubbed “cerebral orga-
noids” (COs), that displayed discrete brain regions, dorsal
cortical organization, functional cortical neurons, and glial
cell populations (Lancaster et al. 2013). The development
of this system has been a major breakthrough in neural sci-
ences research as it was the first time the human brain was
able to be recapitulated in vitro with correct organization
and patterning.

To generate organoids, specific conditions, like extra-
cellular matrix (ECM), small molecules, and growth fac-
tors, are provided to iPSCs or tissue-derived cells (TDCs)
(Zhao et al. 2022). Thus, this environment will differentiate
iPSCs or TDCs into the tissue of interest, such as the lung,
heart, and cerebral cortex (Zhao et al. 2022). Researchers
use stem cells such as iPSCs to generate brain organoids
due to their availability (Gabriel and Gopalakrishnan 2017).
This method involves differentiating single-cell iPSCs into
embryoid bodies (EBs) and then NSCs by using small mol-
ecules and growth factors (Hong et al. 2022). Neuroepithe-
lium cells form during the induction phase of EBs (Hong
et al. 2022). The expansion phase involves embedding the
EBs in ECM such as Matrigel, which results in a budding
morphology and promotes further differentiation into several
cell types present in COs, such as NSCs, neurons, and glial
cells (Agboola et al. 2021). The expanded EBs are cultured
in suspension on an orbital shaker (Lancaster and Knoblich
2014) or in a spinning bioreactor (Qian et al. 2016) during
and after the maturation phase, where they become self-
organized COs.

The organoids generated using these protocols, known as
“unguided organoids,” as they are allowed to freely organize
themselves into forebrain, midbrain, and hindbrain regions
(Lancaster et al. 2013; Qian et al. 2016). This allows for
a recapitulation of the entire brain in vitro which is an
extremely useful tool; however, some diseases affect specific
regions of the brain. As a result, it is necessary to be able
to model specifically the forebrain, midbrain, or hindbrain
alone, as well as specific structures in the brain as organoids.

Many groups of researchers have worked to develop
guided protocols using extrinsic factors to generate brain
region-specific organoids, which contain more accurate cell
populations and organization of specific brain regions and
structures. A commonly used guided organoid is a corti-
cal organoid, which is representative of the cerebral cortex.
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Cortical organoids have been used to study a variety of
neural disorders, such as Zika virus (ZIKV) infection (Qian
et al. 2016), Japanese encephalitis virus (Zhang et al. 2018),
Alzheimer’s disease (AD) (Raja et al. 2016), and several
other neural degenerative disorders. Beyond cortical orga-
noids, many other brain regions and structures have success-
fully been generated using guide protocols. These include
forebrain and midbrain organoids (Raja et al. 2016; Jo et al.
2016), thalamic and hypothalamic organoids (Xiang et al.
2020; Huang et al. 2021), pituitary organoids (Matsumoto
et al. 2020), cerebellar organoids (Ballabio et al. 2020) and
hindbrain/brainstem organoids (Eura et al. 2020) (Fig. 1).
These region-specific organoids can be studied alone,
but they can also be combined into what is known as an

Fig. 1 Differentiation of differ-
ent types of human brain orga-
noids from stem cell-derived
embryoid bodies using either
guided or unguided maturation
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of nutrients and oxygen to their centers, and as a result, are
often limited in size and are prone to cell death within their
core (Lancaster et al. 2013). The limited diffusion is likely a
result of the lack of a circulatory system within the organoid.
In an attempt to overcome this challenge, researchers have
attempted to create vascularized organoids though several
different methods. One method used successfully by Pham
et al. was to embed cerebral organoids with endothelial cells
derived from the same line of iPSCs (Pham et al. 2018).
Another approach used was to create assembloids between
cerebral organoids and brain vascular organoids, which was
able to recapitulate several aspects of the blood-brain-barrier
(Sun et al. 2022). Additionally, the vascularization of orga-
noids has been done using an in vivo model of transplanta-
tion. Mansour et al. transplanted human iPSC-derived brain
organoids into adult mice brains and were able to see exten-
sive vascularization, as well as neuronal integration between
the organoid and the host brain, and microglial infiltration
(Mansour et al. 2018). Vascularization of organoids is still
a work in progress; however, there are many promising
approaches to improving this system and improving orga-
noids as in in vitro models of the human brain.

Cerebral organoids are often generated by pushing iPSCs
into a neuroectoderm lineage by inhibiting the formation of
the mesoderm and endoderm. As a result, many organoids
used have reportedly lacked microglia, which are derived
from the mesoderm and are critical to studying immune
responses in the brain. A study done by Dos Reis et al.
incorporated microglia into their organoids by integrating
human immunodeficiency virus (HIV) infected microglia
into 2-week-old organoids (dos Reis et al. 2020, 2023). How-
ever, Ormel et al. showed that microglia can innately develop
within a CO (Ormel et al. 2018). This represents a valuable
resource for studying interactions between microglia, neu-
rons, and other glial cells as well as modeling impacts of
immune responses on the brain, such as viral infections.

