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Understanding the impact of viral pathogens on the human central nervous
system (CNS) has been challenging due to the lack of viable human CNS
models for controlled experiments to determine the causal factors underlying
pathogenesis. Human embryonic stem cells (ESCs) and, more recently, cellular
reprogramming of adult somatic cells to generate human induced pluripotent
stem cells (iPSCs) provide opportunities for directed differentiation to neural
cells that can be used to evaluate the impact of known and emerging viruses on
neural cell types. Pluripotent stem cells (PSCs) can be induced to neural
lineages in either two- (2D) or three-dimensional (3D) cultures, each bearing
distinct advantages and limitations for modeling viral pathogenesis and
evaluating effective therapeutics. Here we review the current state of
technology in stem cell-based modeling of the CNS and how these models
can be used to determine viral tropism and identify cellular phenotypes to
investigate virus-host interactions and facilitate drug screening. We focus on
several viruses (e.g., human immunodeficiency virus (HIV), herpes simplex virus
(HSV), Zika virus (ZIKV), human cytomegalovirus (HCMV), SARS-CoV-2, West
Nile virus (WNV)) to illustrate key advantages, as well as challenges, of PSC-
based models. We also discuss how human PSC-based models can be used to
evaluate the safety and efficacy of therapeutic drugs by generating data that are
complementary to existing preclinical models. Ultimately, these efforts could
facilitate the movement towards personalized medicine and provide patients
and physicians with an additional source of information to consider when
evaluating available treatment strategies.
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Introduction

Viral infections that impact the central nervous system
(CNS) can lead to chronic injury or cognitive impairments
that have a significant impact on quality of life. Due to the
potential severity of neurological sequelae following infection,
there is a need to determine the neurotropism of viruses and
understand the underlying pathology. However, this has been
challenging due to the inaccessibility of viable CNS tissue from
patients, the difficulty in disentangling direct and indirect effects
of infection from analyses of postmortem tissue, as well as the
complexity of virus-host interactions and variability of immune
responses. Identifying neural targets of viral infections and the
virus-mediated causes of neurological symptoms is critical to the
development of effective therapeutic or preventative strategies
but remains a significant challenge within neurovirology (1).

Much of the evidence for neurotropism in humans arises
from examinations of postmortem tissue of an infected
individual or epidemiological studies that suggest neurological
effects. Both approaches provide invaluable data and are
generally the first indication that viral infections can impact
the CNS. However, these studies do not allow for direct
experimentation to uncover the causal mechanisms of
pathology. Animal studies do allow for controlled
investigations of viral infections in a physiologically intact
model, but can be limited due to species-specific differences in
virus-host interactions or susceptibility. Cell culture is one of the
most broadly used experimental approaches in biomedical
research, including virology, and is highly amenable to
controlled investigations. Cell lines such as Vero, HelLa,
HEK293, or SH-SY5Y have led to critical insight into the
mechanisms of virus-host interactions and pathogenesis. Each
of these lines has been well established in the field and offers
advantages in terms of consistency, scalability, and ease of
access. However, most are from non-neural lineages or derived
from tumor tissue and have distinct properties that may not
recapitulate cellular virus-host interactions in developing or
mature human CNS cell types. Functional assays relevant to
understanding the pathogenesis of neurological and cognitive
symptoms may also be limited in these cell lines.

Human embryonic stem cells (ESCs) were first described in
1998 and were generated from the totipotent cells obtained from
the inner cell mass of embryos at the blastocyst stage (2). Human
ESCs demonstrated several defining characteristics first
established in mouse ESCs, including a proliferative capacity
in the undifferentiated state and the potential to generate cell
types representative of all three embryonic germ layers. These
properties allow for a renewable source of human cells of nearly
any cell type in the body, including neural cells derived from an
ectodermal lineage. Several ESC lines have been established and
well-characterized but are limited in number due to restrictions
on the generation of additional lines. The development of
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technology to reprogram human adult somatic cells into a
pluripotent state reminiscent of ESCs demarcated a radical
shift in the field of medical research and has opened the door
for personalized medicine (3). Human induced pluripotent stem
cells (iPSCs) offer several distinct advantages over ESCs,
including the ability to generate new lines from consenting
individuals that retain the genetic information of the donor.
Given that the number of ESC lines available for research is
limited, the ability to interrogate virus-host interactions in a
wide variety of genetic backgrounds in iPSCs could facilitate a
better understanding of genetic risk factors that can lead to more
severe outcomes after viral challenges. Similar to ESC lines,
iPSCs can be differentiated into almost any cell type, including
neurons, glia, and immune cells (4). As such, iPSCs are an
invaluable resource that can provide an unlimited source of
cloned human neural cell types from individual donors,
representing more genetic diversity than in existing ESC lines.
However, this also suggests an even greater need to conduct
studies using more than one donor line to account for the
variability due to differences in reprogramming and/or
genetic background.

As with any model system, there are limitations to PSC-
based studies but there is also great potential to complement
existing animal and cell culture models for further discovery and
to identify new treatments for known and emerging neurotropic
viruses (5-7). In this review, we discuss a few of the recent
studies that illustrate the advantages of 2D and 3D human cell
cultures that have advanced our understanding of the impact of
viruses on the CNS using a repertoire of PSC-derived neural cell
types and culturing techniques (Table 1). Although iPSC studies
have become more popular in recent years and comprise the
majority of studies we cite, ESCs are still widely used and may be
subject to less genomic instability than iPSCs. We selected
studies to represent a range of neurotropic viruses that also
illustrate key features and recent advances in cell culture
technology. Unfortunately, we were unable to cite all relevant
PSC studies of neurotropic viruses due to space limitations.

Two-dimensional cultures

Differentiating ESCs and iPSCs into an enriched monolayer
culture of targeted cell populations enables controlled, rigorous,
and focused experimentation. Two-dimensional (2D) models
are particularly beneficial for investigations focusing on specific
human cell types, advanced maturational states, defined cellular
interactions, and higher-throughput phenotyping. Importantly,
monolayer culturing of cells allows for consistent exposure to the
factors in the media (e.g., oxygen, growth factors and nutrients,
infectious agents, drug concentrations) and temporal control of
proliferation to isolate various dynamic states. The ability to
differentiate iPSCs into highly enriched populations of specific
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human neural cell types is a defining characteristic and key
advantage of this in vitro model, especially when investigating
known targets of a particular neurotropic virus.

Cellular differentiation, enrichment, and
cell-type identity

Following the demonstration that iPSCs could be generated
from adult somatic cells in 2006 (94), many protocols have been
developed to program these cells into early neural stem cells

10.3389/fviro.2022.869657

(NSCs) and neural progenitor cells (NPCs), as well as mature cell
types representative of the CNS, including neurons (95-98),
astrocytes (99, 100), microglia (101, 102), and oligodendrocytes

(103, 104). Differentiation of cell types typically relies on varying

the concentration and duration of exposure to patterning factors

such as WNT, FGF8, TGF-f3, and SHH that are critical during

embryonic development (105-107). Though the efficiency of

such methodologies can vary (108, 109), some protocols

demonstrate the potential to generate robust, nearly 100%
homogeneous populations of neural cells (99, 110). Variability
can be further reduced using purification tools such as

TABLE 1 Representative studies using 2D and 3D human cell culture models to investigate neurotropic viruses.

Virus

DENV

HCMV

HIV

HSV-1

JEV

RABV

SARS-
CoV-2

Usuv

2D
Model

(8-10)

(11-13)

(16-20)

(39)

(19, 41,
42)

(43-48)

3D

Model

(11, 14,
15)

(20-22)

(29, 30,
35-38)

(40)

(47, 49-
57)

Key findings

Less efficient infection of neurons than ZIKV, WNV (8, 10)

NSC infection impairs differentiation, gene expression; infection of mature neurons
induces apoptosis-associated degeneration (12)

Mitochondrial dysfunction, endoplasmic reticulum stress may lead to NPC
apoptosis (13)

Disrupted Ca®" signaling and cortical organoid structure; partial rescue with
maribavir (11, 15)

No effect on cortical organoid size but does compromise cytoarchitecture (14)

GABAergic cortical and dopaminergic neurons induce silencing and latency in
infected primary human microglia (18)

iPSC-derived infected microglia produce inflammatory cytokines and dysregulate
EIF2 signaling across cell types (17)

Pseudotyped HIV-1 infection increases degeneration of iPSC-derived spinal
neurons with genetic mutation of RNA-binding protein associated with
amyotrophic lateral sclerosis (19)

Primary microglia integrated into cortical organoids support HIV-1 replication,
alter cytokine expression (22)

HSV-1 promotes lytic changes in schizophrenia patient iPSC-derived NPCs and
glutamatergic neurons (33)

Identification of alternative antiviral compounds (28, 32)

TLR3 and UNC93B-deficient neurons and oligodendrocytes may contribute to
pathogenesis of HSE (23, 25) NPC aggregates are less susceptible to infection than
monolayer NPCs (36)

Latent reactivation is less efficient in brain organoids, similar to in vivo mouse
models (30)

Infection induces abnormal microglial activation (38)

NPCs are highly vulnerable to JEV infection (39)
JEV targets outer radial glial cells and leads to more severe infection in young
ESC-derived telencephalon cortical organoids (40)

Differences in axonal transmission between a laboratory-adapted strain and wild-
type strain of rabies virus (41)

RABYV induces apoptosis in NPCs, but not iPSC-derived neurons or astrocytes, and
suppresses interferon gamma response (42)

Astrocytes increase infection of neurons; remdesivir inhibits infection of neurons
and astrocytes (43)

Neurons with the ApoE4 isoform are more susceptible to infection than ApoE3
neurons (43)

Neurotropism for choroid plexus (49)

ACE2 and TMPRSS2 expressed at higher levels in cerebral organoids compared to
neurons and astrocytes (54)

USUV infects and induces death of iPSC-derived NSCs more efficiently than ZIKV
(58)

Methodology highlights

Age-related effects of flavivirus infection modeled
with increased passaging of iPSCs (9)

Different outcomes based on timing of infection in
iPSCs (14) vs. organoids (15)

Large populations of more homogeneous cultures
allow for controlled experiments (12)

Astrocyte, microglia, neuron co-culture model to
study cellular cross-talk during infection and
remediation (17)

Microglia integrated into brain organoids, critical
for the study of neuroimmune interactions (22)

Functional magnetic resonance imaging of HSV-
1-infected schizophrenia patients (33)
iPSC-based models for drug screens (28, 34)
Comparison of 2D and 3D models highlights
differences in phenotypes (30, 36)

High-content screening in 3D cultures (37)

Among the few studies manipulating PSC-derived
CNS cells and organoids with JEV (39, 40)

A novel microfluidic device to map rabies
pathogenesis in human neuronal networks (41)
Proteomic analysis of infected iPSC-derived
neurons (42)

Host-specific iPSCs shed light on susceptible
human genetics (43, 44)

2D assays can inform investigation in 3D models
(49)

Comparative study of flavivirus infection in iPSC-
derived neural cell types (58)
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TABLE 1 Continued

Virus 2D 3D Key findings
Model Model
vzv (27, 59-61) ~ First in vitro model of human iPSC-derived sensory neurons that support VZV
and HSV infection (27)
WNV (8, 62) ~ WNV induction of inflammatory proteins IL-8 and CCL2 (62)
ZIKV (8,10, 19, (29, 65, Overactivated antiviral response is detrimental in NPCs (66)
29, 58, 63— 70, 72—  Antiviral treatments effective on Vero cells did not have the same effect on iPSCs
73) 93)  (68)

Interferon gamma treatment protects NPCs from infection (10)
Microglia-mediated transmission of Brazilian ZIKV to immature NPCs, increase in

apoptosis (71)

10.3389/fviro.2022.869657

Methodology highlights

Protocol to generate sensory neurons, the
suspected latent reservoirs of VZV (27)

Flavivirus infection in iPSCs and neural cells (8)

High-content screening to identify antiviral
candidates (64)

Miniaturized spinning bioreactor for cost-effective
organoid generation (75)

Automated analysis of control and infected
organoid features (82)

Exhaustion of NPCs results in cortical thinning, similar to ZIKV-associated

microcephaly (70, 75, 78)

Microglia in brain spheres influence inflammatory responses (83)
Radial glia and early choroid plexus cells in cerebral organoids express viral entry

receptor AXL (84)

Sofosbuvir inhibits ZIKV infection in brain organoids (85, 86)

ZIKV-NS2A disturbs formation of adherens junction and morphology of radial glia

in forebrain organoids (87)

An overview of many of the current studies using human PSCs to investigate pathology in the CNS related to viral infections and/or application of these models to identify antiviral
compounds and therapeutics. A sample of key findings and methodologies are highlighted. Dengue virus (DENV); Human cytomegalovirus (HCMV); Human immunodeficiency virus
(HIV); Herpes simplex virus 1 (HSV-1); Japanese encephalitis virus (JEV); Rabies virus (RABV); Usutu virus (USUV); Varicella-zoster virus (VZV); West Nile virus (WNV); Zika

virus (ZIKV).

fluorescence- or magnetic-activated cell sorting to select for cell
surface markers of a target population (111, 112).

It is important to note that how cell “type” is defined in a
study also contributes to the degree of differentiation robustness
and purity of the enriched culture (113). Seemingly homogeneous
populations based on neurotransmitter expression may be
comprised of many subtypes, such as highly heterogeneous
GABAergic neurons or glutamatergic neurons of distinct
cortical layers (114, 115). Due to the complexity of the CNS
and the different ways of defining cell types (e.g., morphological,
electrophysiological, molecular), the number of neural subtypes
that exist in the brain has yet to be fully delineated (116).
However, recent advances in single-cell sequencing technologies
have revealed extensive regional and cell-type specificity, as well
as species-specific differences, at a level of granularity that had not
been previously appreciated (117).

Cell type-specific viral responses

Maintaining monocultures of different cell types in parallel
provides opportunities for comparative analyses of responses to
viral exposure. One such example of cell type-specific
susceptibility was shown in a study that tested reactivity of
different iPSC-derived CNS cell types to investigate the
pathogenesis of childhood herpes simplex virus 1 (HSV-1;
herpesvirus) encephalitis (HSE) (23). Although HSV-1 is a
widespread virus that infects a large percentage of young
adults worldwide, HSE is a rare but life-threatening disorder
that can result from innate genetic mutations of TLR3 or UNC-
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93B, which play a key role in the immune response (118-120).
Mutations affecting these proteins confer a selective deficiency in
immunity to HSV-1, leading to HSE pathogenesis in affected
patients. After reprogramming fibroblasts from donors with
UNC-93B or TLR3 deficiencies, iPSCs were differentiated into
NPCs, cortical neurons, astrocytes, and oligodendrocytes (23).
Among all cell types, the researchers found that neurons and
oligodendrocytes can provide strong anti-HSV-1 immunity via
an intact TLR3 pathway, but these cells are highly vulnerable to
HSV-1 infection if they are deficient in the TLR-specific UNC-
93B membrane protein. In contrast, UNC-93B-deficient NSCs
and astrocytes were not more susceptible to infection (23). These
data extend findings from studies showing the importance of
intact TLR3 signaling and UNC-93B function in other cell types
(e.g., fibroblasts, T cells) for immunity to HSV-1, as well as the
prevalence of TLR3-associated genetic variants that may
contribute to HSE (120, 121). Subsequent studies have
identified additional genetic modulators of innate immunity
for HSV-1, specifically in cortical neurons derived from iPSCs
(24). Consistent with findings from postmortem tissue, iPSC-
derived trigeminal ganglion neurons both with and without
TLR3 pathway mutations are highly susceptible to HSV-1
infection, demonstrating a lack of innate immunity in these
neurons that are thought to be one source of HSV-1 latency and
reactivation (25). HSV-1 latency and treatment has been profiled
in human ESC-derived neurons as well, demonstrating high
infectivity rates with a wild-type HSV-1 and the establishment of
a latent state of non-productive infection when coupled with
antiviral drugs (26). Together, these studies highlight the value of
generating iPSC lines with patient-specific mutations for
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functional investigations, as well as the capacity for directed
differentiation of PSCs to reveal cell type-specific tropism and
innate immune responses.

Maturation of neural cell types and
developmental stage-dependent
viral effects

Another key advantage of culturing iPSC-derived cells in 2D
is the capacity to generate and manipulate large populations of
cells from neural lineages of a defined cellular age (95, 122-125)
(Figure 1). Synchronization of differentiation can generate
largely homogeneous cultures of cells in the same maturational
state. Depending on the cell type, in vitro maturity may be
attained over several weeks and can be facilitated by specialized
reagents (e.g., BrainPhys medium) to accelerate synapse
formation and the emergence of electrophysiological activity
that may better reflect properties of postmitotic neurons in vivo
(126, 127). Mitotic inhibitors such as cytosine arabinoside

10.3389/fviro.2022.869657

(AraC) (128) and uridine/fluorodeoxyuridine (U/FdU) (129)
can synchronize maturation by eliminating NPCs from the
network, especially when the inhibitors are infused
intermittently to account for quiescent NPCs working to
repopulate depleted progeny (128). Although these methods
allow for some degree of control over the initiation of
differentiation, there are still many outstanding questions as to
how to define cellular maturity and the most salient features may
depend on the experimental question. Typically, the state of
maturation is determined through immunohistochemical
analyses of protein expression or morphology, gene expression
via RNA-sequencing (130), or activity levels via
electrophysiological properties and calcium transients (131).
Single-cell sequencing and electrophysiological assays have
also shown that co-culturing NPCs and neurons with
astrocytes can enhance and accelerate the expression of
transcriptional signatures associated with neuronal
maturation (132).

