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Brain organoids, or brainoids, have shown great promise in the study of central nervous
system (CNS) infection. Modeling Zika virus (ZIKV) infection in brain organoids may help
elucidate the relationship between ZIKV infection and microcephaly. Brain organoids have
been used to study the pathogenesis of SARS-CoV-2, human immunodeficiency virus
(HIV), HSV-1, and other viral infections of the CNS. In this review, we summarize the
advances in the development of viral infection models in brain organoids and their
potential application for exploring mechanisms of viral infections of the CNS and in new
drug development. The existing limitations are further discussed and the prospects for the
development and application of brain organs are prospected.
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INTRODUCTION

The study of human viral infections is limited by the lack of functional models that simulate normal
human physiology and pathophysiology (1). For decades, human pathogenic viruses have been studied
using immortalized cell lines, primary cells isolated from the body, and a variety of animal hosts (2).
Although these traditional models have made significant progress in helping to understand viral
pathogenesis and host pathogen interactions, and have contributed to the development of vaccines and
treatment strategies, thesemodelsmay have limitations in reproducing interactions between pathogens
and human hosts (1). Recently developed humanizedmousemodels aremore valuable for human viral
disease research, but they are expensive and difficult to maintain (3). A two-dimensional (2D) research
strategy based on induced pluripotent stem cells (iPSC) has provided valuable information for the
pathophysiology of neurological diseases, but lacks three-dimensional (3D) properties of their internal
structures; thus, tissue structures composed of many different types of cells, and their complex
environments and functions cannot be simulated (1, 3, 4). Although the 3D-based organoid culture
research strategy is still in its infancy, it has provided a new method for modeling human disease
(Table 1) (4).Organoids are derived fromhuman stemcells and retain the genomicbackground, cellular
organization, and function of their tissues of origin. Recent advances in stem cell biology have made it
possible togroworganoids in vitro,mimicking a variety ofhuman tissues, including thebrain, lungs, and
intestines (2).

A growing body of clinical data suggests that many pathogen infections eventually lead to a range of
brain diseases. The development of the human brain presents several unique aspects, such as higher
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complexity and the expansion of neuronal output, which have
proven difficult to study using traditional biological models (5).
Thus, developing treatments for brain diseases is challenging
because it is difficult to translate preclinical data from current in
vitro and in vivomodels into clinical practice (6). As a result, in vitro
methods to simulate human brain development and disease have
become a hot research area (2). As early as 1907, Harrison took frog
nerve tubes and attached tissue fragments to a glass cap of
coagulated serum or lymph, and thus established a hanging drop
culture that allowed direct observation of growing nerves while still
alive (7). In 2001, researchers produced thefirst 2Dembryonic stem
cells (ESCs) to simulate the development of embryonic neural tubes
(8). In 2008, scientists modified ESCs to differentiate into dorsal
forebrain progenitor cells, mimicking the main pattern of in vivo
cortical development (9). Later, Pasca et al. generated pyramidal
neurons from hiPSCs in three-dimensional cortical structures
called human cortical globules (hCSs) (10). In 2013, Lancaster
et al. combined the three-dimensional matrix and serum-free
growth techniques when culturing iPSCs to generate a model of
various brain regions with single-tissue methods (11).

Furthermore, researchers achieved neural induction by high-
density monolayer cultures or by embedding hiPSC clusters in gel-
protein mixtures, such as Matrigel, and then cultured them in a
rotating bioreactor, to mimic the 3D cortical-like structure of the
brain, and produced pyramidal neurons (10). Recent advances in
human iPSCs-derivedbrain-likeorgansofferpromising approaches
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to the study of neurodevelopment, infectious diseases, high-
throughput drug screening, and the genetic basis of various
neuropathologies, and promote the application of precision
medicine (12). Furthermore, the use of CRISPR-Cas9 gene
editing techniques to reprogram iPSCs derived from patient
somatic cells has brought new prospects to many areas of
neurobiology, providing a wider range of options for culture
systems. In theory, individualized therapy for many diseases is
possible (Figure1) (12, 13).Therefore, brainorgans, orbrainoidsdo
provide a good opportunity for the study of brain diseases. But one
limitation in these systems is that they can’t build all the typesof cells
that make up the central nervous system. For example, there are
astrocytes, oligodendrocytes, neurons, ependyma and microglia
cells, but no immune cell and vascular structure in these systems.
In this review, we discussed the use of brain organoids derived from
human stem cells in the study of various viruses, such as Zika virus
(ZIKV), SARS-CoV-2, and human immunodeficiency virus (HIV),
as well as prion infections.
BRAIN ORGANOIDS AS A MODEL OF
ZIKV INFECTION

ZIKV is an enveloped RNA virus of the Flaviridae family, the
ZIKV genome contains one open reading frame (ORF) and 5′
and 3′ untranslated regions. The single polyprotein encoded the
TABLE 1 | Advantages and disadvantages of the in vitro models used in the study of viral diseases in the CNS.

In vitro
models

Types Advantages Disadvantages

Cells primary
cells

Morphologically and physiologically similar to human neurons.
Similar to the proliferation rate of human neurons.
Suitable for generation of genetic model.
Cells are widely available, inexpensive and can be cultured in
large numbers.

Ethical problems, mixed cell culture, variations among different culture
preparations and difficult to maintain. Dissection needed, procedure can
introduce experimental variability.
Species-dependent cell differences.

cell lines Easy to culture and transfect.
Easy to maintain and store.
Homogenous populations, suitable for large-scale experiments.
Cell lines often are immortal and can be passaged for long time.
Study results are easy to be comparable among different
laboratories.

Lacks native cell phenotypes.
High-number passages may lead to genetic phenotype changes.
Tumor-derived or virus-transformed cell origins may influence cell
differentiation, metabolic properties, viability, or growth performance.

iPSCs Self-renewal ability is strong.
Allows the generation of autologous pluripotent cells from any
individual for disease modeling.
The potential to differentiate into any cell type.
Suitable for research and personalized medicine.