Neurotropic viral infections have been difficult to accu-
rately study both in vitro and in vivo, as a result of the lack
of a multicellular composition in vitro and differences
between human and mice brains in vivo. Of importance is
that viruses can either directly infect cells to cause an effect,
or uninfected cells may be affected indirectly as a result of
infected cells releasing cytokines, chemokines, viral pro-
teins, and other toxic factors. This is especially important
in looking at viruses such as HIV, which infects microglial
cells and possess neurotoxic effects on neurons that are not
prone to HIV infection (Kovalevich and Langford 2012).
Furthermore, in vivo mice systems do not accurately repre-
sent the human brain, and certain viruses such as JC virus
(JCV) and HIV-1 cannot infect mice, providing a need for a
better human-based system. Therefore, 3D brain organoids
may provide an incredibly powerful system for modeling
human neurotropic viral infections in vitro.
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NeuroHIV modeling in 3D brain organoids

HIV is a retrovirus that enters target cells through the interaction
of viral proteins and host cell receptors CD4 and CC-chemokine
receptor 5 (CCRS) or CXC-chemokine receptor 4 (CXCR4)
(Deeks et al. 2015). Shortly after initial infection, HIV enters
the CNS and establishes viral reservoirs leading to neuropatho-
genesis (Enting et al. 2001; Zayyad and Spudich 2015). In the
brain, microglia are the major cell type infected by HIV, while
infection of astrocytes remains controversial even though they
may play a key role in neuropathogenesis (Brack-Werner 1999;
Wallet et al. 2019). Neurons are typically not infected with HIV
but can be injured by indirect mechanisms, such as toxic viral
proteins and neurotoxicity from glial activation (Kovalevich and
Langford 2012). Early in the HIV/AIDS pandemic, pre combi-
nation antiretroviral therapy (cART) era, an estimate of 20-30%
of HIV patients developed HIV-associated dementia (HAD)
(Gonzélez-Scarano and Martin-Garcia 2005). With the advent
of cART, the incidence of HAD has significantly decreased,
although a large percentage of people with HIV (PWH) still
develop neurological disorders, grouped into the terms of HIV-
associated neurocognitive disorders (HAND) (Antinori et al.
2007; Clifford and Ances 2013). HAND manifestation ranges
from asymptomatic neurocognitive impairment (ANI) to mild
neurocognitive disorder (MND) and HIV-associated dementia
(HAD) (Clifford and Ances 2013).

Understanding the neuropathology of HIV is particularly
important for elucidating mechanisms associated with cogni-
tive impairment seen in PWH. One of the major obstacles in
studying HIV neuropathogenesis is the lack of in vitro cul-
ture models which accurately recapitulate HAND, as multiple
CNS cell types may contribute to the pathology. Additionally,
animal models have been used in the past, such as nonhu-
man primates (NHP) or genetically modified mouse models.
Although these animal models have helped researchers under-
stand many aspects of HIV pathophysiology, there are still
some limitations in the understanding of HIV-CNS interac-
tions contributing to neurocognitive disorders (Mallard and
Williams 2018). In humans, studies on HIV neuropathology
have been limited to the collection and analysis of post-mor-
tem brain tissues. The majority of the studies on neuroHIV
in vitro have been performed in 2D culture models, using
immortalized microglial cell lines, peripheral blood mono-
cyte-derived microglia (MMG), or primary human microglia
isolated from human tissues (Garcia-Mesa et al. 2017; Rawat
and Spector 2017; Rai et al. 2020). The recent advances in
iPSC culture research and the generation of brain organoids
have allowed the creation of 2D and 3D in vitro models for
studying neuroHIV in humans.

HIV modeling in human brain organoids has recently
been described by two groups (dos Reis et al. 2020; Gumbs
et al. 2022) with a potential to be adopted and further devel-
oped by the neuroHIV research community. These two
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groups used two different approaches to develop human
brain organoids containing microglia, the major cell type
along with macrophages responsible for HIV infection and
replication in the brain (Wiley et al. 1999). Dos Reis and
colleagues developed a model of 3D human brain organoids
(hBORG) containing microglia (MG) which were infected
with HIV prior to their integration into hBORGs. Neuro-
spheres from neuronal progenitor cells (NPCs) were first
generated using a media containing a combination of astro-
cyte differentiation media and neuronal media. The hBORGs
generated contained only neurons and astrocytes. HMC3
cells, an immortalized human microglia cell line, were first
infected with a neurotropic HIV-1 (NL(YU2-Env)-EGFP)
reporter virus and then placed on top of the hBORGs. The
authors showed that the majority of microglia were on the
outer layer of the hHBORGs, with some migrated and embed-
ded into the organoids. In addition, HI'V-infected or control
(uninfected) primary human microglia from post-mortem
adult human brain tissues were combined with hBORGs.
Interestingly, HIV-infected human microglial cells showed
some level of infiltration into the hBORGs and established
productive infection. Moreover, both HMC3 and primary
microglia containing hBORGS infected with HIV showed
higher levels of TNF-a and IL-1p in culture supernatant
compared to mock-infected MG-hBORGs. This suggested
recapitulation of HIV-1 CNS pathology trademarks from
post-mortem brain tissues from HIV-infected individuals
(at some degree) in the MG-hBORG model. While eval-
uating cell toxicity in infected primary MG-hBORGs, an
increase in neuronal cell death was also observed. In addi-
tion, a decrease in BIII-Tubulin (neurons) mRNA and an
increase in GFAP (astrocytes) expression was observed,
suggesting neuronal loss and astrocytosis, two of the char-
acteristics of neuropathology associated with severe HAND
(Huangui Xiong 2013). Although these MG-hBORG mod-
els provided advancement in the modeling of HIV infec-
tion and recapitulated some aspects of HIV CNS disease,
they also possessed some limitations. Primarily, the lim-
ited incorporation of exogenously added microglial cells
into organoids does not truly represents the in vivo condi-
tions. The endogenous and natural distribution of microglia
with properly developed interactions with other cell types
including neurons and astrocytes within the organoids would
provide a better representation of neuroHIV pathophysiol-
ogy. This was recently achieved by Gumbs and colleagues
(Gumbs et al. 2022) utilizing a microglia-containing 3D
brain organoid model which was established earlier by the
same group (Ormel et al. 2018). COs were generated from
iPSCs with cells from the three germ layers at early stages
during the induction and expansion phases. In particular,
the formation of mesodermal progenitors with the potential
to generate microglial cells was a great advancement for the
development of COs with microglial incorporation. Indeed,