The traditional method for differentiation of iPSCs into
neural cell types involves dual-SMAD inhibition that is meant

Differentiated
Neural Cells

Transdifferentiation

NPCs

Specialized
Cells PSCs

Organoids

)

FIGURE 1

Defined Ratios of Mature CNS Cell Types

* + Antimitotic Agents

NPCs & Immature
Neural Cells

l @

Spheroids, Assembloids & Cellular Aggregates

Microfluidics

Differentiated Neural
Cells

NS
— {"("\

Testing

Applications of PSC models to study neurotropic viruses. Human pluripotent stem cells (PSCs) can be guided to differentiate into 2D (top) or 3D
(bottom) in vitro neural networks, which can be used in a variety of assays, including high-throughput screenings (HTS) and electrophysiological
recordings (right). PSCs can develop into various complex organoid models which can recapitulate aspects of human neural development and
neuroanatomy, or 3D models of desired cell types which strive to mimic in vivo cell behavior and physiology. PSCs can follow differentiation
protocols to become monolayers of neural progenitor cells (NPCs), immature neural cells, and ultimately any central nervous system (CNS) cell
type, such as microglia, astrocytes, oligodendrocytes, and post-mitotic neurons. Antimitotic agents can be used to synchronize maturation and
generate more homogeneous 2D cultures for controlled investigations that can be further elaborated in 3D models, refined again in 2D formats,
and so on by way of reciprocal hypothesis testing. Specialized human cell types (e.g., fibroblasts, blood) can be transdifferentiated directly into
neural cells without transitioning through a pluripotent state, providing another platform for CNS experimentation.
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to recapitulate the full neurogenic process. Although astrocytes
can be generated through some of the same protocols that
produce cortical glutamatergic neurons, dedicated astrocyte
differentiation protocols are more efficient. However, these
protocols are typically very time-intensive, with some
protocols requiring more than 3 months to acquire markers of
cell-type specificity and maturation. Protocols to accelerate this
process have been developed for both astrocytes (133) and
neurons (97), the most popular of which relies on the
inducible overexpression of neurogenin 2 (NGN2), which can
produce functional neurons in ~14 days (134). In a direct
comparison of neurons derived from a traditional or
accelerated protocol, a recent study showed that more mature
electrophysiological properties could be detected in neurons
from the dual-SMAD differentiation protocol than the NGN2
overexpression protocol and that terminally differentiated
neurons continued to mature up to 6 months in culture (135).
There are advantages and disadvantages to both types of
protocols in terms of the relative length of culture time (~14
days vs. several weeks to months), the degree to which the
developmental stages of neuronal maturation are recapitulated,
and the ability to rapidly scale large populations for higher-
throughput screening.

For viruses that may affect the adult CNS, there is a need to
investigate postmitotic neural cell types (e.g., mature neurons,
astrocytes) that better model the mature brain. Previous studies
indicated that West Nile virus (WNV; flavivirus), rabies virus
(RABYV; rhabdovirus), varicella-zoster virus (VZV; herpesvirus),
and Usutu virus (USUV; flavivirus) may target these cells both in
vivo and in vitro (8, 41, 59, 136-139). Comprehensive
understanding of the mechanisms underlying infection of WNV
and VZV in human neurons, however, remains elusive. One of the
earliest studies using differentiated neurons combined an in vivo
model and a stem cell-based approach to study the effect of WNV,
a mosquito-transmitted virus that can cause neurological
consequences such as encephalitis or meningitis in humans
(138). In the in vivo mouse model, WNV infection disseminated
throughout the CNS within 4 to 6 days and correlated with the
death of motor neurons in the spinal cord and symptoms of
paralysis. Following the in vivo study, the group next examined
the mechanism associated with neuronal injury using mouse ESC-
derived neurons, and found that WNV infection caused apoptosis
of neurons within 48 hours of infection in the absence of activated
lymphocytes or microglia (138). This study provided in vivo data
in a mouse model that was consistent with symptoms observed in
WNV patients (140), and evidence of a direct effect of WNV
on neurons.

Using human stem cell models at various stages of
differentiation (e.g. iPSCs, NSCs, neurons), a recent study (8)
compared several neurotropic viruses for cell type specificity and
found that WNV most efficiently infected both neurons and
NSCs compared to Zika virus (ZIKV; flavivirus) and dengue
virus (DENV; flavivirus), which have shown preferential tropism
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for NPCs and blood-brain barrier (BBB) cells, respectively (141-
144). This comparative study represents an effective approach to
evaluate relative infectivity of different viruses in neural cell
types and suggests that WNV replicates more rapidly in neurons
and induces the highest rates of apoptosis in this population
among the three related flaviviruses of interest. Though
informative, more iPSC-based research could help to delineate
the chief target of WNV tropism, as well as that of DENV, which
has only recently been investigated for its neurotropic properties
in human PSC models.

A similar study applied a 2D maturation approach to
establish a model for examining VZV, a highly neurotropic,
human-specific herpesvirus which can lead to varicella
(chickenpox), herpes zoster (shingles), and other neurological
and ocular disorders in infected individuals (59). Neuronal
aggregates, or neurospheres, were produced from primary
human fetal brain NSCs and dissociated to develop a largely
neuronal population of 90% neurons and 5% astrocytes in a 2D
system. VZV infection experiments revealed only 5-10% of
neurons, and no astrocytes, consistently contained viral
proteins up to 3 weeks after infection, suggesting no
significant cell-cell transmission. Compared to primary fetal
lung fibroblast cultures, which led to a cytopathic effect within
5-7 days post-infection, VZV did not promote a cytopathic effect
or death in cultured neurons. Built upon earlier investigations of
primary neuron culture and postmortem tissue models (60, 145,
146), this NSC model and other ESC-based approaches (61)
helped to pave the way for more in-depth examination of VZV-
neural cell interactions in humans. A study of human dorsal root
ganglion xenografts in mice later found that VZV infection may
persist in neurons for at least 8 weeks (147) and retain resistance
to apoptosis, increasing the likelihood of latency and reactivation
effects among infected cells. Others have since extended this
dorsal root ganglia model to focus on iPSC-derived sensory
neurons, which seem to be one of the few reservoirs of latent
VZV (27). These studies demonstrate how 2D investigations of
mature neuronal populations can provide foundational
information on different neurotropic viruses with various
degrees of aggression, informing future analyses of mature cell
behavior when exposed to these and other infectious agents in a
physiologically intact environment. Using these tools,
researchers can further analyze how PSC-derived cells at
various stages of development respond to environmental
stimuli and perturbagens such as viruses or drugs, and
recognize any potential effects that different cell types may
exert throughout the CNS.

Cell-cell interactions and non-cell
autonomous effects of viral infections

Of particular relevance to understanding neurological
consequences of viral infections is distinguishing between
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direct and indirect effects. Many viruses exert “bystander” non-
cell autonomous effects on surrounding cells, resulting in cell
death or disturbance of uninfected cells (148-151). Many studies
investigating in vitro bystander effects of CNS cells involved in
the immune response, i.e., microglia and astrocytes, utilize
various models such as immortalized human cell lines, rodent
models, or monocyte-derived cultures. Although these studies
provide valuable information regarding basic mechanisms and
processes involved in cellular interactions, patient-derived iPSCs
allow for investigation of the most relevant human cell types and
could provide further opportunities to investigate individual
variability in susceptibility to pathology.

A striking example of the potential for non-cell autonomous
effects is the impact of human immunodeficiency virus (HIV;
retrovirus) on the CNS. Up to 50% of people living with HIV
experience some degree of cognitive impairment even under
viral suppression via a therapeutic regimen of antiretroviral
drugs (ARVs), but the underlying cause is unclear (152). It is
well known that HIV does not infect neurons directly, but does
infect microglia, the resident immune cells of the CNS (16, 153,
154). Some studies have suggested astrocytes are vulnerable to
infection of HIV (155, 156), while others maintain that
astrocytes engulf HIV particles but are not subject to direct
infection (157). Astrocytes may serve as reservoirs or conduits
for persistent effects of HIV protein expression or DNA
integration, potentially facilitating viral transmission among
cells (e.g., macrophages, CD4" T cells) via cell-cell contact as
revealed through in vitro primary astrocyte cultures and patient
samples (158). Further complicating the interpretation of the
neural consequences of HIV infection are reports that some
ARVs may be neurotoxic, potentially contributing to the
persistence of HIV-associated neurocognitive disorders
(HAND) (159, 160). For these reasons, it is critical to decipher
the cell type-specific impact of HIV infection, as well as ARV, in
mixed cultures of all relevant cell types.

iPSC-derived co-cultures of neurons, microglia, and/or
astrocytes have been established to model cell autonomous
and non-cell autonomous effects of HIV infection and ARV
exposure (17, 18). In a tri-culture model of all three cell types,
HIV infection of microglia led to increased production of
proinflammatory cytokines (e.g., IL-1B, IL-1c, TNF-or) (17),
similar to what has been observed in postmortem tissue from
HIV encephalitis cases that showed elevated IL-1f in infected
microglia (161, 162). Although microglia showed the most
robust activation of inflammatory pathways, as would be
expected from direct HIV infection, elevated levels of
cytokines were also observed in neurons and astrocytes
suggesting a bystander effect on neighboring cells (17).

Microglia have been implicated as targets of infection from
other neurotropic viruses such as Japanese encephalitis virus (JEV;
flavivirus), Chandipura virus (CHPV; rhabdovirus), and some
coronaviruses (23, 150, 151, 163-165). However, the CNS
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targets of many viruses such as JEV, a mosquito-transmitted
virus that causes inflammatory disease with a 25-30% mortality
rate and 50% likelihood of life-threatening neurological
complications (163, 166), are not fully known. JEV appears to
target developing neurons and glial cells in rodent and human ESC
models (39, 167), and the viral antigen was detected in several
human brain regions including the thalamus, brainstem, and
hippocampus, as revealed through patient postmortem tissue
collection (168). One study generated a co-culture of JEV-
infected human monocyte-derived microglia with susceptible
hamster fibroblasts (163). Viral transmission from infected
microglia to target cells was found to be extremely sensitive to
interactions within the CX3CR1-CX3CL1 axis, which is also a
main regulator of chemotaxis and communication between
microglia (CX;CR1) and neurons (CX5CL1) (169). The findings
suggest that cell contact-mediated transmission may contribute to
neuronal infection at early stages of infection, and that the
CX;CR1-CX;CLI1 axis may be a prime target for therapeutics in
infected individuals (163). Studies such as these support the
application of 2D mono- and co-cultures as opportune models
for discovering potential candidates for viral remediation agents.

High-throughput screening

The efficiency of 2D ESC and iPSC culture protocols provide
a platform for high-throughput screening (HTS) formats (e.g., in
96-, 384-well plates) in which large numbers of neural cell types
can be produced for molecular manipulation, phenotypic
analysis, and/or drug screens (170-172). Directed differentiation
of PSCs may be more suitable for HTS than immortalized cell
lines, which tend to yield lower predictive measurements of
toxicity, due in part to limitations in cell type-specific
differentiation and function (171). The viability of developing
iPSC models with a variety of genetic backgrounds makes this
model particularly suitable for toxicology research and drug
screening, especially when cells are obtained from patients who
exhibit severe symptoms following viral infections or rare side-
effects from medication (173). It would also be beneficial to
standardize a platform to investigate genetic diversity in
response to viral challenges and during drug development to
increase the likelihood of identifying phenotypes or drug
responses that are likely to reflect the majority of the
population. Phenotypic assays such as high-content cell
imaging provide opportunities for studying biological processes
impacted by viruses, including autophagy, which can be induced
by RABV and HSV-1 (174-176), mitochondrial function, which
may be disrupted following ZIKV and SARS-CoV-2 infection
(coronavirus) (63, 177, 178), as well as morphological analyses of
neuronal development. Multi-electrode arrays can also provide
functional readouts of neuronal activity in a medium-throughput
format. Once a robust phenotype is identified, drug screens can be
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performed either in an unbiased manner using large libraries of
bioactive compounds or in a hypothesis-driven approach to
screen compounds known to affect specific cellular pathways
based on predicted mechanisms.

Based upon previous findings suggesting ZIKV infection of
NPCs results in increased caspase-3 activation and cell death (64,
74), a recent study developed a high-throughput compound-
screening approach using 384- and 1,536-well plate assays and
libraries comprised of over 6,000 compounds to assess efficacy in
ZIKV treatment (64). The study identified two classes of
compounds with antiviral and neuroprotective capabilities in
iPSC-derived cultures. The pan-caspase inhibitor emricasan was
found to be the most protective compound against cell death
in NPCs, though it does not suppress ZIKV infection.
Niclosamide, a Food and Drug Administration (FDA)-
approved antiparasitic drug, and PHA-690509, a cyclin-
dependent kinase inhibitor, were classified as the most
effective compounds, inhibiting replication of all three tested
strains of ZIKV. These results also indicate a potential benefit of
combining both neuroprotective and antiviral compounds in
ZIKV remediation, which was particularly effective in preserving
astrocyte viability after infection.

Drug screening is also beneficial when there emerges a need
to discover new therapies to replace existing, potentially
ineffective strategies. In response to reports of drug resistance
and neurotoxic effects of the drug acyclovir, one study compared
a suite of 73 anti-herpetic drugs against HSV-1 infection in
iPSC-derived neuronal lineages at different stages of
development (e.g., stem cells, NPCs, neurons) and Vero cell
cultures using high-content image analysis (28). The screening
identified new compounds with anti-HSV-1 properties in
neuronal cells such as the quinazolinone derivative CB-3-176
and demonstrated that a larger number of the drugs tested
showed more inhibitory activity in neurons than in NPCs, with
Vero cells expressing the lowest rates of inhibition. This study
illustrates the advantages of using PSC-based models for CNS-
specific drug screening, as only five of the 19 compounds that
exhibited significant antiviral activity in the iPSC-derived
neurons were effective in the Vero model system. For viruses
like HSV-1, which express tropism for immature neuronal cells
(36), examining drug effects on not only mature primary
neurons but also iPSCs in earlier stages of differentiation
remains essential for comprehensive drug discovery and the
understanding of virus-mediated pathology in the CNS of adults
and during fetal development.

A more recent development is the emerging technology
associated with CRISPR-based gene editing strategies to
identify causal mechanisms of viral replication and virus-
mediated pathology. Targeted editing of viruses via CRISPR/
Cas9 may provide a new therapeutic approach to eliminate
viruses in various states of latency within the CNS (179). This
approach can also be used to identify cellular components within
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the host that permit viral infections (180, 181). This is an
exciting avenue and the ability to combine targeted gene
editing with human neural cell types holds the promise of
being able to accelerate our understanding of virus-host
interactions and facilitate rational drug design.

Limitations of 2D cultures and
emerging technologies

PSC models are an invaluable resource for human-specific
disease research, especially for the CNS, as it can be difficult to
investigate causal mechanisms from analyses of postmortem brain
samples. However, there are several caveats that may constrain
some applications of 2D models. Although monolayer iPSC
cultures have immense scalability, this results in a simplified,
less complex model than 3D in vitro models and in vivo
systems. As such, 2D models inherently express limitations in
recapitulating natural physiological conditions. Cells may interact
more with the culture plate substrate rather than with other cells in
the network, therefore missing a landmark characteristic of
in vivo cytoarchitecture: the extracellular matrix (ECM). A lack
of ECM can alter dynamics such as nutrient and molecular
gradients, polarity, migration, proliferation, morphology, and
communication, which may ultimately affect cellular function
and behavior (182-185). Low rates of reproducibility and
efficiency for some existing differentiation protocols may also
hinder cell-type specific analyses and integration of data across
different research groups. Several adaptations have emerged to
overcome potential challenges of 2D models and develop
more physiologically relevant networks and substrates, such as
nanowire arrays (186, 187), sandwich cultures (188),
micropatterning of cell-adhesive islands (189), modulated
substrates (190), and microfluidic devices (191). Few, however,
have been applied to study iPSC-based models of neurotropic
viruses. One strategy to capitalize on the intact physiological
system of in vivo animal models to investigate viral-mediated
responses in human cells is to perform xenografts of PSC-derived
cells. Human PSC-derived hematopoietic progenitors and
microglia have been transplanted to the rodent brain and upon
engraftment, these cells can acquire molecular properties that are
more representative of in vivo populations than is typically
observed in vitro (192-194). Similar strategies have been used
to “humanize” animals that are otherwise resistant to infection
of some viruses, such as HIV (195). Transplantation of human
progenitors early in development can also facilitate investigations
of viral pathogenesis in the developing brain. Another rapidly
evolving area of research in response to 2D constraints is the
generation of organoids or assembloids from human PSC-derived
cells to develop an in vitro model that includes multiple cell types
and captures some of the structural features of particular
brain regions.
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Three-dimensional cultures

Three-dimensional (3D) cell culture approaches are a more
recent development in the PSC field and there is much
excitement about the potential of this model to investigate
emergent properties of highly organized neural structures, as
well as the dynamic features of human brain development.
Cerebral organoids can be derived from human iPSCs or ESCs
and can recapitulate many features of cell migration, neural
cytoarchitecture, and the formation of neural circuits. The
cellular heterogeneity that arises from self-organizing
populations of NSCs facilitates the study of neurotropism of
viruses when the target cell type is unknown.