Challenging to identify disease-specific cell phenotypes that better represent
pathogenesis.
Requirements for standardized protocols and quality control to minimize
technical changes.
High costs.

Organoids regular
organoids

Confers a three-dimensional organization closer to human
tissue, providing the cells with apical-basal polarity and cellular
interactions, resembling in vivo.
Microenvironments proper for virus–host interactions.
Simulate native cell–cell communication and cell–ECM
interaction.
Promising for screening compounds targeting the central
nervous system

Highly variable.
Without blood vessels, all cells cannot be properly nourished.
Time consuming, expensive.
Ethical problems.

organoid-
on-a-
chips

The organ-on-a-chip systems allow the creation of dynamic
and controllable microenvironments proper for viral infections
and immune response analysis.
With microfluidic devices used in organ-on-a-chip, it is
possible to simulate human vascular endothelial dynamics.
The organoid-on-a-chip can evaluate interactions with cells of
the immune system and the cellular response to viral infections.

A single organ on a chip has limited capacity to meet the wide range of
needs emerging from drug discovery.
Non-adhesive culture conditions and cell interactions are difficult to achieve in
microfluidic chips.
As far as genomic stability is concerned, organ-on-a-chip systems cannot
fully recapitulate cell types and their ratios in vivo and may introduce
unexpected mutations during cultivation.
January 2022 | Volume 12 | Article 792316
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ORF can be further cleaved into ten functional proteins,
including three structural proteins (as components of envelope,
precursor membrane, and capsid) and seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
Frontiers in Immunology | www.frontiersin.org 3
(14). Mainly transmitted by Aedes aegypti, ZIKV was first
discovered in the blood of an outpost rhesus monkey in
Uganda in 1947. But ZIKV caused its first major epidemic in
Micronesia, with patients developing fever, joint pain, rashes and
FIGURE 1 | Application of induced pluripotent stem cells (iPSCs) and iPSCs-derived system. The enhanced culture and differentiation of iPSCs will improve the
efficiency and quality of the organoids derived from iPSCs. The use of gene editing techniques such as CRISPR-Cas9 and specific small molecules will allow the
generation of terminally differentiated patient cells and isogenic lines, reducing background genetic variation, and broadening the range of cells available for drug
screening. Targeted differentiation schemes can be used to generate neural progenitor cells, which can be further induced into specific populations of neurons or glial
cells. Two-dimensional (2D) cultures produce highly enriched cell populations to study the role of drugs in specific cell types. Three-dimensional (3D) cultures
produce organoids that are similar in organization and function to the developing human brain and are used in high-throughput drug screening, genetic research,
and infectious disease modeling, and to drive the development of precision medicine.
January 2022 | Volume 12 | Article 792316
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conjunctivitis until 2007. ZIKV was transmitted to Brazil in 2013
and found tobe associatedwithmicrocephaly (15–18). There is also
evidence that ZIKV can be transmitted sexually and frommother-
to-child, and that ZIKV infection in pregnant women increases the
prevalence of microcephaly and other neurodevelopmental
disorders in newborns (19). Computed tomography images of
several infants infected with ZIKV revealed intracranial
calcification, severe brain atrophy, and cerebellar hypoplasia (20).
In December 2016, the World Health Organization (WHO)
declared ZIKV infection a public health emergency. However, the
pathogenesis of ZIKV infection, how it affects neurons, and the
efficacy of drugs have not been fully understood until recently, and
the study of ZIKV in brain organoids has contributed to the rapid
progress in elucidating the pathogenesis of ZIKV.