analysis of cell-specific markers revealed that the COs con-
tained neurons, astrocytes, and microglial cells along with
CD4 and CCRS receptor expressions in microglial cells. To
evaluate the HIV-1 infectivity of these cells, authors isolated
organoid-derived microglia (0MG) and infected them with
CCRS5 M-tropic HIV1_bal-luciferase and HIV-GFP reporter
viruses along with human primary microglia (pMG) cells.
As anticipated, both oMG and pMG cells supported HIV-1
infection. Once the viral infection was confirmed in CO-
derived microglial cells, HIV-1 infection in COs was char-
acterized. Interestingly, one interesting observation was the
Matrigel interference of HIV infections in COs, suggesting
that modeling of HIV in COs may need further improve-
ments for reliable and reproducible infection outcomes. In
addition, COs from different iPSC lines showed variations
in susceptibility to HIV infection. Expression of HIV recep-
tors, such as CD4, CXCR4, and CCRS5, were also variable
between different organoids. Nonetheless, the CO model of
HIV infection described by Gumbs et al. provides a unique
platform (although further improvements are needed) to bet-
ter understand cellular and viral infections in a 3D culture
system in vitro.

Human-derived brain organoid models
of Herpesvirus type 1

Herpesvirus type 1 (HSV-1) belongs to the Herpesviridae
family (Alphaherpesvirinae subfamily) and consists of a
double-stranded DNA genome of ~ 152 kbp, which encodes
for ~ 80 viral proteins (Denes et al. 2020). The worldwide
prevalence of HSV-1 infection in adolescents and adults
is between 45 and 90%, and the primary infection usually
occurs during childhood with the establishment of latent
infection in sensory neurons. The primary infection sites
for HSV-1 are mostly the skin and mucous membranes of
the lips and less frequently the genital mucosa. After infec-
tion, viral particles retrogradely move through the axons
of ganglionic neurons to where the viral DNA genome is
assembled into a heterochromatin-like structure. As neurons
are non-dividing and they are not susceptible to immuno-
logical surveillance, HSV-1 infection in neurons results in
a lifelong lasting infection. HSV-1 can also cause herpetic
keratitis, which results in corneal scarring and impairment
of sight. The most detrimental HSV-associated disease is
herpes encephalitis, a rare disease that affects 2—4 out of
1,000,000 people annually with high mortality rates, that
occurs when the virus reaches the CNS (Bradshaw and Ven-
katesan 2016). Furthermore, pregnant women are at risk
of mother-to-child transmission of genital herpes, which
may lead to fetal encephalitis and perinatal mortality if an
emergency cesarean delivery is not performed (Kimberlin
2004; Messacar et al. 2018). Pathophysiological features of
HSV-1-associated neurological disorders remain unclear,
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impelling researchers to establish relevant in vitro models
of human CNS to understand the molecular mechanism of
viral latency, reactivation, and neuropathology.

HSV-1 infection has been primarily studied in either
human- or non-human- derived primary or immortalized
cell cultures and cell lines. However, the obtained results
in many cases possess reliability and reproducibility issues
due to the variations in the genetic assets of the cell lines
employed in different experiments. Moreover, testing anti-
viral drug candidates on cell lines has often been inconsist-
ent. Therefore, in most pre-clinical studies, the efficacy
of HSV-1 vaccines has been evaluated in mice models.
These in vivo models have provided useful information on
immune response against primary HSV-1 infection at the
expense of the vaccine’s efficacy against recurrent viral
shedding and disease events, which are both extremely
rare in mice (Gebhardt and Halford 2005). The lack of an
animal model that translates human immune responses to
viral infection still represents a major limitation to develop
valid therapeutic vaccines (Dasgupta and BenMohamed
2011). The emergence of stem cell-based technologies has
led to the rapid development of human in vitro model sys-
tems which may provide a needed platform for pre-clinical
HSV-1 studies.