3D differentiation and brain-region
specificity

Multiple protocols have been developed to generate
organoids that model various regions of the CNS, which differ
mainly in the patterning factors used and duration of directed
differentiation. The earliest published protocols relied largely on
intrinsic differentiation signaling that ultimately results in
stochastic organoids that can resemble multiple regions of the
brain (196, 197). More recently, guided differentiation protocols
have been optimized that rely on the addition of specific
patterning factors to generate organoids that resemble specific
brain regions, such as the thalamus (198), hypothalamus (199),
cerebellum (200), midbrain (201), brainstem (202), hindbrain
and choroid plexus (203), cerebral cortex (75), hippocampus
(204), striatum (205), and spinal cord (206), among others.
Similar to directed differentiation in 2D cultures, patterning for
organoids relies on establishing the appropriate concentrations
of various morphogens in the cell culture media that mimic
niche signals present along various points of the dorsal-ventral/
anterior-posterior axis of the neural tube during development
(107,207, 208). Choosing between region-specific or whole brain
organoids as a cellular model depends on the tropism of the
virus under investigation. For example, if the viral tropism in the
CNS is unknown, a heterogeneous model may be more suitable
than a region-specific organoid. This makes stochastic CNS
organoids particularly useful to study the tropism of emerging
viruses. At present, PSC-derived organoid models have been
used to study the infection of several neurotropic viruses,
including ZIKV, HIV, HSV, SARS-CoV-2, and human
cytomegalovirus (HCMYV; herpesvirus) (Table 1).

Several terms to describe 3D cultures have been used in the
field, sometimes interchangeably, such as spheroids, aggregates,
and organoids. However, there are generally methodological
distinctions that can impact how these various models may be
applied to interrogate the structure and function of cellular
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networks in response to viral infections. Neuronal spheroids or
aggregates are often not the result of the emergent, self-
organizing properties of differentiating iPSCs or ESCs, but
instead from assembling already differentiated cells or
dedicated neural progenitors into a 3D structure (Figure 1).
There can be advantages to this approach in that defined ratios
of particular cell types can be co-cultured, similar to 2D cultures,
but in a way that is conducive to the formation of cultures in 3D.
This could allow for the development of some 3D organization,
but may not recapitulate all of the cytoarchitecture that would
emerge when cells undergo differentiation within the 3D
structure and the cell-intrinsic processes that guide migration.
Organoids that are derived directly from PSCs and embryoid
bodies, as referred to here, rely more on the self-organization
of differentiating cells and may result in more complex and/
or physiologically-relevant architecture. However, organoids
are subject to variability as well as the limitation that
extensive patterning of differentiation to achieve brain-region
specificity may preclude the appearance of cells from other
lineages. Nonetheless, cerebral organoids are capable of
generating numerous types of neural cells such as NSCs, NPCs,
astrocytes, inhibitory neurons (GABAergic), excitatory neurons
(e.g., glutamatergic, dopaminergic), and oligodendrocytes
(209-211).

The cellular heterogeneity and brain-region specificity of
organoids can reveal unexpected targets of neurotropic viruses.
For example, epithelial cells were recently identified as targets of
SARS-CoV-2 infection in organoid models (49, 203). In one of
these studies, the susceptibility of multiple brain region-specific
organoids (cortical, hippocampal, hypothalamic, midbrain) to
SARS-CoV-2 infection was tested to survey the potential
susceptibility of different neural cell types (49). Using this
screening method, the group was able to observe that
organoids with choroid plexus-like regions were the most
infected by SARS-CoV-2, the pathogen responsible for the
recent COVID-19 pandemic and known primarily for its
disruption of the respiratory tract. Following this initial
indication of CNS tropism, a protocol was developed to
generate choroid plexus-specific organoids, which led to higher
rates of infection in the choroid plexus-like epithelial cells than
adjacent cell types. Similarly, infected choroid plexus organoids
that produce cerebral spinal fluid (CSF) were infected with
SARS-CoV-2, which led to damaged epithelium and a
disruption of the CSF barrier in this model (50). In a study of
postmortem brain samples from COVID-19 patients and age-
matched controls, RNA-sequencing data revealed an
upregulation of inflammatory genes and the antiviral defense
gene IFITM3 in choroid plexus cell types, although SARS-CoV-
2-specific RNA was not detected in any cell type (212). While
evidence of viral infection was not observed in this study, the
inflammatory signals detected are consistent with the choroid
plexus as a site of SARS-CoV-2-related pathology. Other studies
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of postmortem tissue and functioning murine systems have
validated some evidence of viral RNA in brain tissue and
epithelial cells (51, 213) and this remains an area of active
investigation. Interestingly, a recent study suggested that
dopaminergic neurons were susceptible to SARS-CoV-2
pseudo-entry virus infection, implicating a potential
pathogenic locus related to neurological symptoms observed in
COVID-19 patients (52). Together, these studies highlight how
brain organoid models can be applied to study the tropism of
new emerging viruses and suggest targets for histological
investigations of postmortem and animal tissue.

3D models of microcephaly

A striking feature of many cortical organoid models is the
presence of neural rosette-like structures that resemble some
aspects of neural tube patterning of dorsal forebrain regions.
These rosette-like structures contain NSCs and NPCs that give
rise to postmitotic neurons that migrate radially and form distinct
neuronal layers (211). In particular, cortical organoids form
distinct proliferative zones, including the ventricular zone, inner
subventricular zone, outer subventricular zone, cortical plate, and
marginal zone, which resemble that of the developing
embryonic human cortex (75, 214). A primarily human-specific
outer radial glia cell layer, which is considered a hallmark of
human embryonic cortex formation, has also been reported
in cortical forebrain organoids (75, 76, 214). Unlike 2D
monolayers that can be treated with antimitotic agents to
selectively eliminate progenitors and synchronize maturation,
organoids typically retain NSCs and NPCs, resulting in the
continued presence of immature neurons. Some groups have
focused on this aspect of cortical organoid models to study
viruses that appear to target developing neural systems, such as
JEV (40) and ZIKV (75).

Forebrain organoids have been particularly useful in
studying the potential of neurotropic viral infections to cause
structural impairments in early brain development such as
microcephaly. During the ZIKV outbreak in 2015-2016, there was
an increase in the birth prevalence of microcephaly that was
associated with a dramatic increase in ZIKV transmission in
some geographical regions (215), but whether there was a causal
link was not known. To investigate if ZIKV infection could lead to
structural deficits in human iPSC-derived organoids, forebrain
organoids were infected with ZIKV, resulting in an overall
decrease in the size of organoids and neuronal layers that
resembled features of microcephaly (75). Deficits in the
cytoarchitecture of the organoids and decreased size of ZIKV-
infected organoids due to NPC depletion have been observed by
several groups (65, 77, 78), supporting and extending the initial
findings that ZIKV targets human NPCs as observed in 2D
cultures (74).
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Microcephaly has been implicated in other neurotropic virus
infections, including HCMV. Although most instances of
congenital HCMV infection are asymptomatic, symptomatic
cases convey several neurological outcomes, such as primary
microcephaly (216). In a recent study, HCMV-infected iPSCs
were used to generate forebrain organoids and the infection
impacted the formation of cortical structures in the organoids,
with a minimal impact on overall growth (14). This was attributed
to the focal regions of antigen detection in the organoids
developed from infected iPSC lines, which mirrors clinical
observations involving a wide spectrum of tissue necrosis and
structural damage (217, 218). HCMV-infected organoids also
presented large vacuoles and necrosis, in addition to impaired
expression of the neuronal marker B-tubulin III. Another recent
study (15) found that forebrain organoids infected with the
HCMYV strain TB40/E impaired the development and growth of
cortical structures, which resulted in a significant decrease in
organoid size, as well as reduced neuronal activity. One of the key
differences between these studies is that infection of the iPSC line
before differentiation resulted in sporadic signs of infection at later
stages, whereas infection of organoids following 45 days of
differentiation resulted in high levels of infection in NPCs,
which could lead to a decrease in the expansion of cortical
layers and an overall reduction in the size of the organoid.
Other reports have suggested differences in permissiveness to
HCMYV between ESCs/iPSCs and later stage NPCs (219, 220).
Collectively these studies reveal how tropism may evolve over
time in these heterogeneous models of early brain development
and may also depend on both the cell line and strain of virus. It
should be noted that the differences observed in many of the
human PSC culture studies compared to congenital
infection outcomes may be linked to variations in tropism,
growth, antibody sensitivity, and the genomic instability of low-
passage wild type (e.g., TB40/E, Toledo) and high-passage
laboratory strains (e.g., AD169, Towne) of HCMV used in
culture (221). Thus, investigations focused on HCMV and other
viruses should be designed with these associated cell culture
confounds in mind, ensuring that the strain in hand is relevant
to the goals of the study and can accurately reflect congenital
infection in vivo.

In addition to HCMV and ZIKV, HSV-1-associated
microcephaly has also been modeled in brain organoids where
productive infection of NPCs disrupted neuroepithelial polarity,
leading to a reduction in the overall size of the organoids and
impaired cytoarchitecture. Importantly, many of these structural
changes were distinct from that observed in 2D cultures and
revealed the impact of HSV-1 infection on cell adhesion and
polarity that was unique to the 3D system (29). Another study that
focused on modeling HSV-1 latency reported striking differences
between 2D and 3D models, showing much less reactivation of
latently infected cells in organoids than in cultured neuronal
networks (30). Cell-cell and cell-ECM interactions were thought
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to play a role in this difference, suggesting that organoids may
provide a better model of viral latency and reactivation in vivo.
Overall, these studies illustrate the utility of brain organoids to
study neurotropic viruses that can impact structural integrity and
cytoarchitecture in the developing brain.

Drug discovery using organoids

Similar to 2D cultures, organoids have been useful for
evaluating the efficacy of pharmacological compounds to
ameliorate viral infections or mitigate functional consequences,
although typically in a lower throughput format. Most of the
studies to date using neural organoids have resulted from
investigations of ZIKV infection, which is believed to contribute
to microcephaly. One of the earliest studies used a combined
approach and performed a large initial screen of more than 1,000
FDA-approved compounds in 2D cultures of iPSC-derived NPCs,
followed by a smaller-scale screen of the top candidates in brain
organoids to identify the most effective drugs to inhibit ZIKV
replication and pathology in a 3D environment (79). Two of the
target compounds, amodiaquine dihydrochloride dihydrate and
hippeastrine hydrobromide, were shown to be effective in
suppressing ZIKV infection in NPCs and organoids, although
amodiaquine dihydrochloride dihydrate was determined to be
cytotoxic at higher concentrations and only hippeastrine
hydrobromide was shown to have a therapeutic effect in an in
vivo model of infected mice. In one study focused on ZIKV,
forebrain organoids were infected with the Puerto Rican ZIKV
strain PRVABC 59 and a variety of antibiotics and compounds with
predicted antiviral properties were tested (76). Several factors were
identified that significantly reduced ZIKV mRNA in forebrain
organoids including 25-hydroxycholesterol, a natural defense
protein. However, some toxicity of this compound was observed,
offsetting any potential rescue of cell death. Among the antibiotics
tested that had previously shown some efficacy in mediating
flavivirus infections, both ivermectin and duramycin dramatically
reduced ZIKV mRNA while azithromycin had a minimal effect.
Further, ivermectin, but not duramycin, showed some toxicity on its
own. In a different study, the antibiotic enoxacin was shown to
inhibit ZIKV replication and rescue cell proliferation, as well as the
thinning of the ventricular zone and layered structures in organoids,
in an RNAi-dependent manner (65). Although most of the targeted
drug studies in these systems have focused on ZIKV, structural
phenotypes have also been investigated in the context of HCMV. It
was recently shown that the experimental drug maribavir partially
rescued disrupted cytoarchitecture and reduced the spread of the
virus, but was not sufficient to maintain calcium signaling after
infection in HCMV-infected organoids (11).

Results from these studies illustrate how organoids can be
used to evaluate candidate antiviral compounds to compare both
toxicity and efficacy in inhibiting viral infection. Despite
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established protocols to target differentiation of these cultures
to model specific brain regions, there is still a high degree of
variability among organoids. Therefore, this 3D platform may be
more useful to test targeted drugs rather than a large library of
compounds. Although these early results are promising, the use
of organoids as a mode of drug discovery and evaluation will
likely depend upon further identification of robust and
reproducible virus-induced phenotypes that can be observed in
3D culture conditions, such as dysregulated processes of cell
migration or the structural integrity of certain brain regions.

Modeling fetal brain development and
drug exposure during pregnancy

Human PSC-based models recapitulate many of the processes
that occur during early development and organoids in particular
have been proposed as a model of neural development. In addition
to cytoarchitecture and cellular diversity, brain region-specific
organoids can also mirror the transcriptomic profile of human
fetal brain tissue in the early stages of development. RNA-
sequencing analyses of forebrain organoids have demonstrated
that their transcriptome highly correlates with fetal brain tissue
through the second trimester (75, 222, 223). This suggests that
organoids may be a favorable model for evaluating the efficacy and
safety of therapeutic drugs during pregnancy. There is currently a
lack of data on the effects of many drugs on the developing fetal
brain due to the limited inclusion of pregnant people in clinical
trials. Much of the data available on the potential for adverse
outcomes during pregnancy is obtained from observational studies
following the approval of a given drug for use among the general
population. There is an urgent need not only to conduct more
inclusive clinical trials, but to develop additional preclinical models
that could generate relevant safety information for therapeutic
decision-making.

One of the clearest examples of how such information could be
used to impact treatment strategies is in the case of ARV for people
living with HIV. Currently recommended regimens often require
multiple drugs that rely on at least two different mechanisms of
action. As the health of the mother and prevention of vertical
transmission of HIV is paramount, ARVs should be taken
throughout pregnancy. There are several different approved drugs
within each class, but often minimal data on the impact of the drugs
on neurodevelopment. A few years ago, the FDA and the European
Medicines Agency issued safety notices regarding the use of the
ARV drug dolutegravir. The warnings were based on the results of
an initial interim observational study in Botswana suggesting that
dolutegravir, if taken at the time of conception or early in
pregnancy, may slightly increase the risk for severe neural tube
deficits in newborns (224). Although a follow-up study suggested a
statistically significant, albeit very small, increase in the risk for
neural tube defects, dolutegravir is again listed as a preferred or
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alternative drug throughout pregnancy based on its availability,
efficacy, and tolerance among most of the population (225). Using
ESC-derived aggregates, one group found that dolutegravir
disrupted gene expression of different developmental regulators,
such as HOXBI and CYP26A1, in concentrations as low as 0.5uM
(21). Further investigation of CNS-like organoids that model fetal
brain development could provide a new avenue to evaluate the
effects of drugs and antiviral therapies on neurodevelopment and
provide novel data on the most relevant human cell types.

Limitations of 3D cultures and
emerging technologies

Organoids possess several advantages to study the effects of
neurotropic viral infection and drug efficacy during pregnancy, but
they are far from a perfect model. Some of the major limitations of
brain region-specific organoids are the lack of vascularization,
relative immaturity of constitutive cell types, and the absence of
immune cells. A lack of vascularization in brain organoids leads to
the deprivation of nutrients and oxygen from the media that results
in the formation of a necrotic core. The necrotic core becomes more
evident at later stages of culturing when the organoids grow larger in
size. One strategy to overcome diffusion limits is the repeated slicing
of organoids at periodic intervals to expose the inner core to factors
in the media (211). This approach was shown to extend viability of
the interior progenitor zones, enabling further maturation of the
cortical layers and fate specification reminiscent of late-stage fetal
brain development. Emerging advances in microfluidic applications
may also address many of these problems. A recent study
demonstrated a microfluidic device containing a brain-like ECM
that facilitates nutrient and oxygen diffusion, in addition to
promoting structural and functional maturation of the organoids
(226). In the context of viral infection in the CNS, the absence of a
BBB in brain organoids also presents a limitation to modeling
physiologically-relevant processes of viral infection and drug
exposure, particularly when viral infections may impact the BBB,
as in the case of DENV (144). However, advances in biomedical
engineering have also allowed the generation of BBB models using
microfluidic devices, which presents new opportunities to study
drug permeability, transport, and efficacy (227, 228).