Several studies have shown that ZIKV infection can reduce the
growth of organoids by increasing the death and proliferation of
developing neurons, this leads to a reduction in the volume of the
neuronal cell layer, which disrupts the formation of the
neurospheres and in turn, reduces the growth of organoids
(21, 22). Another study found that morphological changes of
human neural progenitor cells (hNPCs) apparently took place and
the fluorescence signal of dead cells was signifificantly increased in
NS5-expressing hNPCs, consistent with ZIKV infection, ZIKV-
NS5 could induce apoptotic cell death of hNPCs through
regulating p53 activity. Interestingly, the expression of ZIKV-
NS5 alone in hNPCs could induce the p53-mediated apoptosis,
implying its contribution to the microcephaly caused by ZIKV
infection (14). Their results demonstrated that ZIKV induced cell
death in human iPS-derived NSCs, disrupted the formation of
neurospheres, and reduced the growth of organoids (17). Fetal
ZIKV infection has been identified as the cause of brain defects
such as microcephaly, but live infected human fetal tissue is not
available and postmortem tissue is of different quality and genetic
background; clinical studies alone cannot provide sufficient
insight into how ZIKV causes this damage (21). Using a
developmental brain model based on ESCs, researchers studied
the effects of ZIKV infection on patterns of DNA methylation
throughout the genome of selected nerve cell types. ZIKV
unexpectedly altered the DNA methylation status of neural
progenitor cells, astrocytes, and differentiated neuron genes; up to
10% of these genes are associated with susceptibility to
schizophrenia, bipolar disorder, or other diseases (23). The
findings suggest that microcephaly and other large brain
abnormalities in babies born after ZIKV infection during
pregnancy may be just the beginning, there may also be a range of
neuropsychiatric complications associated with delayed onset (23).
The brain organoids are valuable in elucidating the mechanisms
behind these phenomena. To understand how the virus travels
through the blood to mature endothelial cells and to tissues, the
researchers used primary human mononuclear cells, brain-like
organoids from ESCs, slices of the cerebellum of organ-type mice,
xenogenetic zebrafish models and human fetal brain samples, and
found that ZIKV-infected monocytes showed higher expression of
adhesionmolecules, andZIKV inducedhumanprimarymonocytes
to have higher adhesion, diffusion, and migration in a blood-brain
barrier (BBB)-like model in vitro (24). Based on transcriptomic
Frontiers in Immunology | www.frontiersin.org 4
analysis, ZIKV infection resulted in an up-regulation of Toll-like
receptor 3 (TLR3) expression that derailed cell fate and reduced the
number of functional neurons, leading tomicrocephaly (17, 25). At
themolecular level, Yoon et al. found that the ZIKV-encodedNS2A
protein disrupted the proliferation of radial glial cells in both the
embryonic mouse cortex and the human forebrain, and ZIKV-
NS2A disrupted the formation of the adhesive junction complex,
resulting in aberrations of niche signals affecting cortical
neurogenesis (26). Furthermore, because of the high expression of
receptor tyrosine kinases in human radial glial cells (RGCs) and
outer radial glial cells (oRGCs), AXL is thought to be the receptor
protein for ZIKV entry in neural progenitor cells (NPCs) (21).
Another study in 2016 found that ZIKVAXL receptors were highly
concentrated in the radial glia of NSCs in the human embryonic
cerebral cortex, providing a hypothesis that these cells are
particularly vulnerable to ZIKV infection, it provides a candidate
mechanism for ZIKV virus to induce microcephaly (27). A study
showedthat theRNAimechanism in thehNPCswas fully capableof
cleaving the dsRNAs formed during the replication of the ZIKV
genome, demonstrating the direct antiviral activity of enoxacin, a
well-known RNAi enhancer, and enoxacin treatment can
completely prevent ZIKV induced microcephaly in brain
organoids (28). These studies showed that brain organoids are of
great value in studying the effects of ZIKV at the structural, cellular,
and genetic levels. Brain organoids infectedwithZIKVare also used
in high-throughput drug screening. The researchers screened about
6000 compounds for drug reuse and found that treatment with
emricasan and clonitazene restored ZIKV-negative hNPCs. It is
suggested that infected cells could recover by inhibiting apoptosis to
gain time (29). High-level chemical screening of cortical hNPCs
derived from human multipotent stem cells showed that
hippeastrine hydrobromide and amodiaquine dihydrate (AQ)
could inhibit ZIKV infection (30). The methylene blue (MB),
approved by the United States Food and Drug Administration
(FDA), inhibits the interaction between viral protease NS3 and its
cofactorNS2B, inhibits viral protease activity and viral growth, and
protects 3D cerebellar organoids fromZIKV infection.Mechanistic
studies have confirmed that MB plays a role in ZIKV infection and
post-infection, with MB most effective for ZIKV two hours before
infection (31). Furthermore, bioinformatics analysis showed that
betulinic acid (BA) treatmentactivated theAKTpathway, therefore,
BA exerts a cell protective effect on neural progenitor cells infected
by ZIKV (32). The broadly active antiviral compound TH6744
interferes with the ZIKV life cycle of RNA replication, with the
synthesis, posttreatment, or stability of viral proteins, and with the
assembly, transport, or budding of viral particles in the brain
organoid model. Therefore, TH6744 can not only alleviate the
pathogenic phenotype induced by ZIKV, but also blocks the
transmission of the virus (33).
BRAIN ORGANOIDS AS SARS-COV-2
INFECTION MODEL

According to national authorities, as of 11 October 2020, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
January 2022 | Volume 12 | Article 792316
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causative agent of the 2019 coronavirus pandemic, was responsible
for more than 37 million confirmed cases of COVID-19 and 1
million deaths (34, 35). SARS-CoV-2 is a b coronavirus, derived
primarily from bats and other species. The virus can cause
respiratory and intestinal diseases in different animal species
(36). Furthermore, clinical observations revealed neurologic
symptoms and neuropsychiatric disorders in patients with
COVID-19 (37). The latest clinical reports have shown that the
number of patients with neurological symptoms continues to
increase, and a considerable number of patients with
cerebrovascular injury, emotional disorders, and other
neurological complications have been reported (34, 38). On 30
January 2020, the WHO declared COVID-19 a public health
emergency of international concern (39). Although the SARS-
CoV-2 pathogen responsible for COVID-19 has been detected in
the brains of some patients, the detailed mechanisms through
which it infects brain cells and affects their function are not known.

To study the susceptibility to SARS-CoV-2 infection,
researchers used single-layer brain cells and region-specific brain
organoids derived fromhuman iPSC as cellmodels, and found that
a small number of neurons and astrocytes were infected; whereas,
the epithelial cells of the choroid plexus can be heavily infected
(34, 37, 38, 40, 41). The study also found that SARS-CoV-2
infection-induced neuronal apoptosis depends on the type II
interferon response rather than on the type I interferon response
(42). In another study, researchers challenged brain organoids with
SARS-CoV-2 spinous pseudoviruses and live viruses, and also
demonstrated viral propensity in choroidal plexus epithelial cells,
but rarely or never infect neurons or glial cells (40). Researchers
have discovered that viruses in the blood can infect peripheral
immune cells. These infectedwhite blood cells can pass through the
BBB, which is made up of special tight junctions between
endothelial cells, pericytes, and astrocytes. In addition, the virus
may cross the BBB or enter the cerebrospinal fluid (CSF) through
direct interaction with the endothelium. Both mechanisms lead to
changes in brain homeostasis and increase the production of
cytokines in the central nervous system (CNS) (43) (Figure 2).
Next, researchers studied the effect of SARS-CoV-2 infection on the
function of choroid plexus (CHP) epithelial cells, and observed a
sharp decrease influid accumulation in damaged organs, indicating
a morphological disorder leading to the destruction of barrier
integrity (37, 38, 40). The S1 subunit of SARS-CoV-2 was found
tomediate barrier rupture in a 3Dmicrofluidicmodel of the human
BBB (44). At the molecular level, there was evidence of increased
levels of Tau protein in the soma of SARS-CoV-2-positive neurons,
and changes in the location of Tau and T231 phosphorylation of
Tau protein in SARS-CoV-2-positive neurons. Therefore, the
researchers concluded that the Tau protein is abnormally
phosphorylated in response to viral-induced stress, which may in
turn, trigger further cell death processes (38). Thus, brain organoids
could model the pathologies affecting the CNS by COVID-19.