The first study where hiPSC-derived 2D and 3D neu-
ronal models were used to investigate the basic features
of HSV-1 infection was recently reported (D’Aiuto et al.
2019). This study has provided convincing evidence of
HSV-1 replication and latency establishment in hiPSC-
derived CNS neurons. The latency induction protocol
enlisted a combination of alpha interferon (IFN-a) and
(E)-5-(2-bromovinyl)-2'-deoxyuridine (5BVdU) as anti-
virals. In the 2D culture, viral reactivation was induced
by histone deacetylase (HDAC) inhibitors. During the
latency induction, the culture conditions drove viral chro-
matin into a heterochromatic state, increased the expres-
sion of latency-associated transcript (LAT), and the pres-
ence of the transcriptional corepressor KAP1 in the ICP4
promoter region which was also shown for the latency
of Kaposi’s sarcoma-associated herpesvirus (KSHV)
(King et al. 2015). On the other hand, in 3D culture of
scaffold-free brain organoids, HSV-1 LAT expression
increased as the latency was established, but spontane-
ous reactivation was observed in approximately 17% of
the organoids between days 8 and 11 after infection and
antiviral removal, followed by neuronal morphological
changes, such as degeneration of neuronal processes and
neuronal syncytia formation. HSV-1 reactivation has been
shown to occur infrequently in this 3D model compared
to the cognate 2D model, possibly due to the differences
in cell-to-cell and cell-to-extracellular matrix interactions
observed between these two models. In 2020, the same
research team (Zheng et al. 2020) employed hiPSCs to
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investigate HSV-1 infection of NPCs when they are cul-
tured as 2D monolayers or as 3D neurospheres, starting
from the hypothesis that the neurons acquire their exclu-
sive features of HSV-1 latency sites during the neuronal
differentiation of NPCs. As reported in their previous
study (D’Aiuto et al. 2019), the 3D neurospheres have
shown a reduced susceptibility to HSV-1 compared to
the 2D NPC monolayer. Furthermore, comparative gene
expression analysis showed a significant reduction of LAT
expression and viral gene expression in infected NPCs (in
2D and 3D culture) exposed to SBVAU/IFN-a compared
to acutely infected cells. These expression results were
comparable with those observed in CNS neurons in vivo
(Gussow et al. 2006) but not in neurons of the sensory
ganglia. Moreover, this study indicated that the silenced
viral genomes in NPCs may not respond to the phospho-
inositide 3-kinase inhibitor (PI3Ki). In addition to hiPSC-
derived organoids, microfluidic chips in combination with
organoids represent a distinct approach based on bioen-
gineering strategies that started being widely employed
as platforms that mimic the complexity of organs. Maz-
zara and colleagues (Mazzara et al. 2022), have recently
developed an in vitro human 3D cellular system on micro-
fluidic chips to simulate the connectivity between differ-
ent human sensory neurons and peripheral tissues, using
hiPSC-derived dorsal root ganglia organoids (DRGO)
and monolayers of keratinocytes, providing a powerful
in vitro model of HSV-1 latency and reactivation. The
DRGO could be productively infected with HSV-1 due
to the presence of several specific HSV receptors, con-
firmed by a whole transcriptome profile. Primary infection
using the low-titer virus in a medium supplemented with
Acyclovir (ACV) has led to the latency establishment in
DRGO, and the two stages of infection (latency and pro-
ductive infection) have been confirmed by analyzing LAT
and late genes. Moreover, the use of recombinant HSV-1
virus, where reported genes of green fluorescent protein
(GFP) and red fluorescent protein (RFP) were cloned
under the promoters of the latent viral gene ICPO and the
lytic viral gene of glycoprotein C respectively, has allowed
live imaging discrimination of viral latency or reactivation
state (Thompson et al. 2003). In this experiment, green
fluorescence and LAT transcripts were detected in DRGO,
whereas human primary keratinocytes (NHEK) remained
not infected, showing that infective viral particles could
not passively diffuse from DRGO to keratinocytes. Only
thermal stress has led to virus reactivation in DRGO, and
both immunofluorescence and gene expression analy-
sis have shown productive infection in both chip cham-
bers, leading the researcher of this study to conclude that
HSV-1 have spread from DRGO to NHEK only through
an axonal anterograde route. The microfluidics chip tech-
nology represents a promising tool to study the molecular
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mechanisms involved in neurotropic virus infections and a
suitable platform for drug screening, treatment responses,
and/or therapeutics validation, which otherwise could not
be fully investigated by other in vitro models.