Brain region-specific organoids typically contain immature
cell populations regardless of the length of time in culture, which
is why they are often used to model early development. Modeling
later stages of neurodevelopment in organoids is possible, but
requires extensive time in culture. A recent study showed that
organoids can resemble the postnatal brain at the transcriptional
level if they are cultured for more than 250 days (229). Although
postmitotic neurons and some glial cell types populate organoids
over time, the progenitor population is maintained as well.
Unlike 2D systems in which antimitotic agents can be used to
eliminate neural progenitors, this is not typically done in 3D, and
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the continued existence of proliferative zones may prevent full
maturation of adjacent postmitotic neurons.

Another major limitation of brain organoids is the lack of
immune cells, specifically microglia. Microglia are not
endogenously present in cerebral organoids because they arise
from a distinct lineage of the embryonic mesoderm (230). During
early development, microglia derived from primitive myeloid
progenitors populate and colonize the brain (231) and play
important roles including surveillance of the CNS environment,
synaptic and axonal pruning during development, and injury
response (232). As observed in HIV, microglia have been shown
to be direct targets of neurotropic viruses and can also serve as
reservoirs in the adult brain (153, 233). New protocols have begun
to incorporate microglia in brain organoids to account for this
deficit. Recently, one study described the generation of organoids
that contained innate mesoderm-derived microglia cells (234), but
this approach may reduce brain-region specificity. Another recent
study described a different approach to generate organoids/
spheroids that contained a defined ratio of microglia cells by
reaggregating NPCs with primitive macrophage progenitors
(80). This method allows for the integration of cells in
proportions that more closely approximate in vivo conditions,
but the reaggregation of cells after partial differentiation
precludes some of the self-directed organization and resultant
cytoarchitecture that would occur through the generation of
organoids that develop directly from iPSCs or ESCs. Similar to
xenografts of NSC populations, transplantation of organoids
to the intact circuitry of mouse models could allow for the
integration of physiologically-relevant cell types to better model
cell-cell interactions.

Conclusion

Both 2D and 3D PSC-based culture strategies can provide
complementary information to better understand neural
pathology, neurotropism, and susceptibility to viral infections, as
well as providing a platform for drug discovery (Figure 1). 2D
models have the advantage of being highly scalable, easily
reproducible with minimal variability, and permissive of temporal
and spatial control over identified cell populations. Cell types can be
defined at the molecular level (e.g., through the expression of known
markers) or in terms of dynamic states (e.g, over the course of
maturation). Culturing PSC-derived neural cells in monolayer
cultures permits control over both of these axes of cell type
identity, while 3D models offer distinct and complementary
advantages. Organoids may provide data on the structural
impact of various perturbagens, including viral infections. The
cellular heterogeneity that occurs in organoids can be useful to
identify cell types that are susceptible to emerging viruses when very
little is known about the tropism within the CNS. Ultimately, the
similarities to fetal brain development provide new opportunities to
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model in utero exposure to both viral infections and antiviral
therapies. Although the field is continuing to evolve, current 2D
and 3D cell culture models can augment existing models of viral
infection. Doing so may allow for controlled investigations of
human CNS cell types that can accelerate the process to
determine neurotropism and associated pathology, and eventually
inform the development of targeted antiviral therapeutics.

Author contributions

EL, JD-R, and KMC wrote and edited the manuscript. EL
prepared the figure and table. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by grants from National Institutes
of Health (R01DA049514, R21IMH118037 and R21MH122239)
to KMC.

References

1. van den Pol AN. Viral infections in the developing and mature brain. Trends
Neurosci (2006) 29(7):398-406. doi: 10.1016/j.tins.2006.06.002

2. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ,
Marshall VS, et al. Embryonic stem cell lines derived from human blastocysts.
Science (1998) 282(5391):1145-7. doi: 10.1126/science.282.5391.1145

3. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by defined factors.
Cell (2007) 131(5):861-72. doi: 10.1016/j.cell.2007.11.019

4. Marei HE, Althani A, Lashen S, Cenciarelli C, Hasan A. Genetically
unmatched human iPSC and ESC exhibit equivalent gene expression and
neuronal differentiation potential. Sci Rep (2017) 7(1):17504. doi: 10.1038/
$41598-017-17882-1

5. Liu G, David BT, Trawczynski M, Fessler RG. Advances in pluripotent stem
cells: History, mechanisms, technologies, and applications. Stem Cell Rev Rep
(2020) 16(1):3-32. doi: 10.1007/s12015-019-09935-x

6. Rowe RG, Daley GQ. Induced pluripotent stem cells in disease modelling and
drug discovery. Nat Rev Genet (2019) 20(7):377-88. doi: 10.1038/s41576-019-
0100-z

7. Sharma A, Sances S, Workman M]J, Svendsen CN. Multi-lineage human
iPSC-derived platforms for disease modeling and drug discovery. Cell Stem Cell
(2020) 26(3):309-29. doi: 10.1016/j.stem.2020.02.011

8. Desole G, Sinigaglia A, Riccetti S, Masi G, Pacenti M, Trevisan M, et al.
Modelling neurotropic flavivirus infection in human induced pluripotent stem cell-
derived systems. Int ] Mol Sci (2019) 20(21):5404. doi: 10.3390/ijms20215404

9. Bifani AM, Tan HC, Choy MM, Ooi EE. Cell strain-derived induced
pluripotent stem cell as a genetically controlled approach to investigate age-
related host response to flaviviral infection. J Virol (2021) 96(3):JVI0173721.
doi: 10.1128/JV1.01737-21

10. Muffat J, Li Y, Omer A, Durbin A, Bosch I, Bakiasi G, et al. Human induced
pluripotent stem cell-derived glial cells and neural progenitors display divergent
responses to zika and dengue infections. Proc Natl Acad Sci USA (2018) 115
(27):7117-22. doi: 10.1073/pnas.1719266115

11. Sison SL, O'Brien BS, Johnson AJ, Seminary ER, Terhune SS, Ebert AD.
Human cytomegalovirus disruption of calcium signaling in neural progenitor cells
and organoids. ] Virol (2019) 93(17):e00954-19. doi: 10.1128/JV1.00954-19

12. D'Aiuto L, Di Maio R, Heath B, Raimondi G, Milosevic ], Watson AM, et al.
Human induced pluripotent stem cell-derived models to investigate human

Frontiers in Virology

13

10.3389/fviro.2022.869657

Acknowledgments

We would like to thank B. Temsamrit, A. Angelucci, and A.
Garcia for support. The figure was created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

cytomegalovirus infection in neural cells. PloS One (2012) 7(11):e49700. doi:
10.1371/journal.pone.0049700

13. Nakamura H, Liao H, Minami K, Toyoda M, Akutsu H, Miyagawa Y, et al.
Human cytomegalovirus induces apoptosis in neural stem/progenitor cells derived
from induced pluripotent stem cells by generating mitochondrial dysfunction and
endoplasmic reticulum stress. Herpesviridae (2013) 4(1):2. doi: 10.1186/2042-4280-
4-2

14. Brown RM, Rana P, Jaeger HK, O'Dowd JM, Balemba OB, Fortunato EA.
Human cytomegalovirus compromises development of cerebral organoids. J Virol
(2019) 93(17):€00957-19. doi: 10.1128/JV1.00957-19

15. Sun G, Chiuppesi F, Chen X, Wang C, Tian E, Nguyen J, et al.
Modeling human cytomegalovirus-induced microcephaly in human iPSC-
derived brain organoids. Cell Rep Med (2020) 1(1):100002. doi: 10.1016/
jxcrm.2020.100002

16. Rai MA, Hammonds ], Pujato M, Mayhew C, Roskin K, Spearman P.
Comparative analysis of human microglial models for studies of HIV replication
and pathogenesis. Retrovirology (2020) 17(1):35. doi: 10.1186/5s12977-020-00544-y

17. Ryan SK, Gonzalez MV, Garifallou JP, Bennett FC, Williams KS, Sotuyo NP,
et al. Neuroinflammation and EIF2 signaling persist despite antiretroviral
treatment in an hiPSC tri-culture model of HIV infection. Stem Cell Rep (2020)
14(4):703-16. doi: 10.1016/j.stemcr.2020.02.010

18. Alvarez-Carbonell D, Ye F, Ramanath N, Garcia-Mesa Y, Knapp PE, Hauser
KF, et al. Cross-talk between microglia and neurons regulates HIV latency. PloS
Pathog (2019) 15(12):e1008249. doi: 10.1371/journal.ppat.1008249

19. Bellmann J, Monette A, Tripathy V, Sojka A, Abo-Rady M, Janosh A, et al.
Viral infections exacerbate FUS-ALS phenotypes in iPSC-derived spinal neurons in
a virus species-specific manner. Front Cell Neurosci (2019) 13:480. doi: 10.3389/
fncel.2019.00480

20. Kunze C, Borner K, Kienle E, Orschmann T, Rusha E, Schneider M, et al.
Synthetic AAV/CRISPR vectors for blocking HIV-1 expression in persistently
infected astrocytes. Glia (2018) 66(2):413-27. doi: 10.1002/glia.23254

21. Kirkwood-Johnson L, Katayama N, Marikawa Y. Dolutegravir impairs stem
cell-based 3D morphogenesis models in a manner dependent on dose and timing of
exposure: An implication for its developmental toxicity. Toxicol Sci (2021) 184
(2):191-203. doi: 10.1093/toxsci/kfab112

22. Dos Reis RS, Sant S, Keeney H, Wagner MCE, Ayyavoo V. Modeling HIV-1
neuropathogenesis using three-dimensional human brain organoids (hBORGs)

frontiersin.org


https://doi.org/10.1016/j.tins.2006.06.002
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1038/s41598-017-17882-1
https://doi.org/10.1038/s41598-017-17882-1
https://doi.org/10.1007/s12015-019-09935-x
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1038/s41576-019-0100-z
https://doi.org/10.1016/j.stem.2020.02.011
https://doi.org/10.3390/ijms20215404
https://doi.org/10.1128/JVI.01737-21
https://doi.org/10.1073/pnas.1719266115
https://doi.org/10.1128/JVI.00954-19
https://doi.org/10.1371/journal.pone.0049700
https://doi.org/10.1186/2042-4280-4-2
https://doi.org/10.1186/2042-4280-4-2
https://doi.org/10.1128/JVI.00957-19
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1186/s12977-020-00544-y
https://doi.org/10.1016/j.stemcr.2020.02.010
https://doi.org/10.1371/journal.ppat.1008249
https://doi.org/10.3389/fncel.2019.00480
https://doi.org/10.3389/fncel.2019.00480
https://doi.org/10.1002/glia.23254
https://doi.org/10.1093/toxsci/kfab112
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

LaNoce et al.

with HIV-1 infected microglia. Sci Rep (2020) 10(1):15209. doi: 10.1038/541598-
020-72214-0

23. Lafaille FG, Pessach IM, Zhang SY, Ciancanelli MJ, Herman M, Abhyankar
A, et al. Impaired intrinsic immunity to HSV-1 in human iPSC-derived TLR3-
deficient CNS cells. Nature (2012) 491(7426):769-73. doi: 10.1038/naturel11583

24. Lafaille FG, Harschnitz O, Lee YS, Zhang P, Hasek ML, Kerner G, et al.
Human SNORA31 variations impair cortical neuron-intrinsic immunity to HSV-1
and underlie herpes simplex encephalitis. Nat Med (2019) 25(12):1873-84. doi:
10.1038/541591-019-0672-3

25. Zimmer B, Ewaleifoh O, Harschnitz O, Lee YS, Peneau C, McAlpine JL, et al.
Human iPSC-derived trigeminal neurons lack constitutive TLR3-dependent
immunity that protects cortical neurons from HSV-1 infection. Proc Natl Acad
Sci USA (2018) 115(37):E8775-E82. doi: 10.1073/pnas.1809853115

26. Pourchet A, Modrek AS, Placantonakis DG, Mohr I, Wilson AC. Modeling
HSV-1 latency in human embryonic stem cell-derived neurons. Pathogens (2017) 6
(2):24. doi: 10.3390/pathogens6020024

27. Lee KS, Zhou W, Scott-McKean JJ, Emmerling KL, Cai GY, Krah DL, et al.
Human sensory neurons derived from induced pluripotent stem cells support
varicella-zoster virus infection. PloS One (2012) 7(12):¢53010. doi: 10.1371/
journal.pone.0053010

28. D'Aiuto L, Williamson K, Dimitrion P, McNulty J, Brown CE, Dokuburra
CB, et al. Comparison of three cell-based drug screening platforms for HSV-1
infection. Antiviral Res (2017) 142:136-40. doi: 10.1016/j.antiviral.2017.03.016

29. Krenn V, Bosone C, Burkard TR, Spanier J, Kalinke U, Calistri A, et al.
Organoid modeling of zika and herpes simplex virus 1 infections reveals virus-
specific responses leading to microcephaly. Cell Stem Cell (2021) 28(8):1362-79 €7.
doi: 10.1016/j.stem.2021.03.004

30. D'Aiuto L, Bloom DC, Naciri JN, Smith A, Edwards TG, McClain L, et al.
Modeling herpes simplex virus 1 infections in human central nervous system
neuronal cells using two- and three-dimensional cultures derived from induced
pluripotent stem cells. J Virol (2019) 93(9):e00111-19. doi: 10.1128/JV1.00111-19

31. McNulty J, D'Aiuto L, Zhi Y, McClain L, Zepeda-Velazquez C, Ler S, et al.
iPSC neuronal assay identifies amaryllidaceae pharmacophore with multiple effects
against herpesvirus infections. ACS Med Chem Lett (2016) 7(1):46-50. doi:
10.1021/acsmedchemlett.5b00318

32. McClain L, Zhi Y, Cheng H, Ghosh A, Piazza P, Yee MB, et al. Broad-
spectrum non-nucleoside inhibitors of human herpesviruses. Antiviral Res (2015)
121:16-23. doi: 10.1016/j.antiviral.2015.06.005

33. D'Aiuto L, Prasad KM, Upton CH, Viggiano L, Milosevic J, Raimondi G,
et al. Persistent infection by HSV-1 is associated with changes in functional
architecture of iPSC-derived neurons and brain activation patterns underlying
working memory performance. Schizophr Bull (2015) 41(1):123-32. doi: 10.1093/
schbul/sbu032

34. Zheng W, D'Aiuto L, Demers MJ, Muralidaran V, Wood JA, Wesesky M,
et al. Insights into bioinformatic approaches for repurposing compounds as anti-
viral drugs. Antivir Chem Chemother (2021) 29:20402066211036822. doi: 10.1177/
20402066211036822

35. Abrahamson EE, Zheng W, Muralidaran V, Ikonomovic MD, Bloom DC,
Nimgaonkar VL, et al. Modeling Abeta42 accumulation in response to herpes
simplex virus 1 infection: 2D or 3D? J Virol (2020) 95(5):€02219-20. doi: 10.1128/
JVI1.02219-20

36. Zheng W, Klammer AM, Naciri JN, Yeung J, Demers M, Milosevic J, et al.
Patterns of herpes simplex virus 1 infection in neural progenitor cells. J Virol (2020)
94(16):€00994-20. doi: 10.1128/JVI1.00994-20

37. D'Aiuto L, Naciri J, Radio N, Tekur S, Clayton D, Apodaca G, et al.
Generation of three-dimensional human neuronal cultures: application to
modeling CNS viral infections. Stem Cell Res Ther (2018) 9(1):134. doi: 10.1186/
$13287-018-0881-6

38. Qiao H, Guo M, Shang J, Zhao W, Wang Z, Liu N, et al. Herpes simplex
virus type 1 infection leads to neurodevelopmental disorder-associated
neuropathological changes. PloS Pathog (2020) 16(10):e1008899. doi: 10.1371/
journal.ppat.1008899

39. Shen SC, Shen CI, Lin H, Chen CJ, Chang CY, Chen SM, et al. Susceptibility
of human embryonic stem cell-derived neural cells to Japanese encephalitis virus
infection. PloS One (2014) 9(12):e114990. doi: 10.1371/journal.pone.0114990

40. Zhang B, He Y, Xu Y, Mo F, Mi T, Shen QS, et al. Differential antiviral
immunity to Japanese encephalitis virus in developing cortical organoids. Cell
Death Dis (2018) 9(7):719. doi: 10.1038/541419-018-0763-y

41. Sundaramoorthy V, Godde N, Farr RJ, Green D, Haynes JM, Bingham J,
et al. Modelling lyssavirus infections in human stem cell-derived neural cultures.
Viruses (2020) 12(4):359. doi: 10.3390/v12040359

42. Chailangkarn T, Tanwattana N, Jaemthaworn T, Sriswasdi S, Wanasen N,
Tangphatsornruang S, et al. Establishment of human-induced pluripotent stem
cell-derived neurons-a promising in vitro model for a molecular study of rabies

Frontiers in Virology

14

10.3389/fviro.2022.869657

virus and host interaction. Int ] Mol Sci (2021) 22(21):11986. doi: 10.3390/
{jms222111986

43. Wang C, Zhang M, Garcia GJr., Tian E, Cui Q, Chen X, et al. ApoE-Isoform-
Dependent SARS-CoV-2 neurotropism and cellular response. Cell Stem Cell (2021)
28(2):331-42 e5. doi: 10.1016/j.stem.2020.12.018