Researchers including Markus Hoffmann showed for the first
time that Angiotensinogen 2 (ACE2) is the key receptor for SARS-
CoV-2 entering cells (45). Several studies have shown that high
levels of ACE2 are found in mature choroid plexus cells expressing
rich lipoproteins, co-entry factors TMPRSS2 and TMPRSS4, with
Frontiers in Immunology | www.frontiersin.org 5
the abundance ofACE2 increasing over time, but it is less expressed
in neurons and other cell types (38, 40, 43). An analysis of the data
fromAllen’s brain atlas revealed that the CHP had the highest level
of ACE2, which confirmed the findings of an in vitro brain-like
organ model (40). High expression of ACE2 in choroid plexus
organs may explain their susceptibility to SARS-CoV-2 infection
(35). However, some researchers still have doubts about whether
ACE2 is themainpathway for SARS-CoV-2 entry intoneuron cells.
One reason is that the level ofACE2mRNA inCNS seems tobevery
low. However, recent studies have shown that ACE2 mRNA levels
are not the best substitute indicator of ACE2 protein expression
(46). ACE2 protein is widely expressed in neurons positive for
microtubule-associated protein 2 (MAP2) and in cells near the
organoid lumen (46). Further, 2D monolayer cultures of cortical
neurons and brain organoids were used to assess ACE2 expression
and infectivity of the SARS-CoV-2 pseudovirus. The colocalization
of the mCherry signal with Angiotensinogen-2 (ACE-2) from
pseudovirus-infected cells indicated that the SARS-CoV-2 spike
protein can target cells expressing ACE2 in brain organs (43).
Therefore, a detailed study of the brain distribution of ACE-2 may
shed light on potential SARS-CoV-2 induced neurological changes.
Targeted drug inhibition of the ACE2 receptor may represent an
opportunity to treat COVID-19. The researchers found that the
FDAapproved antiviral drug sofosbuvir could inhibit SARS-CoV-2
RNA-dependent RNA polymerase (RdRp) and prevent neuronal
death (41). Other studies examining the inhibitory effects of
remdesivir on SARS-CoV-2 infection in human iPSCs-derived
brain cells, also support the anti-SARS-CoV-2 potential of
remdesivir and provide evidence for its use in the treatment of
neurological complications in patients with COVID-19 (47). This
will bring new hope for the treatment of COVID-19.
BRAIN ORGANOIDS AS MODELS FOR
HIV INFECTION

First isolated in 1983, the HIV is a retrovirus virus that causes
acquired immune deficiency syndrome (AIDS) (48). The main
modes of transmission of the virus are sexual transmission, blood
transmission, and mother-to-child vertical transmission (49, 50).
The brain manifestations of HIV infection with cognitive,
behavioral, motor and autonomic dysfunction remain a problem
in the daily management of HIV treatment. HIV infection may
cause HIV-associated neurocognitive disorder (HAND) such as
HIV encephalopathy and AIDS dementia (51). HIV is an infection
causedbyHIV-1andHIV-2 lentiviruses,withHIV-1 infection rates
much higher than HIV-2 (52). Infected individuals must, however,
remain on antiretroviral therapy (ART) for the rest of their lives,
because as soonas treatment is interrupted, viral loads return topre-
ART levels (53). Unfortunately, no clinically approved HIV-1
transcriptional inhibitors can block the ongoing transcriptional
events in infected cells (53). In addition, HIV co-infection with
Mycobacterium tuberculosis is a major public health concern
worldwide, particularly in southern Africa (54). The genetic
diversity of HIV-1 is striking, with more than 10 subtypes and an
increasing number of recombinant strains around the world.
January 2022 | Volume 12 | Article 792316

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. In Vitro Brain Organoid Models
However, it is not entirely clear whether subtypes have a biological
effect on latency establishment and reversal. This complexity
disturbs HIV vaccine development for which major epitopes of
envelope proteins vary widely among different subtypes, thus
affecting the efficacy of vaccines. To investigate HIV
pathogenesis, researchers have developed a 3D human brain
organ culture system (MG-hBORG) that adds HIV-infected
microglia to human brain organ culture system (hBORGS),
leading to inflammation and astrocyte damage, which is the main
feature of the CNS damage (50). Furthermore, the study of brain
cells reservoirs of HIV-1 that prevent a sterile cure is another
interesting context in which brain organoids may be used in the
future. But in the absence of suitable models, the pathogenesis of
HIV-induced neurological disorders remains unclear. The
generation of 3D brain organs provides a promising model
system for studying the pathogenesis of HIV. Using CRISPR/
Cas9 technology to edit HIV-1 proviral genes, Kunze et al.
constructed an adeno-associated virus vector (AAV9P1), which
demonstrated that AAV9P1 could provide tools for evaluating
HIV-1 astrocyte infection. Inactivating the HIV-1 LTR, inhibits
HIV-1 previral expression, with a subsequent decline in LTR
activity induced by the LTR mutation, not the elimination of the
original virus, so the development of the AAV vector, HIV
suppression sequence to pass to the astrocyte, astrocyte may be an
alternative strategy to control persistent HIV infection (49).
Through the study of brain organoids, we will better understand
the pathogenesis of HAND and HIV encephalitis (HIVE).
Frontiers in Immunology | www.frontiersin.org 6
BRAIN ORGANOIDS AS A MODEL OF
HERPES SIMPLEX VIRUS INFECTION