During the last decade, several discoveries have emerged
showing a strong correlation of HSV-1 infection with beta-
amyloid (Ap) associated neuropathologies, such as AD
(Nilsson et al. 2010; Li Puma et al. 2019). In general, the Af
balance in the human brain is maintained through three key
checkpoints: (1) the Ap generation, (2) the transport of Ap
across the blood-brain-barrier (BBB), and (3) the Ap deg-
radation (Nilsson et al. 2010). Apolipoprotein E (APOE),
the main cholesterol transporter in the brain, participates in
both the AP transport across the BBB (Linard et al. 2020) and
the AP degradation (Baranello et al. 2015). Notably, APOE4
expression has been shown to correlate with frequent reac-
tivations of HSV-1 and an increase in AD risk (Linard et al.
2020). Cairns et al. (Cairns et al. 2020) have pioneered a 3D
bioengineered brain model by seeding NPCs into a silk pro-
tein scaffold-based microdevice to study the effects of HSV-1
infection on AD pathology. Using this bioengineered brain
model, it was found that HSV-1 infection could determine
the onset of AD-like phenotypes, including A formation,
neuroinflammation, gliosis, and diminished neural network
functionality. However, this model had limitations in cortical
cellular diversity and spatiotemporal self-organization in the
human cerebral cortex, as observed in COs. More recently,
using 2D neuron cultures and 3D organoids, it was reported
that HSV-1-infected COs could be a potential model of AD
pathophysiology with the recapitalization of many AD hall-
marks including beta-amyloid deposition, dysregulated AD
mediators, neuroinflammation, and impaired neuronal dif-
ferentiation (Qiao et al. 2022). In addition, AD mediator
genes PSEN1, PSEN2, Achaete-scute homolog (ASCL),
and erythropoietin-producing human hepatocellular recep-
tors B (EPHB) were shown to be significantly upregulated in
COs, whereas BACE expression was decreased in response
to the HSV-1 infection. Moreover, in the same study, Vala-
cyclovir (VCV) and Ribavirin (RBV) have been reported to
significantly reduce HSV-1 replication and rescue the HSV-
1-induced pathologic phenotypes in COs. In an earlier study,
HSV-1-infected 2D monolayer neuronal cultures presented
perinuclear AB42 in ICP4-positive cells compared to unin-
fected cells or infected cells exposed to SBVdU and IFN-a,
supporting the ability of HSV-1 to trigger Ap42 accumulation
(Abrahamson et al. 2021). On the other hand, when 3D brain
organoids were infected with HSV-1, Ap42 immunoreactivity
was primarily observed in ICP4-negative neurons and rarely
in ICP4-positive neurons, which was mainly linked to the
strong antiviral signaling in abortively infected cells. These
observations suggested that 3D brain organoids may provide
a superior in vitro platform for AD compared to 2D cultures,
with much closer translational outcomes to in vivo conditions.

HSV-1 infection has been also shown to be associated
with neonatal encephalitis during pregnancy, delivery,
and/or postnatally. Intrauterine HSV-1 infection repre-
sents approximately 4-5% of HSV infections in newborns
(Marquez et al. 2011), and in many cases, it evolves into a
fatal neurologic disorder (Straface et al. 2012; Pichler et al.
2015). D’Aiuto and colleagues (D’Aiuto et al. 2022) devel-
oped a reductionist approach to model neurodevelopmen-
tal outcomes of HSV-1 infection of neural rosettes, which
represents the in vitro equivalent of differentiating neural
tubes (Broccoli et al. 2014). Early-stage brain organoids
(ES-organoids) composed of hiPSCs-derived neural rosettes
were employed to investigate aspects of the potential neuro-
pathological effects of HSV-1 infection on neurodevelop-
ment. ES-organoids were infected with HSV-1 and treated
with ACV for an extended time period (9—12 weeks), which
is necessary to generate brain organoids that exhibit corti-
cal-like structures. Interestingly, despite the antiviral treat-
ment, changes in neural rosettes, loss of structural integrity,
and neuronal alterations were observed in HSV-1-infected
ES-organoids. Qiao and colleagues (Qiao et al. 2020) also
reported an in vitro neurodevelopmental model utilizing
COs and showed that HSV-1 infection dysregulates neuro-
genesis by decreasing the expression levels of Nestin, hind-
brain markers (ISL1) and reducing the cortical plate layer
depth, suggesting that HSV-1-induced dysregulation of brain
regionalization may occur in different stages of fetal brain
development.

In recent years, iPSCs have offered an appealing oppor-
tunity to generate individual specific CNS cells from rel-
evant diseases. However, the variability in the interaction of
HSV-1 with donor-specific cell types has not been investi-
gated in depth. Prior studies have been limited to the mode-
ling of rare single-gene inborn errors of immunity in hiPSC-
derived CNS cells from human fibroblasts (Lafaille et al.
2012; Zimmer et al. 2018; Chansard et al. 2021). A recent
study (Zheng et al. 2022) compared the effects of HSV-1
infection at low multiplicity of infection on the prolifera-
tion and migration of two hiPSC-derived NPC lines from
a healthy woman (02SF) and her son (01SD). HSV-1 was
reported to affect the proliferative activity of 02SF and 01SD
NPCs in a viral dose-dependent trend, with a difference in
the transcriptional activity of HSV-1 genes. The ACV treat-
ment could efficiently counteract the inhibitory action of
the virus on NPC proliferation in 02SF but not in 01SD,
where NPCs migration was also reduced when compared
to 02SF NPCs. The authors concluded that the sensitivity
to ACV and the impact that HSV-1 has on neurogenesis
are subject to inter-individual differences, explaining why
some individuals reactivate HSV more efficiently and why
HSV-1 infections in the CNS may have pathological conse-
quences for some individuals and not for others. Krenn and
colleagues (Krenn et al. 2021) have also studied the effects
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of ZIKV and HSV-1 on neurodevelopment in a brain orga-
noid model and showed that both viruses infect human NPCs
and cause a reduction in organoid size consistent with other
organoid studies (Qiao et al. 2020; D’Aiuto et al. 2022). This
work also highlighted the major differences in the cellular
innate responses against ZIKV and HSV-1.