44. Dobrindt K, Hoagland DA, Seah C, Kassim B, O'Shea CP, Murphy A, et al.
Common genetic variation in humans impacts In vitro susceptibility to SARS-
CoV-2 infection. Stem Cell Rep (2021) 16(3):505-18. doi: 10.1016/
j.stemcr.2021.02.010

45. Bauer L, Lendemeijer B, Leijten L, Embregts CWE, Rockx B,
Kushner SA, et al. Replication kinetics, cell tropism, and associated immune
responses in SARS-CoV-2- and H5N1 virus-infected human induced pluripotent
stem cell-derived neural models. mSphere (2021) 6(3):e0027021. doi: 10.1128/
mSphere.00270-21

46. Kase Y, Okano H. Expression of ACE2 and a viral virulence-regulating
factor CCN family member 1 in human iPSC-derived neural cells: implications for
COVID-19-related CNS disorders. Inflammation Regen (2020) 40:32. doi: 10.1186/
541232-020-00143-6

47. Zhang BZ, Chu H, Han S, Shuai H, Deng J, Hu YF, et al. SARS-CoV-2
infects human neural progenitor cells and brain organoids. Cell Res (2020) 30
(10):928-31. doi: 10.1038/s41422-020-0390-x

48. Prelli Bozzo C, Nchioua R, Volcic M, Koepke L, Kruger J, Schutz D, et al.
IFITM proteins promote SARS-CoV-2 infection and are targets for virus inhibition
in vitro. Nat Commun (2021) 12(1):4584. doi: 10.1038/s41467-021-24817-y

49. Jacob F, Pather SR, Huang WK, Zhang F, Wong SZH, Zhou H, et al. Human
pluripotent stem cell-derived neural cells and brain organoids reveal SARS-CoV-2
neurotropism predominates in choroid plexus epithelium. Cell Stem Cell (2020) 27
(6):937-50 €9. doi: 10.1016/j.stem.2020.09.016

50. Pellegrini L, Albecka A, Mallery DL, Kellner MJ, Paul D, Carter AP, et al.
SARS-CoV-2 infects the brain choroid plexus and disrupts the blood-CSF barrier
in human brain organoids. Cell Stem Cell (2020) 27(6):951-61 e5. doi: 10.1016/
j.stem.2020.10.001

51. Song E, Zhang C, Israelow B, Lu-Culligan A, Prado AV, Skriabine S, et al.
Neuroinvasion of SARS-CoV-2 in human and mouse brain. ] Exp Med (2021) 218
(3):€20202135. doi: 10.1101/2020.06.25.169946

52. Yang L, Han Y, Nilsson-Payant BE, Gupta V, Wang P, Duan X, et al. A
human pluripotent stem cell-based platform to study SARS-CoV-2 tropism and
model virus infection in human cells and organoids. Cell Stem Cell (2020) 27
(1):125-36 €7. doi: 10.1016/j.stem.2020.06.015

53. Bullen CK, Hogberg HT, Bahadirli-Talbott A, Bishai WR, Hartung T,
Keuthan C, et al. Infectability of human BrainSphere neurons suggests
neurotropism of SARS-CoV-2. ALTEX (2020) 37(4):665-71. doi: 10.14573/
altex.2006111

54. Tiwari SK, Wang S, Smith D, Carlin AF, Rana TM. Revealing tissue-specific
SARS-CoV-2 infection and host responses using human stem cell-derived lung and
cerebral organoids. Stem Cell Rep (2021) 16(3):437-45. doi: 10.1016/
j.stemcr.2021.02.005

55. Ahmad Mulyadi Lai HI, Chou SJ, Chien Y, Tsai PH, Chien CS, Hsu CC,
et al. Expression of endogenous angiotensin-converting enzyme 2 in human
induced pluripotent stem cell-derived retinal organoids. Int ] Mol Sci (2021) 22
(3):1320. doi: 10.3390/ijms22031320

56. Ramani A, Muller L, Ostermann PN, Gabriel E, Abida-Islam P, Muller-
Schiffmann A, et al. SARS-CoV-2 targets neurons of 3D human brain organoids.
EMBO ] (2020) 39(20):e106230. doi: 10.15252/embj.2020106230

57. Wang L, Sievert D, Clark AE, Lee S, Federman H, Gastfriend BD, et al. A
human three-dimensional neural-perivascular 'assembloid’ promotes astrocytic
development and enables modeling of SARS-CoV-2 neuropathology. Nat Med
(2021) 27(9):1600-6. doi: 10.1038/s41591-021-01443-1

58. Salinas S, Constant O, Desmetz C, Barthelemy J, Lemaitre JM, Milhavet O,
et al. Deleterious effect of usutu virus on human neural cells. PloS Negl Trop Dis
(2017) 11(9):¢0005913. doi: 10.1371/journal.pntd.0005913

59. Pugazhenthi S, Nair S, Velmurugan K, Liang Q, Mahalingam R, Cohrs R],
et al. Varicella-zoster virus infection of differentiated human neural stem cells. J
Virol (2011) 85(13):6678-86. doi: 10.1128/JV1.00445-11

60. Hood C, Cunningham AL, Slobedman B, Boadle RA, Abendroth A.
Varicella-zoster virus-infected human sensory neurons are resistant to apoptosis,
yet human foreskin fibroblasts are susceptible: evidence for a cell-type-specific
apoptotic response. J Virol (2003) 77(23):12852-64. doi: 10.1128/JV1.77.23.12852-
12864.2003

61. Markus A, Grigoryan S, Sloutskin A, Yee MB, Zhu H, Yang IH, et al.
Varicella-zoster virus (VZV) infection of neurons derived from human embryonic
stem cells: direct demonstration of axonal infection, transport of VZV, and
productive neuronal infection. J Virol (2011) 85(13):6220-33. doi: 10.1128/
JV1.02396-10

frontiersin.org


https://doi.org/10.1038/s41598-020-72214-0
https://doi.org/10.1038/s41598-020-72214-0
https://doi.org/10.1038/nature11583
https://doi.org/10.1038/s41591-019-0672-3
https://doi.org/10.1073/pnas.1809853115
https://doi.org/10.3390/pathogens6020024
https://doi.org/10.1371/journal.pone.0053010
https://doi.org/10.1371/journal.pone.0053010
https://doi.org/10.1016/j.antiviral.2017.03.016
https://doi.org/10.1016/j.stem.2021.03.004
https://doi.org/10.1128/JVI.00111-19
https://doi.org/10.1021/acsmedchemlett.5b00318
https://doi.org/10.1016/j.antiviral.2015.06.005
https://doi.org/10.1093/schbul/sbu032
https://doi.org/10.1093/schbul/sbu032
https://doi.org/10.1177/20402066211036822
https://doi.org/10.1177/20402066211036822
https://doi.org/10.1128/JVI.02219-20
https://doi.org/10.1128/JVI.02219-20
https://doi.org/10.1128/JVI.00994-20
https://doi.org/10.1186/s13287-018-0881-6
https://doi.org/10.1186/s13287-018-0881-6
https://doi.org/10.1371/journal.ppat.1008899
https://doi.org/10.1371/journal.ppat.1008899
https://doi.org/10.1371/journal.pone.0114990
https://doi.org/10.1038/s41419-018-0763-y
https://doi.org/10.3390/v12040359
https://doi.org/10.3390/ijms222111986
https://doi.org/10.3390/ijms222111986
https://doi.org/10.1016/j.stem.2020.12.018
https://doi.org/10.1016/j.stemcr.2021.02.010
https://doi.org/10.1016/j.stemcr.2021.02.010
https://doi.org/10.1128/mSphere.00270-21
https://doi.org/10.1128/mSphere.00270-21
https://doi.org/10.1186/s41232-020-00143-6
https://doi.org/10.1186/s41232-020-00143-6
https://doi.org/10.1038/s41422-020-0390-x
https://doi.org/10.1038/s41467-021-24817-y
https://doi.org/10.1016/j.stem.2020.09.016
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1101/2020.06.25.169946
https://doi.org/10.1016/j.stem.2020.06.015
https://doi.org/10.14573/altex.2006111
https://doi.org/10.14573/altex.2006111
https://doi.org/10.1016/j.stemcr.2021.02.005
https://doi.org/10.1016/j.stemcr.2021.02.005
https://doi.org/10.3390/ijms22031320
https://doi.org/10.15252/embj.2020106230
https://doi.org/10.1038/s41591-021-01443-1
https://doi.org/10.1371/journal.pntd.0005913
https://doi.org/10.1128/JVI.00445-11
https://doi.org/10.1128/JVI.77.23.12852-12864.2003
https://doi.org/10.1128/JVI.77.23.12852-12864.2003
https://doi.org/10.1128/JVI.02396-10
https://doi.org/10.1128/JVI.02396-10
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

LaNoce et al.

62. Huang B, West N, Vider ], Zhang P, Griffiths RE, Wolvetang E, et al.
Inflammatory responses to a pathogenic West Nile virus strain. BMC Infect Dis
(2019) 19(1):912. doi: 10.1186/512879-019-4471-8

63. Ledur PF, Karmirian K, Pedrosa C, Souza LRQ, Assis-de-Lemos G, Martins
TM, et al. Zika virus infection leads to mitochondrial failure, oxidative stress and
DNA damage in human iPSC-derived astrocytes. Sci Rep (2020) 10(1):1218. doi:
10.1038/s41598-020-57914-x

64. XuM, Lee EM, Wen Z, Cheng Y, Huang WK, Qian X, et al. Identification of
small-molecule inhibitors of zika virus infection and induced neural cell death via a
drug repurposing screen. Nat Med (2016) 22(10):1101-7. doi: 10.1038/nm.4184

65. Xu YP, Qiu Y, Zhang B, Chen G, Chen Q, Wang M, et al. Zika virus
infection induces RNAi-mediated antiviral immunity in human neural progenitors
and brain organoids. Cell Res (2019) 29(4):265-73. doi: 10.1038/s41422-019-0152-
9

66. Liu L, Chen Z, Zhang X, Li S, Hui Y, Feng H, et al. Protection of ZIKV
infection-induced neuropathy by abrogation of acute antiviral response in human
neural progenitors. Cell Death Differ (2019) 26(12):2607-21. doi: 10.1038/s41418-
019-0324-7

67. Goodfellow FT, Willard KA, Wu X, Scoville S, Stice SL, Brindley MA. Strain-
dependent consequences of zika virus infection and differential impact on neural
development. Viruses (2018) 10(10):550. doi: 10.3390/v10100550

68. Lanko K, Eggermont K, Patel A, Kaptein S, Delang L, Verfaillie CM, et al.
Replication of the zika virus in different iPSC-derived neuronal cells and
implications to assess efficacy of antivirals. Antiviral Res (2017) 145:82-6. doi:
10.1016/j.antiviral.2017.07.010

69. Souza BS, Sampaio GL, Pereira CS, Campos GS, Sardi SI, Freitas LA, et al.
Zika virus infection induces mitosis abnormalities and apoptotic cell death of
human neural progenitor cells. Sci Rep (2016) 6:39775. doi: 10.1038/srep39775

70. Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Guimaraes KP,
et al. The Brazilian zika virus strain causes birth defects in experimental models.
Nature (2016) 534(7606):267-71. doi: 10.1038/nature18296

71. Mesci P, Macia A, LaRock CN, Tejwani L, Fernandes IR, Suarez NA, et al.
Modeling neuro-immune interactions during zika virus infection. Hum Mol Genet
(2018) 27(1):41-52. doi: 10.1093/hmg/ddx382

72. Wells MF, Salick MR, Wiskow O, Ho DJ, Worringer KA, Thry R], et al.
Genetic ablation of AXL does not protect human neural progenitor cells and
cerebral organoids from zika virus infection. Cell Stem Cell (2016) 19(6):703-8. doi:
10.1016/j.stem.2016.11.011

73. Cavalcante BRR, Aragao-Franca LS, Sampaio GLA, Nonaka CKV, Oliveira
MS, Campos GS, et al. Betulinic acid exerts cytoprotective activity on zika virus-
infected neural progenitor cells. Front Cell Infect Microbiol (2020) 10:558324. doi:
10.3389/fcimb.2020.558324

74. Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y, et al. Zika virus
infects human cortical neural progenitors and attenuates their growth. Cell Stem
Cell (2016) 18(5):587-90. doi: 10.1016/j.stem.2016.02.016

75. Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack C, et al.
Brain-Region-Specific organoids using mini-bioreactors for modeling ZIKV
exposure. Cell (2016) 165(5):1238-54. doi: 10.1016/j.cell.2016.04.032

76. Watanabe M, Buth JE, Vishlaghi N, de la Torre-Ubieta L, Taxidis J, Khakh
BS, et al. Self-organized cerebral organoids with human-specific features predict
effective drugs to combat zika virus infection. Cell Rep (2017) 21(2):517-32. doi:
10.1016/j.celrep.2017.09.047

77. Dang ], Tiwari SK, Lichinchi G, Qin Y, Patil VS, Eroshkin AM, et al. Zika
virus depletes neural progenitors in human cerebral organoids through activation
of the innate immune receptor TLR3. Cell Stem Cell (2016) 19(2):258-65. doi:
10.1016/j.stem.2016.04.014

78. Gabriel E, Ramani A, Karow U, Gottardo M, Natarajan K, Gooi LM, et al.
Recent zika virus isolates induce premature differentiation of neural progenitors in
human brain organoids. Cell Stem Cell (2017) 20(3):397-406 e5. doi: 10.1016/
j.stem.2016.12.005

79. Zhou T, Tan L, Cederquist GY, Fan Y, Hartley BJ, Mukherjee S, et al. High-
content screening in hPSC-neural progenitors identifies drug candidates that
inhibit zika virus infection in fetal-like organoids and adult brain. Cell Stem Cell
(2017) 21(2):274-83 e5. doi: 10.1016/j.stem.2017.06.017

80. Xu R, Boreland AJ, Li X, Erickson C, Jin M, Atkins C, et al. Developing
human pluripotent stem cell-based cerebral organoids with a controllable microglia
ratio for modeling brain development and pathology. Stem Cell Rep (2021) 16
(8):1923-37. doi: 10.1016/j.stemcr.2021.06.011

81. Garcez PP, Nascimento JM, de Vasconcelos JM, Madeiro da Costa R,
Delvecchio R, Trindade P, et al. Zika virus disrupts molecular fingerprinting of
human neurospheres. Sci Rep (2017) 7:40780. doi: 10.1038/srep40780

82. Albanese A, Swaney JM, Yun DH, Evans NB, Antonucci JM, Velasco S, et al.
Multiscale 3D phenotyping of human cerebral organoids. Sci Rep (2020) 10
(1):21487. doi: 10.1038/s41598-020-78130-7

Frontiers in Virology

15

10.3389/fviro.2022.869657

83. Abreu CM, Gama L, Krasemann S, Chesnut M, Odwin-Dacosta S, Hogberg
HT, et al. Microglia increase inflammatory responses in iPSC-derived human
BrainSpheres. Front Microbiol (2018) 9:2766. doi: 10.3389/fmicb.2018.02766

84. Nowakowski TJ, Pollen AA, Di Lullo E, Sandoval-Espinosa C, Bershteyn M,
Kriegstein AR. Expression analysis highlights AXL as a candidate zika virus entry
receptor in neural stem cells. Cell Stem Cell (2016) 18(5):591-6. doi: 10.1016/
j.stem.2016.03.012

85. Sacramento CQ, de Melo GR, de Freitas CS, Rocha N, Hoelz LV, Miranda
M, et al. The clinically approved antiviral drug sofosbuvir inhibits zika virus
replication. Sci Rep (2017) 7:40920. doi: 10.1038/srep40920

86. LiZ, Lang Y, Sakamuru S, Samrat S, Trudeau N, Kuo L, et al. Methylene blue
is a potent and broad-spectrum inhibitor against zika virus in vitro and in vivo.
Emerg Microbes Infect (2020) 9(1):2404-16. doi: 10.1080/22221751.2020.1838954

87. Yoon K], Song G, Qian X, Pan J, Xu D, Rho HS, et al. Zika-Virus-Encoded
NS2A disrupts mammalian cortical neurogenesis by degrading adherens junction
proteins. Cell Stem Cell (2017) 21(3):349-58 e6. doi: 10.1016/j.stem.2017.07.014

88. Pettke A, Tampere M, Pronk R, Wallner O, Falk A, Warpman Berglund U,
et al. Broadly active antiviral compounds disturb zika virus progeny release
rescuing virus-induced toxicity in brain organoids. Viruses (2020) 13(1):37. doi:
10.3390/v13010037

89. Salick MR, Wells MF, Eggan K, Kaykas A. Modelling zika virus infection of
the developing human brain In vitro using stem cell derived cerebral organoids. J
Vis Exp (2017) (127):56404. doi: 10.3791/56404

90. Pedrosa C, Souza LRQ, Gomes TA, de Lima CVF, Ledur PF, Karmirian K,
et al. The cyanobacterial saxitoxin exacerbates neural cell death and brain
malformations induced by zika virus. PloS Negl Trop Dis (2020) 14(3):e0008060.
doi: 10.1371/journal.pntd.0008060