The human herpesvirus (HSV) is one of the most common human
pathogens, and is highly prevalent worldwide and capable of
forming lifelong infections. Although HSV infection is usually
confined to the skin and mucous membranes of the lips and
genitals, it is also a common cause of sporadic encephalitis, and
can lead to potentially fatal CNS infection (55). The main causes of
hospitalization in 106 patientswithHSVencephalitis (HSVE),were
seizures, abnormal behavior, loss of consciousness, confusion of
consciousness, ordisorientation. Second,weight loss andsymptoms
of infection, including low-grade fever and rash, as well as
neurological or psychiatric disorders such as aphasia, behavioral
changes, and epileptic activity, must also be reviewed (56). HSV-1
infection ishuman-specific andparticularly common inadolescents
and adults, and pregnant women are at risk of mother-to-child
transmission, which can lead to fetal necrotizing encephalitis and
evenperinatalmortality (55). Sporadic encephalitis causedbyHSV-
1 infection affects 2-4 of 100,000 people annually, and although
antiviral therapy with acyclovir derivatives significantly reduces
mortality to about 25%, but sporadic encephalitis survivors often
have serious and long-term neurological sequelae. Moreover, the
pathophysiological characteristics of neurodevelopmental
disorders associated with HSV-1 infection remain unclear (57).
Therefore, it is necessary to study the genetics and epigenetics of
HSV-1 and to establish an in vitro HSV-1 infection model of the
FIGURE 2 | SARS-CoV-2 entry into the central nervous system. Viruses in the blood may infect peripheral immune cells. These infected white blood cells can cross
the blood-brain barrier (BBB), which is made up of special tight junctions between endothelial cells, pericytes, and astrocytes. In addition, the virus may cross the
BBB, which may be modified by cytokines, or enter the cerebrospinal fluid (CSF) through direct interaction with the endothelium. Both mechanisms lead to changes
in brain homeostasis and increase the production of cytokines in the central nervous system.
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human CNS to advance our understanding of the molecular
mechanism of latency and reactivation of HSV-1. Alzheimer’s
disease is a progressive neurodegeneration neuropathology
characterized by the presence of extracellular amyloid plaques
composed of amyloid beta (Ab) peptides and intracellular
neurofibrillary tangles. The scientists used human induced
pluripotent stem cells (hiPSCs) to compare patterns of Ab42
accumulation in 2D (monolayer of neurons) and 3D neuron
cultures (organoid brain) infected with HSV-1 (58, 59). Their in
vitro models showed that hiPSC-derived CNS neurons allowed
HSV-1 infection and that 2D neuron cultures showed Ab42
immunoreactivity mainly in HSV-1-infected cells, rarely in
uninfected cells or in infected cells that come in contact with
antiviral drug. In contrast, 3D brain organoids showed that Ab42
was mainly concentrated in uninfected cells surrounding HSV-1-
infected cells. It is suggested that HSV-1 infection is a predisposing
factor to the onset of Alzheimer’s disease. Further results showed
that HSV-1 induced the accumulation of Ab42 in monolayer
culture of neurons, but antiviral therapy prevented it
accumulation (58, 59). In another study, researchers generated in
vitro models of neurodevelopmental disorders including single-
layer neuronal differentiation of hiPSC, 3D shoots of
neuroepithelial cells, and 3D brain organoids to study fetal brain
development and potential effects of neuropathic HSV-1 infection,
the results revealed that NSCs-infected with HSV-1 showed
impaired neuronal differentiation, cortical and brain
regionalization, and fetal neurodevelopmental disorder (55–57).
Furthermore, itwas emphasized thatHSV-1 infection in the human
brain showed a decrease in the thickness of cortical plate and a
decrease in the expression of the LIM homeodomain transcription
factor ISL1 (55). The 3D brain-like organ model also showed that
HSV-1 infection canpromote abnormalmicroglial activation and is
accompanied by the induction of inflammatory factors such as
Tumor necrosis factor (TNF)-a, interleukin (IL)-6, Il-10, and IL-4.
HSV-1 infection inhibited cell population growth, at least in part by
inducing apoptosis. The influence ofHSV-1 infection on fetal brain
development is highlydependent on theviral loadofHSV-1 and the
target cells (56).

In general, HSV-1 cannot be reactivated effectively, but it is
known that it can be reactivated from peripheral neuron culture.
HSV-1 is also difficult to reactivate due to latency in brain
organoids, which is parallel to the inefficient reactivation of
HSV-1 in the CNS (relative to peripheral nerves), therefore,
brain organoids provide an effective model for studying the
pathogenic mechanism of HSV-1 (57).
BRAIN ORGANOIDS AS MODELS OF
PRION INFECTION

Prion disease is a deadly neurodegenerative disease that has
attracted widespread attention because of its transmissibility.
Sporadic Creutzfeldt-Jakob disease (sCJD) is the most common
prion disease in humans. Hereditary prion diseases are relatively
rare and are associated with mutations in prion protein genes. To
date, more than 50 different point mutations, deletions, and
insertions have been identified. Most are autosomal dominant
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and completely permeable. Prion diseases also occur in animals
and are of great concern due to their potential to be transmitted
to humans (60). Prion diseases are usually sporadic, usually due
to genetic mutations in the gene that encodes the prion protein
or to exposure to prion-contaminated material. Different
molecular subtypes of prions have been found to influence the
clinical and pathological phenotypes in sCJD. Pathological
features of prion diseases include loss of neurons, activation of
microglia and astrocytes, spongy changes, and aggregation of
pruritic prion proteins. However, the pathogenesis of prion
diseases is not fully understood and diagnosis is possible only
when the disease has progressed to intermediate or advanced
stages (61).

iPCS-derived human brain organoids can be used to simulate
prion transmission and reproduction, providing a powerful
research tool to study the pathology of human prion diseases
caused by different subtypes and as cell models to test treatments
(61, 62). iPSC models derived from patients with Gerstmann-
Sträussler-Scheinker syndrome (GSS) were used to study the
molecular mechanisms involved in prion disease. A detailed
analysis of immunoreactive cells showed that at the later stages
of the human prion infection, proteins harboring the pathogenic
mutation Y218N in culture, induced hypertrophic reactive
astrocyte cells containing high levels of glial fibrillary acid
protein and formed thick bundles. Finally, the nuclear staining
analysis of the differentiation culture showed that chromatin
condensation and apoptosis increased in cases with Y218N
mutants. In order to replicate the human prion infection and
pathogenesis, the researchers inoculated brain tissue homogenates
of patients with different subtypes of spontaneous CJD to brain
organoids, which revealed that the amount of prions invading
brain organoids was influenced by the spontaneous CJD subtypes
(62). The researchers also identified human APOE E4 as a risk
factor for CJD (63). Furthermore, the researchers found that
prions are transmitted primarily vertically, but studies in brain
organoids have shown that prions can also be transmitted
horizontally through vesicles without cell-to-cell contact (64).
Therefore, brain organoids are an ideal model for studying the
pathogenesis and transmission of prion.
BRAIN ORGANOIDS AS A MODEL FOR
HUMAN CYTOMEGALOVIRUS
INFECTIONS