Human-derived brain organoid model
of Polyomavirus JC infection

JCV infection of oligodendrocytes causes progressive multi-
focal leukoencephalopathy (PML), a fatal neurodegenerative
disease primarily affecting immunosuppressed individuals and
characterized by multifocal loci of demyelinating lesions in the
white matter (Weissert 2011; Cortese et al. 2021). While more
than 90% of the worldwide adult population is infected with
JCV (Weissert 2011), PML remains a rare co-morbidity. JCV
is a non-enveloped double-stranded DNA virus that enters the
host cells through the primary encounter of sialic acid moie-
ties on glycoproteins of the cellular membrane, followed by
clathrin-mediated endocytosis (Ferenczy et al. 2012). Viral rep-
lication occurs in the cellular nucleus, whereas the assembly
of viral particles takes place in the cytoplasm and depends on
host cellular pathways of DNA replication and protein folding
(Ferenczy et al. 2012). JCV mainly infects oligodendrocytes
(Barth et al. 2016), but it may also infect neurons, causing JC
virus encephalopathy and JC virus granule cell neuronopathy
(Miskin and Koralnik 2015). In vitro cells that support JCV
replication include human fetal glial cells (Padgett et al. 1971;
Major et al. 1985; Mandl et al. 1987), human embryonic stem
cell-derived oligodendrocyte progenitor cells (Schaumburg
et al. 2008), human embryonic kidney cells (Miyamura et al.
1980), glial progenitor cells, progenitor-derived astrocytes, and
primary astrocytes (Major and Vacante 1989; Messam et al.
2003; Ferenczy et al. 2013). JCV is a species-specific virus that
can only infect humans. Inoculation of JCV into mice or ham-
sters has resulted in tumor formation with no lytic infection and
PML development (Barth et al. 2016). This peculiar infectivity
of the virus has interfered with the development of in vivo ani-
mal models of PML, delaying the study of mechanisms which
underly the viral pathogenesis and modalities for antiviral
agents. A humanized mouse model was developed in 2014 by
implanting human glial progenitor cells into immunodeficient
and myelin-deficient mice (Kondo et al. 2014). However, JCV
infection in this model resulted in virus replication mainly in
human astrocytes with signs of demyelination not imputable
to viral lytic infection due to the limited human oligodendro-
cyte incorporation. Recently, Barreras and colleagues (Barreras
et al. 2022) have established a promising human brain organoid
model to study JCV infection. The brain organoids consisted of
neurons (70%), astrocytes (20%) and oligodendrocytes (10%)
with a diameter of 300-350 pm. JCV productively infected
astrocytes and oligodendrocytes in the 3D brain organoids with
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viral nuclear inclusions observed by immunohistochemistry
and electron microscopy. The human-derived brain organoid
model of JCV may further advance our understanding of viral
pathogenesis and allow a high-throughput platform for screen-
ing different therapeutic compounds.

ZIKV, CMV, and SARS-CoV-2 modeling in 3D
brain organoids

ZIKYV is a Flavivirus with an envelope and single-strand
RNA genome (Lindenbach and Rice 2003). Since 2015,
ZIKV has gained interest following an outbreak in Bra-
zil where infection during pregnancy was associated with
microcephaly in newborns (Mlakar et al. 2016). Due to its
influence on brain development, in vitro brain organoid
models have been developed by many investigators and
provided invaluable knowledge on ZIKV pathophysiol-
ogy. Majority of the studies investigating ZIKV infection in
brain organoids utilized unguided protocols to generate the
brain organoids, with only a few utilizing guided protocols.
ZIKYV infection has been shown to impact the growth and
size of forebrain organoids as well as the thickness of the
ventricular zone layer (Qian et al. 2016; Xu et al. 2019).
In addition, forebrain organoids have also been used as a
platform to screen the anti-ZIKV activity of small molecule
inhibitors (Xu et al. 2016; Li et al. 2020, 2022). Infection
studies in several brain organoid models have suggested that
ZIKV can replicate in NPCs, astrocytes, and neurons that
define the ZIKV neuropathology by mainly resulting in a
general size reduction of organoids due to the defective dif-
ferentiation/maturation and inducing cellular death (Garcez
et al. 2016; Cugola et al. 2016; Dang et al. 2016; Wells et al.
2016; Gabriel et al. 2017; Zhou et al. 2017; Salick et al.
2017; Liu et al. 2019; Krenn et al. 2021). In conclusion,
brain organoids possess a superior in vitro model to study
ZIKV infection, allowing researchers to better understand
the viral pathophysiology and utilize them as a platform to
screen therapeutic interventions.