91. Li Z, Xu ], Lang Y, Fan X, Kuo L, D'Brant L, et al. JMX0207, a niclosamide
derivative with improved pharmacokinetics, suppresses zika virus infection both In
vitro and in vivo. ACS Infect Dis (2020) 6(10):2616-28. doi: 10.1021/
acsinfecdis.0c00217

92. Setoh YX, Amarilla AA, Peng NYG, Griffiths RE, Carrera J, Freney ME, et al.
Determinants of zika virus host tropism uncovered by deep mutational scanning.
Nat Microbiol (2019) 4(5):876-87. doi: 10.1038/s41564-019-0399-4

93. Ferreira RO, Granha I, Ferreira RS, Bueno HS, Okamoto OK, Kaid C, et al.
Effect of serial systemic and intratumoral injections of oncolytic ZIKV(BR) in mice
bearing embryonal CNS tumors. Viruses (2021) 13(10):2103. doi: 10.3390/
v13102103

94. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell (2006) 126(4):663—
76. doi: 10.1016/j.cell.2006.07.024

95. Gunhanlar N, Shpak G, van der Kroeg M, Gouty-Colomer LA, Munshi ST,
Lendemeijer B, et al. A simplified protocol for differentiation of
electrophysiologically mature neuronal networks from human induced
pluripotent stem cells. Mol Psychiatry (2018) 23(5):1336-44. doi: 10.1038/
mp.2017.56

96. Muratore CR, Srikanth P, Callahan DG, Young-Pearse TL. Comparison and
optimization of hiPSC forebrain cortical differentiation protocols. PloS One (2014)
9(8):e105807. doi: 10.1371/journal.pone.0105807

97. Pang ZP, Yang N, Vierbuchen T, Ostermeier A, Fuentes DR, Yang TQ, et al.
Induction of human neuronal cells by defined transcription factors. Nature (2011)
476(7359):220-3. doi: 10.1038/nature10202

98. Shi Y, Kirwan P, Livesey FJ. Directed differentiation of human pluripotent
stem cells to cerebral cortex neurons and neural networks. Nat Protoc (2012) 7
(10):1836-46. doi: 10.1038/nprot.2012.116

99. Tew ], Wang M, Pimenova AA, Bowles KR, Hartley BJ, Lacin E, et al. An
efficient platform for astrocyte differentiation from human induced pluripotent
stem cells. Stem Cell Rep (2017) 9(2):600-14. doi: 10.1016/j.stemcr.2017.06.018

100. Perriot S, Mathias A, Perriard G, Canales M, Jonkmans N, Merienne N,
et al. Human induced pluripotent stem cell-derived astrocytes are differentially
activated by multiple sclerosis-associated cytokines. Stem Cell Rep (2018) 11
(5):1199-210. doi: 10.1016/j.stemcr.2018.09.015

101. Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman
SA, et al. iPSC-derived human microglia-like cells to study neurological diseases.
Neuron (2017) 94(2):278-93 €9. doi: 10.1016/j.neuron.2017.03.042

102. Pandya H, Shen MJ, Ichikawa DM, Sedlock AB, Choi Y, Johnson KR, et al.
Differentiation of human and murine induced pluripotent stem cells to microglia-
like cells. Nat Neurosci (2017) 20(5):753-9. doi: 10.1038/nn.4534

103. Wang S, Bates ], Li X, Schanz S, Chandler-Militello D, Levine C, et al.
Human iPSC-derived oligodendrocyte progenitor cells can myelinate and rescue a
mouse model of congenital hypomyelination. Cell Stem Cell (2013) 12(2):252-64.
doi: 10.1016/j.stem.2012.12.002

104. Pouya A, Satarian L, Kiani S, Javan M, Baharvand H. Human induced
pluripotent stem cells differentiation into oligodendrocyte progenitors and

frontiersin.org


https://doi.org/10.1186/s12879-019-4471-8
https://doi.org/10.1038/s41598-020-57914-x
https://doi.org/10.1038/nm.4184
https://doi.org/10.1038/s41422-019-0152-9
https://doi.org/10.1038/s41422-019-0152-9
https://doi.org/10.1038/s41418-019-0324-7
https://doi.org/10.1038/s41418-019-0324-7
https://doi.org/10.3390/v10100550
https://doi.org/10.1016/j.antiviral.2017.07.010
https://doi.org/10.1038/srep39775
https://doi.org/10.1038/nature18296
https://doi.org/10.1093/hmg/ddx382
https://doi.org/10.1016/j.stem.2016.11.011
https://doi.org/10.3389/fcimb.2020.558324
https://doi.org/10.1016/j.stem.2016.02.016
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1016/j.celrep.2017.09.047
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.stem.2016.12.005
https://doi.org/10.1016/j.stem.2016.12.005
https://doi.org/10.1016/j.stem.2017.06.017
https://doi.org/10.1016/j.stemcr.2021.06.011
https://doi.org/10.1038/srep40780
https://doi.org/10.1038/s41598-020-78130-7
https://doi.org/10.3389/fmicb.2018.02766
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1038/srep40920
https://doi.org/10.1080/22221751.2020.1838954
https://doi.org/10.1016/j.stem.2017.07.014
https://doi.org/10.3390/v13010037
https://doi.org/10.3791/56404
https://doi.org/10.1371/journal.pntd.0008060
https://doi.org/10.1021/acsinfecdis.0c00217
https://doi.org/10.1021/acsinfecdis.0c00217
https://doi.org/10.1038/s41564-019-0399-4
https://doi.org/10.3390/v13102103
https://doi.org/10.3390/v13102103
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/mp.2017.56
https://doi.org/10.1038/mp.2017.56
https://doi.org/10.1371/journal.pone.0105807
https://doi.org/10.1038/nature10202
https://doi.org/10.1038/nprot.2012.116
https://doi.org/10.1016/j.stemcr.2017.06.018
https://doi.org/10.1016/j.stemcr.2018.09.015
https://doi.org/10.1016/j.neuron.2017.03.042
https://doi.org/10.1038/nn.4534
https://doi.org/10.1016/j.stem.2012.12.002
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

LaNoce et al.

transplantation in a rat model of optic chiasm demyelination. PloS One (2011) 6
(11):e27925. doi: 10.1371/journal.pone.0027925

105. Watanabe K, Kamiya D, Nishiyama A, Katayama T, Nozaki S, Kawasaki H,
et al. Directed differentiation of telencephalic precursors from embryonic stem
cells. Nat Neurosci (2005) 8(3):288-96. doi: 10.1038/nn1402

106. Watanabe K, Ueno M, Kamiya D, Nishiyama A, Matsumura M, Wataya T,
et al. A ROCK inhibitor permits survival of dissociated human embryonic stem
cells. Nat Biotechnol (2007) 25(6):681-6. doi: 10.1038/nbt1310

107. Jacob F, Schnoll JG, Song H, Ming GL. Building the brain from scratch:
Engineering region-specific brain organoids from human stem cells to study neural
development and disease. Curr Top Dev Biol (2021) 142:477-530. doi: 10.1016/
bs.ctdb.2020.12.011

108. Volpato V, Smith J, Sandor C, Ried JS, Baud A, Handel A, et al.
Reproducibility of molecular phenotypes after long-term differentiation to
human iPSC-derived neurons: A multi-site omics study. Stem Cell Rep (2018) 11
(4):897-911. doi: 10.1016/j.stemcr.2018.08.013

109. Lohle M, Hermann A, Glass H, Kempe A, Schwarz SC, Kim JB, et al.
Differentiation efficiency of induced pluripotent stem cells depends on the number
of reprogramming factors. Stem Cells (2012) 30(3):570-9. doi: 10.1002/stem.1016

110. Zhang M, Ngo J, Pirozzi F, Sun YP, Wynshaw-Boris A. Highly efficient
methods to obtain homogeneous dorsal neural progenitor cells from human and
mouse embryonic stem cells and induced pluripotent stem cells. Stem Cell Res Ther
(2018) 9(1):67. doi: 10.1186/513287-018-0812-6

111. Bowles KR, Tcw J, Qian L, Jadow BM, Goate AM. Reduced variability of
neural progenitor cells and improved purity of neuronal cultures using magnetic
activated cell sorting. PloS One (2019) 14(3):e0213374. doi: 10.1371/
journal.pone.0213374

112. Yuan SH, Martin J, Elia J, Flippin J, Paramban RI, Hefferan MP, et al. Cell-
surface marker signatures for the isolation of neural stem cells, glia and neurons
derived from human pluripotent stem cells. PloS One (2011) 6(3):e17540. doi:
10.1371/journal.pone.0017540

113. Masland RH. Neuronal cell types. Curr Biol (2004) 14(13):R497-500. doi:
10.1016/j.cub.2004.06.035

114. Tremblay R, Lee S, Rudy B. GABAergic interneurons in the neocortex:
From cellular properties to circuits. Neuron (2016) 91(2):260-92. doi: 10.1016/
j-neuron.2016.06.033

115. Mihaljevic B, Benavides-Piccione R, Bielza C, Larranaga P, DeFelipe J.
Classification of GABAergic interneurons by leading neuroscientists. Sci Data
(2019) 6(1):221. doi: 10.1038/s41597-019-0246-8

116. Tao Y, Zhang SC. Neural subtype specification from human pluripotent
stem cells. Cell Stem Cell (2016) 19(5):573-86. doi: 10.1016/j.stem.2016.10.015

117. BICCN BICCN. A multimodal cell census and atlas of the mammalian
primary motor cortex. Nature (2021) 598(7879):86-102. doi: 10.1038/s41586-021-
03950-0

118. Brinkmann MM, Spooner E, Hoebe K, Beutler B, Ploegh HL, Kim YM. The
interaction between the ER membrane protein UNC93B and TLR3, 7, and 9 is
crucial for TLR signaling. J Cell Biol (2007) 177(2):265-75. doi: 10.1083/
jcb.200612056

119. Casrouge A, Zhang SY, Eidenschenk C, Jouanguy E, Puel A, Yang K, et al.
Herpes simplex virus encephalitis in human UNC-93B deficiency. Science (2006)
314(5797):308-12. doi: 10.1126/science.1128346

120. Cummings L, Tucker M, Gibson M, Myers A, Pastinen T, Johnston J, et al.
Rare genetic variants in immune genes and neonatal herpes simplex viral
infections. Pediatrics (2021) 147(1):e20200687. doi: 10.1542/peds.2020-0687

121. Mielcarska MB, Bossowska-Nowicka M, Toka FN. Functional failure of
TLR3 and its signaling components contribute to herpes simplex encephalitis. |
Neuroimmunol (2018) 316:65-73. doi: 10.1016/j.jneuroim.2017.12.011

122. Badja C, Maleeva G, El-Yazidi C, Barruet E, Lasserre M, Tropel P, et al.
Efficient and cost-effective generation of mature neurons from human induced
pluripotent stem cells. Stem Cells Transl Med (2014) 3(12):1467-72. doi: 10.5966/
sctm.2014-0024

123. Lam RS, Topfer FM, Wood PG, Busskamp V, Bamberg E. Functional
maturation of human stem cell-derived neurons in long-term cultures. PloS One
(2017) 12(1):¢0169506. doi: 10.1371/journal.pone.0169506

124. Satir TM, Nazir FH, Vizlin-Hodzic D, Hardselius E, Blennow K, Wray S,
et al. Accelerated neuronal and synaptic maturation by BrainPhys medium
increases abeta secretion and alters abeta peptide ratios from iPSC-derived
cortical neurons. Sci Rep (2020) 10(1):601. doi: 10.1038/s41598-020-57516-7

125. Sun AX, Yuan Q, Tan S, Xiao Y, Wang D, Khoo AT, et al. Direct induction
and functional maturation of forebrain GABAergic neurons from human
pluripotent stem cells. Cell Rep (2016) 16(7):1942-53. doi: 10.1016/
j.celrep.2016.07.035

126. Bardy C, van den Hurk M, Eames T, Marchand C, Hernandez RV, Kellogg
M, et al. Neuronal medium that supports basic synaptic functions and activity of

Frontiers in Virology

16

10.3389/fviro.2022.869657

human neurons in vitro. Proc Natl Acad Sci U.S.A. (2015) 112(20):E2725-34. doi:
10.1073/pnas.1504393112

127. Johnson MA, Weick JP, Pearce RA, Zhang SC. Functional neural
development from human embryonic stem cells: accelerated synaptic activity via
astrocyte coculture. J Neurosci (2007) 27(12):3069-77. doi: 10.1523/
JNEUROSCI.4562-06.2007

128. Ghanbari A, Esmaeilpour T, Bahmanpour S, Golmohammadi MG,
Sharififar S, Azari H. Depletion of neural stem cells from the subventricular zone
of adult mouse brain using cytosine b-arabinofuranoside. Brain Behav (2015) 5
(11):€00404. doi: 10.1002/brb3.404

129. Lamas NJ, Johnson-Kerner B, Roybon L, Kim YA, Garcia-Diaz A,
Wichterle H, et al. Neurotrophic requirements of human motor neurons defined
using amplified and purified stem cell-derived cultures. PloS One (2014) 9(10):
€110324. doi: 10.1371/journal.pone.0110324

130. Solomon E, Davis-Anderson K, Hovde B, Micheva-Viteva S, Harris JF,
Twary S, et al. Global transcriptome profile of the developmental principles of in
vitro iPSC-to-motor neuron differentiation. BMC Mol Cell Biol (2021) 22(1):13.
doi: 10.1186/s12860-021-00343-z

131. Jezierski A, Baumann E, Aylsworth A, Costain WJ, Corluka S,
Banderali U, et al. Electrophysiological- and neuropharmacological-based
benchmarking of human induced pluripotent stem cell-derived and primary
rodent neurons. Stem Cell Rev Rep (2021) 18:259-77. doi: 10.1007/s12015-021-
10263-2

132. Burke EE, Chenoweth JG, Shin JH, Collado-Torres L, Kim SK, Micali N,
et al. Dissecting transcriptomic signatures of neuronal differentiation and
maturation using iPSCs. Nat Commun (2020) 11(1):462. doi: 10.1038/s41467-
019-14266-z

133. Canals I, Ginisty A, Quist E, Timmerman R, Fritze J, Miskinyte G, et al.
Rapid and efficient induction of functional astrocytes from human pluripotent stem
cells. Nat Methods (2018) 15(9):693-6. doi: 10.1038/s41592-018-0103-2

134. Zhang Y, Pak C, Han Y, Ahlenius H, Zhang Z, Chanda S, et al. Rapid
single-step induction of functional neurons from human pluripotent stem cells.
Neuron (2013) 78(5):785-98. doi: 10.1016/j.neuron.2013.05.029

135. Rosa F, Dhingra A, Uysal B, Mendis GDC, Loeffler H, Elsen G, et al. In
vitro differentiated human stem cell-derived neurons reproduce synaptic
synchronicity arising during neurodevelopment. Stem Cell Rep (2020) 15(1):22-
37. doi: 10.1016/j.stemcr.2020.05.015

136. Garber C, Vasek MJ, Vollmer LL, Sun T, Jiang X, Klein RS. Astrocytes
decrease adult neurogenesis during virus-induced memory dysfunction via IL-1.
Nat Immunol (2018) 19(2):151-61. doi: 10.1038/s41590-017-0021-y

137. Riccetti S, Sinigaglia A, Desole G, Nowotny N, Trevisan M, Barzon L.
Modelling West Nile virus and usutu virus pathogenicity in human neural stem
cells. Viruses (2020) 12(8):882. doi: 10.3390/v12080882

138. Shrestha B, Gottlieb D, Diamond MS. Infection and injury of neurons by
West Nile encephalitis virus. J Virol (2003) 77(24):13203-13. doi: 10.1128/
JVI1.77.24.13203-13213.2003

139. Cheeran MC, Hu S, Sheng WS, Rashid A, Peterson PK, Lokensgard JR.
Differential responses of human brain cells to West Nile virus infection. J
Neurovirol (2005) 11(6):512-24. doi: 10.1080/13550280500384982

140. Leis AA, Stokic DS, Polk JL, Dostrow V, Winkelmann M. A poliomyelitis-
like syndrome from West Nile virus infection. N Engl ] Med (2002) 347(16):1279-
80. doi: 10.1056/NEJM2002c021587

141. Zhang F, Hammack C, Ogden SC, Cheng Y, Lee EM, Wen Z,
et al. Molecular signatures associated with ZIKV exposure in human cortical
neural progenitors. Nucleic Acids Res (2016) 44(18):8610-20. doi: 10.1093/nar/
gkw765

142. Ramos C, Sanchez G, Pando RH, Baquera J, Hernandez D, Mota J, et al.
Dengue virus in the brain of a fatal case of hemorrhagic dengue fever. ] Neurovirol
(1998) 4(4):465-8. doi: 10.3109/13550289809114548

143. Balsitis SJ, Coloma J, Castro G, Alava A, Flores D, McKerrow JH, et al.
Tropism of dengue virus in mice and humans defined by viral nonstructural
protein 3-specific immunostaining. Am ] Trop Med Hyg (2009) 80(3):416-24. doi:
10.4269/ajtmh.2009.80.416