Human cytomegalovirus virus (HCMV) infection is one of the
main causes of morbidity and mortality in immunodeficient
patients and the most common viral infection in developing
human fetuses. Most HCMV infections are asymptomatic;
however, when primary (and sometimes non-primary) HCMV
infections occur in pregnant women, the virus can cause damage
to the CNS (65–67). Thus, the development of the HCMV vaccine
is considered a public health priority (66). However, due to the
uniqueness of the epidemiology of HCMV infection in mothers,
the general strategy of vaccine development is limited (67). It is
particularly important to find an effective model for vaccine
development. One study showed that the HCMV strain TB40/E
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can infect human brain organoids and induce growth and
structural abnormality of human brain organoids. A neutralizing
antibody targeting HCMV pentamer complex (PC) epitope can
effectively prevent the infection of human brain organoids, and
thus ensure the normal growth of human brain organoids and the
formation of cortex. Further study showed that HCMV infection
in human brain is related to platelet-derived growth factor
receptor (PDGFR) and epidermal growth factor receptor
(EGFR), and it does not seem to be dependent on integrins such
as integrin a3, a5, or b3 (65). Thus, the use of brain organoids
offers new hope for investigating pathogenic mechanisms and
developing a vaccine for HCMV.
DISCUSSION

Challenges and Future Perspectives
Although brain organoids offer new hope for studying human
neurological disorders, they are still in their infancy and still have
many limitations. First, more than 2 days of cell culture or self-
organized neural rosette formation is required, which adds to the
cost of each culture, in addition to the specialized and complex
culture conditions, thus model requirements are higher (1, 68).
Second, in the absence of an embryonic axis to guide the
development of the fetal brain, as in other neural cultures,
brain organoids cannot mimic the overall shape of a
developing human brain. The heterogeneity and inconsistency
of brain tissue cultures in vitro limit its reproducibility in the
study of disease pathogenesis (68). Third, current brain
organoids lack the components of a normal host
microenvironment, such as immune cells and blood vessels.
Due to the absence of immune components in brain organoids,
it is difficult to reproduce a complex immune response and
inflammatory processes following viral infection. Because brain
organs do not have a vascular system, the size of the growing
brain organs will be limited to 5-10 mm and may not integrate
effectively with host tissues (1, 67).

Despite these challenges, the brain organoid, or brainoid,
model represents an innovative and effective in vitro approach
that encapsulates key features of a normal brain in vivo that
many conventional cell and animal studies have proven difficult
to achieve, and also replicates the pathological processes that
mimic neurological disorders at gross morphological, protein,
and genetic levels (68, 69). Genetic manipulation of brain
organoids could be accomplished by stable editing of the hPSC
genome or by direct infection of brain organoids by
electroporation or retrovirus-associated viruses. Therefore, it is
possible to study how individuals or combinations of ZIKV-
encoding proteins or noncoding RNAs derived from ZIKV affect
the development of brain-like organs (70). Furthermore, co-
infection with HCV-HIV or co-infection with HIV-
Frontiers in Immunology | www.frontiersin.org 8
Mycobacterium tuberculosis are very common in the clinic,
although it remains to be studied whether co-infection has a
more severe impact on the CNS; in this context, the brain
organoids represent an effective model to investigate the effects
of these co-infections (3, 54).

The combination of human-specific processes with
experimental plasticity models to explore the flexibility of
spatiotemporal molecular mechanisms of disease has profound
implications for patients with neurological disorders (71). In the
future, the application of brain organoid bioengineering
technology will greatly improve the vascularization of brain
organoids, introducing the interaction of nerves and blood
vessels, and prevent necrosis, to enhance physiological
representation of the complexity of the human brain. Most
current models do not effectively reflect the inflammatory
response because they lack microglia. Therefore, an important
addition to future models is the incorporation of immune cells and
endothelial cells into brain organoids to fully understand how
microbial fluctuations may regulate immune cell responses. In
addition, multiple brain regions can be assembled into a complex
system that ultimately reconstructs a complete brain-like organ
that fully simulates a whole brain infection. Thus, highly
regenerative brain organoids that better encapsulate the
complexity of the human brain will be a powerful disease model
with the capacity to comprehensively mimic brain disease,
and will represent a revolutionary drug development strategy
leading a new chapter in brain science research and
personalized treatment.
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Aguirre A, Matıás-Guiu JA, Matıás-Guiu J, et al. Experimental Models for
the Study of Central Nervous System Infection by SARS-CoV-2. Front
Immunol (2020) 11:2163. doi: 10.3389/fimmu.2020.02163

37. Taquet M, Geddes JR, Husain M, Luciano S, Harrison PJ. 6-Month
Neurological and Psychiatric Outcomes in 236 379 Survivors of COVID-19:
A Retrospective Cohort Study Using Electronic Health Records. Lancet
Psychiatry (2021) 8(5):416–27. doi: 10.1016/S2215-0366(21)00084-5

38. Ramani A, Müller L, Ostermann PN, Gabriel E, Abida-Islam P, Müller-
Schiffmann A, et al. SARS-CoV-2 Targets Neurons of 3D Human Brain
Organoids. EMBO J (2020) 39(20):e106230. doi: 10.15252/embj.2020106230

39. Koralnik IJ, Tyler KL. COVID-19: A Global Threat to the Nervous System.
Ann Neurol (2020) 88(1):1–11. doi: 10.1002/ana.25807

40. 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):951–961.e5.
doi: 10.1016/j.stem.2020.10.001