Another neurotropic virus that has been associated with
microcephaly is the human Cytomegalovirus (CMV). CMV
belongs to the Herpesviridae family and is a double-stranded
DNA virus that can infect people of all ages. Although the
majority of CMV infections are asymptomatic, newborns
with congenital CMV infection may present neurologic
anomalies such as lethargy and microcephaly (Boppana
et al. 2013). Several groups have reported CMV infection
modeling in brain organoids using unguided protocols.
CMV infection in brain organoids disrupts organoid mor-
phology, probably due to the induced cell death leading
to size reduction (Sun et al. 2020). In addition, infection
with CMV interferes with neurogenesis and the formation
of neural rosette formation from NPCs (Sison et al. 2019).
Furthermore, neural signaling, as well as networks important
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for neurodevelopment, has been shown to be downregulated
following CMYV infection in brain organoids (O’Brien et al.
2022). Moreover, brain organoids were also modeled for
testing the therapeutic potential of neutralizing antibodies
for the treatment of newborns with congenital CMV infec-
tion (Sun et al. 2020).

In the past three years, the COVID-19 pandemic has
been a major health problem worldwide. Although the
major target of SARS-CoV-2 is the respiratory system,
the viral tropism involves multi-organ systems (Liu et al.
2021). Neurological manifestations in COVID-19 patients
have been reported, although the neuropathology associated
with SARS-CoV-2 is yet to be elucidated (Mao et al. 2020;
Douaud et al. 2022; Ng et al. 2023). In recent years, several
brain organoid models have been developed as a tool to gain
insight into SARS-CoV-2 neuroinvasion in the CNS, using
guided and unguided protocols. Yi et al. reported persistent
ACE2 expression during the development of dorsal forebrain
organoids from hESCs and showed susceptibility to infection
using a SARS-CoV-2-pseudovirus (Yi et al. 2020). Zhang
et al. also reported that ACE2, TMPRSS?2, and coronavi-
rus entry-associated proteases (cathepsin L, and furin) are
readily available in hNPCs and brain organoids generated
from hiPSCs and showed that the brain organoids support
SARS-CoV-2 infection and replication (Zhang et al. 2020).
Jacob et al. have further investigated SARS-CoV-2 infection
in region-specific hiPSCs-derived brain organoids. Using
cortical, hippocampal, hypothalamic, and midbrain orga-
noids, they reported limited infection in neurons and astro-
cytes, but robust infection in choroid plexus (ChP) epithelial
cells. Moreover, they developed ChP organoids from hiPSCS
and reported productive SARS-CoV-2 infection associated
with cell death (Jacob et al. 2020). Several other groups also
reported SARS-CoV-2 infection modeling in dorsal cortical
organoids or cortical organoids. Those studies revealed that
SARS-CoV-2 can infect glial cells (McMahon et al. 2021;
Andrews et al. 2022), ChP cells (McMahon et al. 2021), and
neuronal cells (Zhang et al. 2020; Song et al. 2021). Mesci
et al. showed that infections in neurons promote cell death
with the loss of excitatory synapses. Moreover, the same
group showed that the antiviral drug Sofosbuvir inhibits
SARS-CoV-2 replication in a model of cortical organoids
(Mesci et al. 2022). Hou et al. also utilized forebrain and
midbrain organoids to study replication efficiency and neu-
rotropism of different variants of the virus (SARS-CoV-2
WT, Delta, Omicron BA.1 and Omicron BA.2) and demon-
strated a higher replication efficiency of variant Omicron
BA.2 with positive viral infection in dopaminergic neurons
in midbrain organoids and cortical neurons in forebrain
organoids (Hou et al. 2022). Unguided brain organoids have
also been developed to mainly demonstrate the virus’s cel-
lular tropism. In line with findings using guided protocols,
various neural cell types were shown to be susceptible to

infection with SARS-CoV-2 (Bullen 2020; Ramani et al.
2020; Tiwari et al. 2021). Another group showed that SARS-
CoV-2 infection in neurons was boosted by the presence of
astrocytes in brain organoids which also led to synaptic loss
and neuronal toxicity (Wang et al. 2021). Infection in astro-
cytes was also linked to the promotion of neuronal death
(Kong et al. 2022). Pellegrini et al. reported SARS-CoV-2
infection in ChP with limited neuronal infection, prob-
ably due to the higher expression levels of ACE2 in this
cell type (Pellegrini et al. 2020). Moreover, by using brain
organoid models, Samudyata et al. showed SARS-CoV-2
nucleocapsid protein expression in PAX6, MAP2, GFAP,
SOX10, OLIG2, and Ibal positive cells, and revealed a role
of microglia in infected organoids in increasing the engulf-
ment of postsynaptic termini with increased phagocytosis
and synapse elimination (Samudyata et al. 2022). In sum-
mary, brain organoid models have provided a superior plat-
form to investigate neuronal susceptibility, disease mecha-
nisms, and treatment strategies for SARS-CoV-2 infection.