144. Calderon-Pelaez MA, Velandia-Romero ML, Bastidas-Legarda LY, Beltran
EO, Camacho-Ortega SJ, Castellanos JE. Dengue virus infection of blood-brain
barrier cells: Consequences of severe disease. Front Microbiol (2019) 10:1435. doi:
10.3389/fmicb.2019.01435

145. Lungu O, Panagiotidis CA, Annunziato PW, Gershon AA, Silverstein SJ.
Aberrant intracellular localization of varicella-zoster virus regulatory proteins
during latency. Proc Natl Acad Sci USA (1998) 95(12):7080-5. doi: 10.1073/
pnas.95.12.7080

146. Kennedy PG, Grinfeld E, Gow JW. Latent varicella-zoster virus is located
predominantly in neurons in human trigeminal ganglia. Proc Natl Acad Sci USA
(1998) 95(8):4658-62. doi: 10.1073/pnas.95.8.4658

frontiersin.org


https://doi.org/10.1371/journal.pone.0027925
https://doi.org/10.1038/nn1402
https://doi.org/10.1038/nbt1310
https://doi.org/10.1016/bs.ctdb.2020.12.011
https://doi.org/10.1016/bs.ctdb.2020.12.011
https://doi.org/10.1016/j.stemcr.2018.08.013
https://doi.org/10.1002/stem.1016
https://doi.org/10.1186/s13287-018-0812-6
https://doi.org/10.1371/journal.pone.0213374
https://doi.org/10.1371/journal.pone.0213374
https://doi.org/10.1371/journal.pone.0017540
https://doi.org/10.1016/j.cub.2004.06.035
https://doi.org/10.1016/j.neuron.2016.06.033
https://doi.org/10.1016/j.neuron.2016.06.033
https://doi.org/10.1038/s41597-019-0246-8
https://doi.org/10.1016/j.stem.2016.10.015
https://doi.org/10.1038/s41586-021-03950-0
https://doi.org/10.1038/s41586-021-03950-0
https://doi.org/10.1083/jcb.200612056
https://doi.org/10.1083/jcb.200612056
https://doi.org/10.1126/science.1128346
https://doi.org/10.1542/peds.2020-0687
https://doi.org/10.1016/j.jneuroim.2017.12.011
https://doi.org/10.5966/sctm.2014-0024
https://doi.org/10.5966/sctm.2014-0024
https://doi.org/10.1371/journal.pone.0169506
https://doi.org/10.1038/s41598-020-57516-7
https://doi.org/10.1016/j.celrep.2016.07.035
https://doi.org/10.1016/j.celrep.2016.07.035
https://doi.org/10.1073/pnas.1504393112
https://doi.org/10.1523/JNEUROSCI.4562-06.2007
https://doi.org/10.1523/JNEUROSCI.4562-06.2007
https://doi.org/10.1002/brb3.404
https://doi.org/10.1371/journal.pone.0110324
https://doi.org/10.1186/s12860-021-00343-z
https://doi.org/10.1007/s12015-021-10263-2
https://doi.org/10.1007/s12015-021-10263-2
https://doi.org/10.1038/s41467-019-14266-z
https://doi.org/10.1038/s41467-019-14266-z
https://doi.org/10.1038/s41592-018-0103-2
https://doi.org/10.1016/j.neuron.2013.05.029
https://doi.org/10.1016/j.stemcr.2020.05.015
https://doi.org/10.1038/s41590-017-0021-y
https://doi.org/10.3390/v12080882
https://doi.org/10.1128/JVI.77.24.13203-13213.2003
https://doi.org/10.1128/JVI.77.24.13203-13213.2003
https://doi.org/10.1080/13550280500384982
https://doi.org/10.1056/NEJM2002c021587
https://doi.org/10.1093/nar/gkw765
https://doi.org/10.1093/nar/gkw765
https://doi.org/10.3109/13550289809114548
https://doi.org/10.4269/ajtmh.2009.80.416
https://doi.org/10.3389/fmicb.2019.01435
https://doi.org/10.1073/pnas.95.12.7080
https://doi.org/10.1073/pnas.95.12.7080
https://doi.org/10.1073/pnas.95.8.4658
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

LaNoce et al.

147. Zerboni L, Ku CC, Jones CD, Zehnder JL, Arvin AM. Varicella-zoster virus
infection of human dorsal root ganglia in vivo. Proc Natl Acad Sci U.S.A. (2005) 102
(18):6490-5. doi: 10.1073/pnas.0501045102

148. Barnstorf I, Borsa M, Baumann N, Pallmer K, Yermanos A, Joller N, et al.
Chronic virus infection compromises memory bystander T cell function in an IL-6/
STAT1-dependent manner. ] Exp Med (2019) 216(3):571-86. doi: 10.1084/
jem.20181589

149. Fantetti KN, Gray EL, Ganesan P, Kulkarni A, O'Donnell LA. Interferon
gamma protects neonatal neural stem/progenitor cells during measles virus
infection of the brain. J Neuroinflamm (2016) 13(1):107. doi: 10.1186/s12974-
016-0571-1

150. Verma AK, Ghosh S, Pradhan S, Basu A. Microglial activation induces
neuronal death in chandipura virus infection. Sci Rep (2016) 6:22544. doi: 10.1038/
srep22544

151. Ghoshal A, Das S, Ghosh S, Mishra MK, Sharma V, Koli P, et al.
Proinflammatory mediators released by activated microglia induces neuronal
death in Japanese encephalitis. Glia (2007) 55(5):483-96. doi: 10.1002/glia.20474

152. Heaton RK, Clifford DB, Franklin DRJr., Woods SP, Ake C, Vaida F, et al.
HIV-Associated neurocognitive disorders persist in the era of potent antiretroviral
therapy: CHARTER study. Neurology (2010) 75(23):2087-96. doi: 10.1212/
WNL.0b013e318200d727

153. Wallet C, De Rovere M, Van Assche ], Daouad F, De Wit S, Gautier V, et al.
Microglial cells: The main HIV-1 reservoir in the brain. Front Cell Infect Microbiol
(2019) 9:362. doi: 10.3389/fcimb.2019.00362

154. YangI, Han SJ, Kaur G, Crane C, Parsa AT. The role of microglia in central
nervous system immunity and glioma immunology. J Clin Neurosci (2010) 17(1):6—
10. doi: 10.1016/j.jocn.2009.05.006

155. Ojeda DS, Grasso D, Urquiza J, Till A, Vaccaro MI, Quarleri J. Cell death is
counteracted by mitophagy in HIV-productively infected astrocytes but is
promoted by inflammasome activation among non-productively infected cells.
Front Immunol (2018) 9:2633. doi: 10.3389/fimmu.2018.02633

156. Li GH, Maric D, Major EO, Nath A. Productive HIV infection in astrocytes
can be established via a nonclassical mechanism. AIDS (2020) 34(7):963-78. doi:
10.1097/QAD.0000000000002512

157. Russell RA, Chojnacki ], Jones DM, Johnson E, Do T, Eggeling C, et al.
Astrocytes resist HIV-1 fusion but engulf infected macrophage material. Cell Rep
(2017) 18(6):1473-83. doi: 10.1016/j.celrep.2017.01.027

158. Valdebenito S, Castellano P, Ajasin D, Eugenin EA. Astrocytes are HIV
reservoirs in the brain: A cell type with poor HIV infectivity and replication but
efficient cell-to-cell viral transfer. ] Neurochem (2021) 158(2):429-43. doi: 10.1111/
jnc.15336

159. Stern AL, Lee RN, Panvelker N, Li J, Harowitz J, Jordan-Sciutto KL, et al.
Differential effects of antiretroviral drugs on neurons In vitro: Roles for oxidative
stress and integrated stress response. ] Neuroimmune Pharmacol (2018) 13(1):64-
76. doi: 10.1007/s11481-017-9761-6

160. Treisman GJ, Soudry O. Neuropsychiatric effects of HIV antiviral
medications. Drug Saf (2016) 39(10):945-57. doi: 10.1007/s40264-016-0440-y

161. Xing HQ, Hayakawa H, Izumo K, Kubota R, Gelpi E, Budka H, et al. I vivo
expression of proinflammatory cytokines in HIV encephalitis: an analysis of 11
autopsy cases. Neuropathology (2009) 29(4):433-42. doi: 10.1111/j.1440-
1789.2008.00996.x

162. Epstein LG, Gendelman HE. Human immunodeficiency virus type 1
infection of the nervous system: pathogenetic mechanisms. Ann Neurol (1993)
33(5):429-36. doi: 10.1002/ana.410330502

163. Lannes N, Garcia-Nicolas O, Demoulins T, Summerfield A, Filgueira L.
CX3CR1-CX3CL1-dependent cell-to-cell Japanese encephalitis virus transmission
by human microglial cells. Sci Rep (2019) 9(1):4833. doi: 10.1038/541598-019-
41302-1

164. Mangale V, Syage AR, Ekiz HA, Skinner DD, Cheng Y, Stone CL, et al.
Microglia influence host defense, disease, and repair following murine coronavirus
infection of the central nervous system. Glia (2020) 68(11):2345-60. doi: 10.1002/
glia.23844

165. Murta V, Villarreal A, Ramos AJ]. Severe acute respiratory syndrome
coronavirus 2 impact on the central nervous system: Are astrocytes and
microglia main players or merely bystanders? ASN Neuro (2020)
12:1759091420954960. doi: 10.1177/1759091420954960

166. Campbell GL, Hills SL, Fischer M, Jacobson JA, Hoke CH, Hombach JM,
et al. Estimated global incidence of Japanese encephalitis: a systematic review.
Bull World Health Organ (2011) 89(10):766-74, 74A-74E. doi: 10.2471/
BLT.10.085233

167. Kimura-Kuroda J, Ichikawa M, Ogata A, Nagashima K, Yasui K. Specific
tropism of Japanese encephalitis virus for developing neurons in primary rat brain
culture. Arch Virol (1993) 130(3-4):477-84. doi: 10.1007/BF01309676

Frontiers in Virology

10.3389/fviro.2022.869657

168. Desai A, Shankar SK, Ravi V, Chandramuki A, Gourie-Devi M. Japanese
Encephalitis virus antigen in the human brain and its topographic distribution.
Acta Neuropathol (1995) 89(4):368-73. doi: 10.1007/BF00309631

169. Harrison JK, Jiang Y, Chen S, Xia Y, Maciejewski D, McNamara RK, et al.
Role for neuronally derived fractalkine in mediating interactions between neurons
and CX3CRI1-expressing microglia. Proc Natl Acad Sci USA (1998) 95(18):10896—
901. doi: 10.1073/pnas.95.18.10896

170. Traub S, Heilker R. hiPS cell-derived neurons for high-throughput
screening. Methods Mol Biol (2019) 1994:243-63. doi: 10.1007/978-1-4939-9477-
923

171. Sirenko O, Hesley J, Rusyn I, Cromwell EF. High-content high-throughput
assays for characterizing the viability and morphology of human iPSC-derived
neuronal cultures. Assay Drug Dev Technol (2014) 12(9-10):536-47. doi: 10.1089/
adt.2014.592

172. Harrill JA, Freudenrich TM, Machacek DW, Stice SL, Mundy WR.
Quantitative assessment of neurite outgrowth in human embryonic stem cell-
derived hN2 cells using automated high-content image analysis. Neurotoxicology
(2010) 31(3):277-90. doi: 10.1016/j.neuro.2010.02.003

173. Anson BD, Kolaja KL, Kamp TJ. Opportunities for use of human iPS$ cells
in predictive toxicology. Clin Pharmacol Ther (2011) 89(5):754-8. doi: 10.1038/
clpt.2011.9

174. Yordy B, Iijima N, Huttner A, Leib D, Iwasaki A. A neuron-specific role for
autophagy in antiviral defense against herpes simplex virus. Cell Host Microbe
(2012) 12(3):334-45. doi: 10.1016/j.chom.2012.07.013

175. Li L, Jin H, Wang H, Cao Z, Feng N, Wang J, et al. Autophagy is highly
targeted among host comparative proteomes during infection with different
virulent RABV strains. Oncotarget (2017) 8(13):21336-50. doi: 10.18632/
oncotarget.15184

176. Arias-Fuenzalida J, Jarazo ], Walter ], Gomez-Giro G, Forster JI, Krueger R,
et al. Automated high-throughput high-content autophagy and mitophagy analysis
platform. Sci Rep (2019) 9(1):9455. doi: 10.1038/5s41598-019-45917-2

177. Stefano GB, Ptacek R, Ptackova H, Martin A, Kream RM. Selective
neuronal mitochondrial targeting in SARS-CoV-2 infection affects cognitive
processes to induce 'Brain fog' and results in behavioral changes that favor viral
survival. Med Sci Monit (2021) 27:¢930886. doi: 10.12659/MSM.930886

178. Little D, Luft C, Mosaku O, Ketteler R, Devine M]J, Gissen P. High-content
analysis of mitochondrial function in iPSC-derived neurons. In: C-F Mandenius
and JA Ross, editors. Cell-based assays using iPSCs for drug development and
testing. New York, NY: Springer New York (2019). p. 175-84.

179. Bellizzi A, Ahye N, Jalagadugula G, Wollebo HS. A broad application of
CRISPR Cas9 in infectious diseases of central nervous system. ] Neuroimmune
Pharmacol (2019) 14(4):578-94. doi: 10.1007/s11481-019-09878-7

180. Li Y, Muftat J, Omer Javed A, Keys HR, Lungjangwa T, Bosch I, et al.
Genome-wide CRISPR screen for zika virus resistance in human neural cells. Proc
Natl Acad Sci USA (2019) 116(19):9527-32. doi: 10.1073/pnas.1900867116

181. Xiao Q, Guo D, Chen S. Application of CRISPR/Cas9-based gene editing in
HIV-1/AIDS therapy. Front Cell Infect Microbiol (2019) 9:69. doi: 10.3389/
fcimb.2019.00069

182. Baker BM, Chen CS. Deconstructing the third dimension: how 3D culture
microenvironments alter cellular cues. J Cell Sci (2012) 125(Pt 13):3015-24. doi:
10.1242/jcs.079509

183. Pasca SP. The rise of three-dimensional human brain cultures. Nature
(2018) 553(7689):437-45. doi: 10.1038/nature25032

184. Mateos-Aparicio P, Bello SA, Rodriguez-Moreno A. Challenges in
physiological phenotyping of hiPSC-derived neurons: From 2D cultures to 3D
brain organoids. Front Cell Dev Biol (2020) 8:797. doi: 10.3389/fcell.2020.00797

185. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C,
et al. Reversion of the malignant phenotype of human breast cells in three-
dimensional culture and in vivo by integrin blocking antibodies. J Cell Biol
(1997) 137(1):231-45. doi: 10.1083/jcb.137.1.231

186. Harberts J, Siegmund M, Schnelle M, Zhang T, Lei Y, Yu L, et al. Robust
neuronal differentiation of human iPSC-derived neural progenitor cells cultured on
densely-spaced spiky silicon nanowire arrays. Sci Rep (2021) 11(1):18819. doi:
10.1038/541598-021-97820-4

187. Persson H, Li Z, Tegenfeldt JO, Oredsson S, Prinz CN. From immobilized
cells to motile cells on a bed-of-nails: effects of vertical nanowire array density on
cell behaviour. Sci Rep (2015) 5:18535. doi: 10.1038/srep18535

188. Viviani B, Corsini E, Binaglia M, Galli CL, Marinovich M. Reactive oxygen
species generated by glia are responsible for neuron death induced by human
immunodeficiency virus-glycoprotein 120 in vitro. Neuroscience (2001) 107(1):51—
8. doi: 10.1016/S0306-4522(01)00332-3

189. Burbulla LF, Beaumont KG, Mrksich M, Krainc D. Micropatterning
facilitates the long-term growth and analysis of iPSC-derived individual human

frontiersin.org


https://doi.org/10.1073/pnas.0501045102
https://doi.org/10.1084/jem.20181589
https://doi.org/10.1084/jem.20181589
https://doi.org/10.1186/s12974-016-0571-1
https://doi.org/10.1186/s12974-016-0571-1
https://doi.org/10.1038/srep22544
https://doi.org/10.1038/srep22544
https://doi.org/10.1002/glia.20474
https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.3389/fcimb.2019.00362
https://doi.org/10.1016/j.jocn.2009.05.006
https://doi.org/10.3389/fimmu.2018.02633
https://doi.org/10.1097/QAD.0000000000002512
https://doi.org/10.1016/j.celrep.2017.01.027
https://doi.org/10.1111/jnc.15336
https://doi.org/10.1111/jnc.15336
https://doi.org/10.1007/s11481-017-9761-6
https://doi.org/10.1007/s40264-016-0440-y
https://doi.org/10.1111/j.1440-1789.2008.00996.x
https://doi.org/10.1111/j.1440-1789.2008.00996.x
https://doi.org/10.1002/ana.410330502
https://doi.org/10.1038/s41598-019-41302-1
https://doi.org/10.1038/s41598-019-41302-1
https://doi.org/10.1002/glia.23844
https://doi.org/10.1002/glia.23844
https://doi.org/10.1177/1759091420954960
https://doi.org/10.2471/BLT.10.085233
https://doi.org/10.2471/BLT.10.085233
https://doi.org/10.1007/BF01309676
https://doi.org/10.1007/BF00309631
https://doi.org/10.1073/pnas.95.18.10896
https://doi.org/10.1007/978-1-4939-9477-9_23
https://doi.org/10.1007/978-1-4939-9477-9_23
https://doi.org/10.1089/adt.2014.592
https://doi.org/10.1089/adt.2014.592
https://doi.org/10.1016/j.neuro.2010.02.003
https://doi.org/10.1038/clpt.2011.9
https://doi.org/10.1038/clpt.2011.9
https://doi.org/10.1016/j.chom.2012.07.013
https://doi.org/10.18632/oncotarget.15184
https://doi.org/10.18632/oncotarget.15184
https://doi.org/10.1038/s41598-019-45917-2
https://doi.org/10.12659/MSM.930886
https://doi.org/10.1007/s11481-019-09878-7
https://doi.org/10.1073/pnas.1900867116
https://doi.org/10.3389/fcimb.2019.00069
https://doi.org/10.3389/fcimb.2019.00069
https://doi.org/10.1242/jcs.079509
https://doi.org/10.1038/nature25032
https://doi.org/10.3389/fcell.2020.00797
https://doi.org/10.1083/jcb.137.1.231
https://doi.org/10.1038/s41598-021-97820-4
https://doi.org/10.1038/srep18535
https://doi.org/10.1016/S0306-4522(01)00332-3
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