41. Mesci P, Macia A, Saleh A, Martin-Sancho L, Yin X, Snethlage C, et al.
Sofosbuvir Protects Human Brain Organoids Against SARS-CoV-2. bioRxi
(2020) 125856. doi: 10.1101/2020.05.30.125856
January 2022 | Volume 12 | Article 792316

https://doi.org/10.3390/cells8111438
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1016/j.omtm.2020.05.028
https://doi.org/10.3181/00379727-4-98
https://doi.org/10.1038/nbt1201-1129
https://doi.org/10.1038/nbt1201-1129
https://doi.org/10.1016/j.stem.2008.09.002
https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1038/nature12517
https://doi.org/10.1128/JVI.00954-19
https://doi.org/10.1038/s41582-020-0373-z
https://doi.org/10.1038/s41582-020-0373-z
https://doi.org/10.1007/s12250-021-00422-7
https://doi.org/10.1038/nature18296
https://doi.org/10.1038/nature18296
https://doi.org/10.1016/j.stem.2016.11.011
https://doi.org/10.1126/science.aaf6116
https://doi.org/10.1126/science.aaf6116
https://doi.org/10.1016/j.stem.2016.12.005
https://doi.org/10.1002/jobm.201700398
https://doi.org/10.1002/jobm.201700398
https://doi.org/10.1056/NEJMc1601156
https://doi.org/10.1056/NEJMc1601156
https://doi.org/10.1242/dev.140707
https://doi.org/10.3389/fmicb.2018.02766
https://doi.org/10.1128/mSystems.00219-17
https://doi.org/10.1038/s41467-019-12408-x
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.stem.2017.07.014
https://doi.org/10.1016/j.stem.2017.07.014
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1038/s41422-019-0152-9
https://doi.org/10.1038/s41422-019-0152-9
https://doi.org/10.1038/nm.4184
https://doi.org/10.1016/j.stem.2017.06.017
https://doi.org/10.1080/22221751.2020.1838954
https://doi.org/10.1080/22221751.2020.1838954
https://doi.org/10.3389/fcimb.2020.558324
https://doi.org/10.3390/v13010037
https://doi.org/10.3389/fcimb.2020.587269
https://doi.org/10.1016/j.bbrc.2020.10.102
https://doi.org/10.3389/fimmu.2020.02163
https://doi.org/10.1016/S2215-0366(21)00084-5
https://doi.org/10.15252/embj.2020106230
https://doi.org/10.1002/ana.25807
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1101/2020.05.30.125856
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. In Vitro Brain Organoid Models
42. Bodnar B, Patel K, Ho W, Luo JJ, Hu W. Cellular Mechanisms Underlying
Neurological/Neuropsychiatric Manifestations of COVID-19. J Med Virol
(2021) 93(4):1983–98. doi: 10.1002/jmv.26720

43. Jakhmola S, Indari O, Chatterjee S, Jha HC. SARS-CoV-2, an Underestimated
Pathogen of the Nervous System. SN Compr Clin Med (2020) 28:1–10.
doi: 10.1007/s42399-020-00522-7

44. Buzhdygan TP, Deore BJ, Baldwin-Leclair A, Bullock TA, McGary HM, Khan
JA, et al. The SARS-CoV-2 Spike Protein Alters Barrier Function in 2D Static
and 3D Microfluidic In-Vitro Models of the Human Blood-Brain Barrier.
Neurobiol Dis (2020) 146:105131. doi: 10.1016/j.nbd.2020.105131

45. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–
80.e8. doi: 10.1016/j.cell.2020.02.052

46. 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. J Exp Med
(2021) 218(3):e20202135. doi: 10.1101/2020.06.25.169946

47. Wang C, Zhang M, Garcia G,JR, Tian E, Cui Q, Chen X, et al. Apoe-Isoform-
Dependent SARS-CoV-2 Neurotropism and Cellular Response. Cell Stem Cell
(2021) 28(2):331–342.e5. doi: 10.1016/j.stem.2020.12.018

48. Schnoll JG, Temsamrit B, Zhang D, Song H, Ming GL, Christian KM.
Evaluating Neurodevelopmental Consequences of Perinatal Exposure to
Antiretroviral Drugs: Current Challenges and New Approaches.
J Neuroimmune Pharmacol (2021) 16(1):113–29. doi: 10.1007/s11481-019-
09880-z

49. Kunze C, Börner 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

50. Dos Reis RS, Sant S, Keeney H, Wagner MCE, Ayyavoo V. Modeling HIV-1
Neuropathogenesis Using Three-Dimensional Human Brain Organoids
(Hborgs) With HIV-1 Infected Microglia. Sci Rep (2020) 10(1):15209.
doi: 10.1038/s41598-020-72214-0

51. Eggers C, Arendt G, Hahn K, Husstedt IW, Maschke M, Neuen-Jacob E, et al.
HIV-1-Associated Neurocognitive Disorder: Epidemiology, Pathogenesis,
Diagnosis, and Treatment. J Neurol (2017) 264(8):1715–27. doi: 10.1007/
s00415-017-8503-2

52. Bbosa N, Kaleebu P, Ssemwanga D. HIV Subtype Diversity Worldwide.
Curr Opin HIV AIDS (2019) 14(3):153–60. doi: 10.1097/COH.
0000000000000534

53. Mori L, Valente ST. Key Players in HIV-1 Transcriptional Regulation: Targets
for a Functional Cure. Viruses (2020) 12(5):529. doi: 10.3390/v12050529

54. Chingwaru W, Glashoff RH, Vidmar J, Kapewangolo P, Sampson SL.
Mammalian Cell Cultures as Models for Mycobacterium Tuberculosis-
Human Immunodeficiency Virus (HIV) Interaction Studies: A Review.
Asian Pac J Trop Med (2016) 9(9):832–8. doi: 10.1016/j.apjtm.2016.07.002

55. Qiao H, Guo M, Shang J, ZhaoW, 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

56. Bradshaw MJ, Venkatesan A. Herpes Simplex Virus-1 Encephalitis in Adults:
Pathophysiology, Diagnosis, and Management. Neurotherapeutics (2016) 13
(3):493–508. doi: 10.1002/jmv.26720