Future advancements

As far as COs have come in recent years, there is still much
improvement to be done. One of the biggest hindrances
in CO models is the fact that they are size-restricted due
to the lack of nutrient and oxygen diffusion to their cent-
ers. An improvement in this area would allow for the
generation of larger, more complex, and more stable COs
and organoids in general. This area is currently being
explored in a variety of ways, such as bioengineering spe-
cial devices to increase diffusion and organoid size (i.e.,
spinning bioreactors and microfluidic chips) (Lancaster
et al. 2013; Kim et al. 2015; Qian et al. 2016; Karzbrun
et al. 2018). Another method for improving the diffusion
of nutrients and oxygen in COs is to establish vasculari-
zation within the organoids. Not only would vasculariza-
tion increase nutrient diffusion throughout the CO, but it
would allow for the addition of a BBB component, which
is extremely important in modeling neurovirology and is
lacking in brain COs (Miller et al. 2012). As mentioned
previously, several attempts at vascularization in organoids
have been made through various means and with various
degrees of success. Methods such as endothelial cell co-
culture and assembloids between vascular organoids and
COs have been used with relative levels of success (Pham
et al. 2018; Sun et al. 2022). However, these protocols
are tedious and complicated and are not yet a reliable and
feasible way to generate vascularized COs. Thus, creating
reliable and reproducible methods to generate vascularized
COs is an area that needs to be explored to generate more
accurate models of neuroviral infections, and of the human
brain modeling in general. There are also reported varia-
tions between COs due to a variety of factors. Donor cell
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Table 1 Types of brain organoids used to study various neurotropic viruses

Neurotropic Virus Brain organoid type

Citation

HIV Brain organoids (hBORGs) containing microglia

Cerebral organoids

HSV hiPSC-derived NPC and
neural rosettes
Brain organoids and 3D cellular system of hiPSC-derived
dorsal root ganglia organoids (DRGO) and keratinocytes
(NHEK)
Cerebral organoids
ICV Cerebral organoids
ZIKV Forebrain organoids
Cerebral organoids
CMV Cerebral organoids
SARS-COV-2 Dorsal forebrain organoids

Forebrain and midbrain organoids
Dorsal cortical organoids

Cortical organoids

Cortical, hippocampal, hypothalamic
and midbrain organoids

Cerebral organoids

dos Reis et al. 2020
Gumbs et al. 2022
Zheng et al. 2020; D’Aiuto et al. 2022; Zheng et al. 2022

D’Aiuto et al. 2019:
Mazzara et al. 2022

Cairns et al. 2020; Qiao et al. 2020, 2022; Krenn et al. 2021;
Abrahamson et al. 2021

Barreras et al. 2022
Qian et al. 2016; Xu et al. 2016, 2019; Li et al. 2020, 2022

Garcez et al. 2016; Cugola et al. 2016; Dang et al. 2016;
Wells et al. 2016; Gabriel et al. 2017; Zhou et al. 2017;
Salick et al. 2017; Liu et al. 2019; Krenn et al. 2021

Sison et al. 2019; Sun et al. 2020; O’Brien et al. 2022
Yi et al. 2020
Hou et al. 2022

Song et al. 2021; McMahon et al. 2021; Andrews et al. 2022;
Mesci et al. 2022

Zhang et al. 2020; Mesci et al. 2022
Jacob et al. 2020

Bullen 2020; Ramani et al. 2020; Pellegrini et al. 2020; Wang
et al. 2021; Tiwari et al. 2021; Samudyata et al. 2022; Kong
et al. 2022

variability due to genetic background and sex differences
needs to be further characterized, as they can lead to large
differences between different lines of iPSCs (Burrows
et al. 2016; Volpato and Webber 2020). Additionally, there
can be quite a large batch variability between COs gener-
ated from the same line of iPSCs. Batch variability from
the same iPSC lines may be a result of handling, source of
growth factors, media, equipment, and differences in pro-
tocols. Further improvements in protocols and techniques
are needed to improve the reliability, reproducibility, and
batch variations. Furthermore, new methods for measur-
ing the electrophysiology of COs may be explored through
means such as an optimized multi-electrode array. The CO
models of the human brain is still a new era of modeling
neurotropic viral infections and there is an endless number
of possibilities that can and should be explored to improve
these systems.

Conclusions
3D brain organoid models are clearly a superior in vitro

platform over 2D-cell cultures with their tissue-cell com-
plexities comparable to in vivo conditions. Human brain
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organoids are able to represent the human brain at the cellu-
lar, structural, and developmental levels, allowing research-
ers to model neurotropic viral infections in ways that were
previously not possible. Brain organoids are developed by
“unguided protocols,” allowing them to freely organize into
the forebrain, midbrain, and hindbrain or “guided protocols”
for generating organoids representing specific brain regions
of interest (Fig. 1). Over the last decade, many groups of
researchers have developed various types of brain organoids
and modeled major neurotropic viral infections (Table 1).
As we reviewed above, brain organoid models have pro-
vided invaluable knowledge towards a better understanding
of molecular regulation of neurotropic viral infections and
cellular responses. Although they are proven to be a signifi-
cantly better platform for modeling the brain in vitro, brain
organoids also possess some limitations. They are limited in
size and prone to cell death at their center due to the limited
diffusion of nutrients and oxygen. Improvements with vascu-
larization attempts are in progress with promising outcomes
and the biotechnology for 3D modeling of brain organoids
is a fast-growing research era. Nonetheless, 3D brain orga-
noids have shown their potential to take the in vitro culture
systems to a new level and have allowed for better modeling
of neurotropic viral infections.
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