LaNoce et al.

neurons and neuronal networks. Adv Healthc Mater (2016) 5(15):1894-903. doi:
10.1002/adhm.201500900

190. Maldonado M, Luu R, Ico G, Ospina A, Myung D, Shih HP, et al. Lineage-
and developmental stage-specific mechanomodulation of induced pluripotent stem cell
differentiation. Stem Cell Res Ther (2017) 8(1):216. doi: 10.1186/s13287-017-0667-2

191. Sarkar A, Mei A, Paquola ACM, Stern S, Bardy C, Klug JR, et al. Efficient
generation of CA3 neurons from human pluripotent stem cells enables modeling of
hippocampal connectivity in vitro. Cell Stem Cell (2018) 22(5):684-97 9. doi:
10.1016/j.stem.2018.04.009

192. Hasselmann J, Coburn MA, England W, Figueroa Velez DX, Kiani
Shabestari S, Tu CH, et al. Development of a chimeric model to study and
manipulate human microglia in vivo. Neuron (2019) 103(6):1016-33 e10. doi:
10.1016/j.neuron.2019.07.002

193. Mancuso R, Van Den Daele ], Fattorelli N, Wolfs L, Balusu S, Burton O,
et al. Stem-cell-derived human microglia transplanted in mouse brain to study
human disease. Nat Neurosci (2019) 22(12):2111-6. doi: 10.1038/s41593-019-0525-x

194. Svoboda DS, Barrasa MI, Shu J, Rietjens R, Zhang S, Mitalipova M, et al.
Human iPSC-derived microglia assume a primary microglia-like state after
transplantation into the neonatal mouse brain. Proc Natl Acad Sci USA (2019)
116(50):25293-303. doi: 10.1073/pnas.1913541116

195. Abeynaike S, Paust S. Humanized mice for the evaluation of novel HIV-1
therapies. Front Immunol (2021) 12:636775. doi: 10.3389/fimmu.2021.636775

196. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME,
et al. Cerebral organoids model human brain development and microcephaly.
Nature (2013) 501(7467):373-9. doi: 10.1038/naturel12517

197. Lindborg BA, Brekke JH, Vegoe AL, Ulrich CB, Haider KT, Subramaniam
S, et al. Rapid induction of cerebral organoids from human induced pluripotent
stem cells using a chemically defined hydrogel and defined cell culture medium.
Stem Cells Transl Med (2016) 5(7):970-9. doi: 10.5966/sctm.2015-0305

198. Xiang Y, Cakir B, Park IH. Generation of regionally specified human brain
organoids resembling thalamus development. STAR Protoc (2020) 1(1):100001.
doi: 10.1016/j.xpro.2019.100001

199. Huang WK, Wong SZH, Pather SR, Nguyen PTT, Zhang F, Zhang DY,
et al. Generation of hypothalamic arcuate organoids from human induced
pluripotent stem cells. Cell Stem Cell (2021) 28(9):1657-70 e10. doi: 10.1016/
j.stem.2021.04.006

200. Muguruma K, Nishiyama A, Kawakami H, Hashimoto K, Sasai Y. Self-
organization of polarized cerebellar tissue in 3D culture of human pluripotent stem
cells. Cell Rep (2015) 10(4):537-50. doi: 10.1016/j.celrep.2014.12.051

201. Jo J, Xiao Y, Sun AX, Cukuroglu E, Tran HD, Goke J, et al. Midbrain-like
organoids from human pluripotent stem cells contain functional dopaminergic and
neuromelanin-producing neurons. Cell Stem Cell (2016) 19(2):248-57. doi:
10.1016/j.stem.2016.07.005

202. Eura N, Matsui TK, Luginbuhl J, Matsubayashi M, Nanaura H, Shiota T,
et al. Brainstem organoids from human pluripotent stem cells. Front Neurosci
(2020) 14:538. doi: 10.3389/fnins.2020.00538

203. Pellegrini L, Bonfio C, Chadwick J, Begum F, Skehel M, Lancaster MA.
Human CNS barrier-forming organoids with cerebrospinal fluid production.
Science (2020) 369(6500):eaaz5626. doi: 10.1126/science.aaz5626

204. Sakaguchi H, Kadoshima T, Soen M, Narii N, Ishida Y, Ohgushi M, et al.
Generation of functional hippocampal neurons from self-organizing human
embryonic stem cell-derived dorsomedial telencephalic tissue. Nat Commun
(2015) 6:8896. doi: 10.1038/ncomms9896

205. Miura Y, Li MY, Birey F, Ikeda K, Revah O, Thete MV, et al. Generation of
human striatal organoids and cortico-striatal assembloids from human pluripotent
stem cells. Nat Biotechnol (2020) 38(12):1421-30. doi: 10.1038/s41587-020-00763-w

206. Faustino Martins JM, Fischer C, Urzi A, Vidal R, Kunz S, Ruffault PL, et al.
Self-organizing 3D human trunk neuromuscular organoids. Cell Stem Cell (2020)
26(2):172-86 e6. doi: 10.1016/j.stem.2019.12.007

207. Xiong F, Tentner AR, Huang P, Gelas A, Mosaliganti KR, Souhait L, et al.
Specified neural progenitors sort to form sharp domains after noisy shh signaling.
Cell (2013) 153(3):550-61. doi: 10.1016/j.cell.2013.03.023

208. Wilson SW, Houart C. Early steps in the development of the forebrain. Dev
Cell (2004) 6(2):167-81. doi: 10.1016/S1534-5807(04)00027-9

209. Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Min Yang S, Berger
DR, et al. Cell diversity and network dynamics in photosensitive human brain
organoids. Nature (2017) 545(7652):48-53. doi: 10.1038/nature22047

210. Trujillo CA, Gao R, Negraes PD, Gu J, Buchanan J, Preissl S, et al. Complex
oscillatory waves emerging from cortical organoids model early human brain
network development. Cell Stem Cell (2019) 25(4):558-69 e7. doi: 10.1016/
j.stem.2019.08.002

211. QianX, SuY, Adam CD, Deutschmann AU, Pather SR, Goldberg EM, et al.
Sliced human cortical organoids for modeling distinct cortical layer formation. Cell
Stem Cell (2020) 26(5):766-81 €9. doi: 10.1016/j.stem.2020.02.002

Frontiers in Virology

18

10.3389/fviro.2022.869657

212. Yang AC, Kern F, Losada PM, Agam MR, Maat CA, Schmartz GP, et al.
Dysregulation of brain and choroid plexus cell types in severe COVID-19. Nature
(2021) 595(7868):565-71. doi: 10.1038/541586-021-03710-0

213. Puelles VG, Lutgehetmann M, Lindenmeyer MT, Sperhake JP, Wong MN,
Allweiss L, et al. Multiorgan and renal tropism of SARS-CoV-2. N Engl ] Med
(2020) 383(6):590-2. doi: 10.1056/NEJMc2011400

214. Lancaster MA, Corsini NS, Wolfinger S, Gustafson EH, Phillips AW,
Burkard TR, et al. Guided self-organization and cortical plate formation in human
brain organoids. Nat Biotechnol (2017) 35(7):659-66. doi: 10.1038/nbt.3906

215. Satterfield-Nash A, Kotzky K, Allen J, Bertolli J, Moore CA, Pereira 10,
et al. Health and development at age 19-24 months of 19 children who were born
with microcephaly and laboratory evidence of congenital zika virus infection
during the 2015 zika virus outbreak - Brazil, 2017. MMWR Morb Mortal Wkly
Rep (2017) 66(49):1347-51. doi: 10.15585/mmwr.mm6649a2

216. Boppana SB, Ross SA, Fowler KB. Congenital cytomegalovirus infection:
clinical outcome. Clin Infect Dis (2013) 57 Suppl 4:5178-81. doi: 10.1093/cid/cit629

217. Gabrielli L, Bonasoni MP, Santini D, Piccirilli G, Chiereghin A, Petrisli E,
et al. Congenital cytomegalovirus infection: patterns of fetal brain damage. Clin
Microbiol Infect (2012) 18(10):E419-27. doi: 10.1111/j.1469-0691.2012.03983.x

218. Teissier N, Fallet-Bianco C, Delezoide AL, Laquerriere A, Marcorelles P,
Khung-Savatovsky S, et al. Cytomegalovirus-induced brain malformations in
fetuses. J Neuropathol Exp Neurol (2014) 73(2):143-58. doi: 10.1097/
NEN.0000000000000038

219. Berger AA, Gil Y, Panet A, Weisblum Y, Oiknine-Djian E, Gropp M, et al.
Transition toward human cytomegalovirus susceptibility in early human embryonic stem
cell-derived neural precursors. J Virol (2015) 89(21):11159-64. doi: 10.1128/JV1.01742-15

220. Penkert RR, Kalejta RF. Human embryonic stem cell lines model
experimental human cytomegalovirus latency. mBio (2013) 4(3):e00298-13. doi:
10.1128/mBio.00298-13

221. Wilkinson GW, Davison AJ, Tomasec P, Fielding CA, Aicheler R, Murrell
I, et al. Human cytomegalovirus: taking the strain. Med Microbiol Immunol (2015)
204(3):273-84. doi: 10.1007/s00430-015-0411-4

222. Camp ]G, Badsha F, Florio M, Kanton S, Gerber T, Wilsch-Brauninger M,
et al. Human cerebral organoids recapitulate gene expression programs of fetal
neocortex development. Proc Natl Acad Sci USA (2015) 112(51):15672-7. doi:
10.1073/pnas.1520760112

223. Luo C, Lancaster MA, Castanon R, Nery JR, Knoblich JA, Ecker JR.
Cerebral organoids recapitulate epigenomic signatures of the human fetal brain.
Cell Rep (2016) 17(12):3369-84. doi: 10.1016/j.celrep.2016.12.001

224. Zash R, Makhema J, Shapiro RL. Neural-tube defects with dolutegravir
treatment from the time of conception. N Engl ] Med (2018) 379(10):979-81. doi:
10.1056/NEJMc1807653

225. Zash R, Holmes L, Diseko M, Jacobson DL, Brummel S, Mayondi G, et al.
Neural-tube defects and antiretroviral treatment regimens in Botswana. N Engl |
Med (2019) 381(9):827-40. doi: 10.1056/NEJM0al1905230

226. Cho AN, Jin Y, An Y, Kim J, Choi YS, Lee JS, et al. Microfluidic device with
brain extracellular matrix promotes structural and functional maturation of human
brain organoids. Nat Commun (2021) 12(1):4730. doi: 10.1038/s41467-021-24775-5

227. Ahn SI, Sei Y], Park HJ, Kim J, Ryu Y, Choi J], et al. Microengineered
human blood-brain barrier platform for understanding nanoparticle transport
mechanisms. Nat Commun (2020) 11(1):175. doi: 10.1038/s41467-019-13896-7

228. Park TE, Mustafaoglu N, Herland A, Hasselkus R, Mannix R, FitzGerald
EA, et al. Hypoxia-enhanced blood-brain barrier chip recapitulates human barrier
function and shuttling of drugs and antibodies. Nat Commun (2019) 10(1):2621.
doi: 10.1038/s41467-019-10588-0

229. Gordon A, Yoon SJ, Tran SS, Makinson CD, Park JY, Andersen J, et al.
Long-term maturation of human cortical organoids matches key early postnatal
transitions. Nat Neurosci (2021) 24(3):331-42. doi: 10.1038/s41593-021-00802-y

230. Ginhoux F, Prinz M. Origin of microglia: current concepts and past
controversies. Cold Spring Harb Perspect Biol (2015) 7(8):a020537. doi: 10.1101/
cshperspect.a020537

231. Verney C, Monier A, Fallet-Bianco C, Gressens P. Early microglial
colonization of the human forebrain and possible involvement in periventricular
white-matter injury of preterm infants. ] Anat (2010) 217(4):436-48. doi: 10.1111/
j.1469-7580.2010.01245.x

232. Colonna M, Butovsky O. Microglia function in the central nervous system
during health and neurodegeneration. Annu Rev Immunol (2017) 35:441-68. doi:
10.1146/annurev-immunol-051116-052358

233. Lum FM, Low DK, Fan Y, Tan JJ, Lee B, Chan JK, et al. Zika virus infects
human fetal brain microglia and induces inflammation. Clin Infect Dis (2017) 64
(7):914-20. doi: 10.1093/cid/ciw878

234. Ormel PR, Vieira de Sa R, van Bodegraven EJ, Karst H, Harschnitz O,
Sneeboer MAM, et al. Microglia innately develop within cerebral organoids. Nat
Commun (2018) 9(1):4167. doi: 10.1038/s41467-018-06684-2

frontiersin.org


https://doi.org/10.1002/adhm.201500900
https://doi.org/10.1186/s13287-017-0667-2
https://doi.org/10.1016/j.stem.2018.04.009
https://doi.org/10.1016/j.neuron.2019.07.002
https://doi.org/10.1038/s41593-019-0525-x
https://doi.org/10.1073/pnas.1913541116
https://doi.org/10.3389/fimmu.2021.636775
https://doi.org/10.1038/nature12517
https://doi.org/10.5966/sctm.2015-0305
https://doi.org/10.1016/j.xpro.2019.100001
https://doi.org/10.1016/j.stem.2021.04.006
https://doi.org/10.1016/j.stem.2021.04.006
https://doi.org/10.1016/j.celrep.2014.12.051
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.3389/fnins.2020.00538
https://doi.org/10.1126/science.aaz5626
https://doi.org/10.1038/ncomms9896
https://doi.org/10.1038/s41587-020-00763-w
https://doi.org/10.1016/j.stem.2019.12.007
https://doi.org/10.1016/j.cell.2013.03.023
https://doi.org/10.1016/S1534-5807(04)00027-9
https://doi.org/10.1038/nature22047
https://doi.org/10.1016/j.stem.2019.08.002
https://doi.org/10.1016/j.stem.2019.08.002
https://doi.org/10.1016/j.stem.2020.02.002
https://doi.org/10.1038/s41586-021-03710-0
https://doi.org/10.1056/NEJMc2011400
https://doi.org/10.1038/nbt.3906
https://doi.org/10.15585/mmwr.mm6649a2
https://doi.org/10.1093/cid/cit629
https://doi.org/10.1111/j.1469-0691.2012.03983.x
https://doi.org/10.1097/NEN.0000000000000038
https://doi.org/10.1097/NEN.0000000000000038
https://doi.org/10.1128/JVI.01742-15
https://doi.org/10.1128/mBio.00298-13
https://doi.org/10.1007/s00430-015-0411-4
https://doi.org/10.1073/pnas.1520760112
https://doi.org/10.1016/j.celrep.2016.12.001
https://doi.org/10.1056/NEJMc1807653
https://doi.org/10.1056/NEJMoa1905230
https://doi.org/10.1038/s41467-021-24775-5
https://doi.org/10.1038/s41467-019-13896-7
https://doi.org/10.1038/s41467-019-10588-0
https://doi.org/10.1038/s41593-021-00802-y
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1111/j.1469-7580.2010.01245.x
https://doi.org/10.1111/j.1469-7580.2010.01245.x
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1093/cid/ciw878
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.3389/fviro.2022.869657
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org

	Using 2D and 3D pluripotent stem cell models to study neurotropic viruses
	Introduction
	Two-dimensional cultures
	Cellular differentiation, enrichment, and cell-type identity
	Cell type-specific viral responses
	Maturation of neural cell types and developmental stage-dependent viral effects
	Cell-cell interactions and non-cell autonomous effects of viral infections
	High-throughput screening
	Limitations of 2D cultures and emerging technologies

	Three-dimensional cultures
	3D differentiation and brain-region specificity
	3D models of microcephaly
	Drug discovery using organoids
	Modeling fetal brain development and drug exposure during pregnancy
	Limitations of 3D cultures and emerging technologies

	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