57. 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/JVI.00111-19

58. 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):e02219–
20. doi: 10.1128/JVI.02219-20
Frontiers in Immunology | www.frontiersin.org 10
59. De Chiara G, PiacentiniI R, Fabiani M, Mastrodonato A, Marcocci ME,
Limongi D, et al. Recurrent Herpes Simplex Virus-1 Infection Induces
Hallmarks of Neurodegeneration and Cognitive Deficits in Mice. PloS
Pathog (2019) 15(3):e1007617. doi: 10.1371/journal.ppat.1007617

60. Singh N, Chaudhary S, Ashok A, Lindner E. Prions and Prion Diseases:
Insights From the Eye. Exp Eye Res (2020) 199:108200. doi: 10.1016/
j.exer.2020.108200

61. Groveman BR, Foliaki ST, Orru CD, Zanusso G, Carroll JA, Race B, et al.
Sporadic Creutzfeldt-Jakob Disease Prion Infection of Human Cerebral
Organoids. Acta Neuropathol Commun (2019) 7(1):131. doi: 10.1186/
s40478-019-0742-2

62. Slanzi A, Iannoto G, Rossi B, Zenaro E, Constantin G. In Vitro Models of
Neurodegenerative Diseases. Front Cell Dev Biol (2020) 8:328. doi: 10.3389/
fcell.2020.00328

63. Ladogana A, Liu Q, Xi YG, Pocchiari M. Proteinase-Resistant Protein in
Human Neuroblastoma Cells Infected With Brain Material From Creutzfeldt-
Jakob Patient. Lancet (1995) 345(8949):594–5. doi: 10.1016/s0140-6736(95)
90508-1

64. Priola SA. Cell Biology of Prion Infection. Handb Clin Neurol (2018) 153:45–
68. doi: 10.1016/B978-0-444-63945-5.00003-9

65. 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 eCollection. doi: 10.1016/
j.xcrm.2020.100002

66. Gerna G, Revello MG, Baldanti F, Percivalle E, Lilleri D. The Pentameric
Complex of Human Cytomegalovirus: Cell Tropism, Virus Dissemination,
Immune Response and Vaccine Development. J Gen Virol (2017) 98(9):2215–
34. doi: 10.1099/jgv.0.000882

67. Britt WJ. Congenital Human Cytomegalovirus Infection and the Enigma of
Maternal Immunity. J Virol (2017) 91(15):e02392–16. doi: 10.1128/JVI.02392-
16

68. Liu F, Huang J, Zhang L, Chen J, Zeng Y, Tang Y, et al. Advances in Cerebral
Organoid Systems and Their Application in Disease Modeling. Neuroscience
(2019) 399:28–38. doi: 10.1016/j.neuroscience

69. Wang Z, Wang SN, Xu TY, Miao ZW, Su DF, Miao CY. Organoid Technology
for Brain and Therapeutics Research. CNS Neurosci Ther (2017) 23(10):771–8.
doi: 10.1111/cns.12754

70. Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, et al. Zika Virus NS4A and
NS4B Proteins Deregulate Akt-Mtor Signaling in Human Fetal Neural Stem
Cells to Inhibit Neurogenesis and Induce Autophagy. Cell Stem Cell (2016) 19
(5):663–71. doi: 10.1016/j.stem.2016.07.019

71. Grenier K, Kao J, Diamandis IP. Three-Dimensional Modeling of Human
Neurodegeneration: Brain Organoids Coming of Age. Mol Psychiatry (2020)
25(2):254–74. doi: 10.1038/s41380-019-0500-7

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.

Copyright © 2022 Su, Yue, Kong, Xu, Zhang, Cao, Fan, Liu, Chen, Liu and Bao. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
January 2022 | Volume 12 | Article 792316

https://doi.org/10.1002/jmv.26720
https://doi.org/10.1007/s42399-020-00522-7
https://doi.org/10.1016/j.nbd.2020.105131
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1101/2020.06.25.169946
https://doi.org/10.1016/j.stem.2020.12.018
https://doi.org/10.1007/s11481-019-09880-z
https://doi.org/10.1007/s11481-019-09880-z
https://doi.org/10.1002/glia.23254
https://doi.org/10.1002/glia.23254
https://doi.org/10.1038/s41598-020-72214-0
https://doi.org/10.1007/s00415-017-8503-2
https://doi.org/10.1007/s00415-017-8503-2
https://doi.org/10.1097/COH.0000000000000534
https://doi.org/10.1097/COH.0000000000000534
https://doi.org/10.3390/v12050529
https://doi.org/10.1016/j.apjtm.2016.07.002
https://doi.org/10.1371/journal.ppat.1008899
https://doi.org/10.1002/jmv.26720
https://doi.org/10.1128/JVI.00111-19
https://doi.org/10.1128/JVI.02219-20
https://doi.org/10.1371/journal.ppat.1007617
https://doi.org/10.1016/j.exer.2020.108200
https://doi.org/10.1016/j.exer.2020.108200
https://doi.org/10.1186/s40478-019-0742-2
https://doi.org/10.1186/s40478-019-0742-2
https://doi.org/10.3389/fcell.2020.00328
https://doi.org/10.3389/fcell.2020.00328
https://doi.org/10.1016/s0140-6736(95)90508-1
https://doi.org/10.1016/s0140-6736(95)90508-1
https://doi.org/10.1016/B978-0-444-63945-5.00003-9
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1016/j.xcrm.2020.100002
https://doi.org/10.1099/jgv.0.000882
https://doi.org/10.1128/JVI.02392-16
https://doi.org/10.1128/JVI.02392-16
https://doi.org/10.1016/j.neuroscience
https://doi.org/10.1111/cns.12754
https://doi.org/10.1016/j.stem.2016.07.019
https://doi.org/10.1038/s41380-019-0500-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Human Brain Organoids as an In Vitro Model System of Viral Infectious Diseases
	Introduction
	Brain Organoids as a Model of ZIKV Infection
	Brain Organoids as SARS-CoV-2 Infection Model
	Brain Organoids as Models for HIV Infection
	Brain Organoids as a Model of Herpes Simplex Virus Infection
	Brain Organoids as Models of Prion Infection
	Brain Organoids as a Model for Human Cytomegalovirus Infections
	Discussion
	Challenges and Future Perspectives

	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


