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Abstract

Bacteria, fungi, viruses, and protozoa are known to infect and induce diseases in the human
central nervous system (CNS). Modeling the mechanisms of interaction between pathogens and
the CNS microenvironment is essential to understand their pathophysiology and develop new
treatments. Recent advancements in stem cell technologies have allowed for the creation of
human brain organoids, which more closely resembles the human CNS microenvironment when
compared to classical two-dimensional (2D) cultures. Now researchers can utilize these systems to
investigate and reinvestigate questions related to CNS infection in a human-derived brain organoid
system. Here in this review, we highlight several infectious diseases which have been tested in
human brain organoids and compare similarities in response to these pathogens across different
investigations. We also provide a brief overview of some recent advancements which can further
enrich this model to develop new and better therapies to treat brain infections.

Introduction

The CNS is vulnerable to a variety of infectious diseases. Pathogens like zika-virus (ZIKV)
and Mycobacterium tuberculosis (Mtbh) can infiltrate past the brain’s barriers and inflict
damage on neuronal cell populations. Studying pathogens of the human brain is technically
challenging due to anatomical and ethical restraints, as well as the limited availability of
human brain tissue to researchers. As a result, several /n vitro systems have been developed
to model many of the components of the human CNS. Recently, more advanced protocols
to generate human three-dimensional (3D) brain organoids have been developed that now
allow researchers to study not only the mechanisms of brain development, but also complex
interactions between human brain cells and pathogens of interest. In the following sections,
we will provide an in-depth summary of several studies which have already utilized brain
organoids to investigate infectious CNS diseases, as well as some of the advancements and
current limitations in the usage of brain organoids to the study of infectious diseases in the
CNS.
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Development of Brain Organoids

Early studies demonstrated that embryonic stem cell (ESC) aggregates called embryoid
bodies could differentiate into neural lineages after exposure to fibroblast growth factor 2
(FGF2) creating 2D “neural rosettes”. These neural rosettes shared many cellular features
of the early stages of the developing brain, and neurons within these rosettes could be
differentiated into different populations using inhibitors and activators of Wnt, Shh, FGF,
and BMP pathways22. Particularly, it was found that dual inhibition of BMP and TGF-p/
NODAL signaling (or dual SMAD inhibition) in human embryonic stem cells (hESCs)
and human induced pluripotent stem cells (hiPSCs) leads to more efficient induction of
early anterior neuroectoderm fate?. However, these systems were still relatively simple

and lacked many of the cyto-structural phenotypes of the human nervous system. Later,

it was discovered that embedding hESCs or hiPSCs in Matrigel plays a crucial role in

the formation of more complex organized spheroid 3D brain structures®. Lancaster et

al., demonstrated with a relatively minimalistic unguided protocol the ability to create 3D
cerebral organoids. Analysis of these first organoids revealed the formation of distinct
progenitor zones characteristic of cortical development, as well as the number of small
subregions that resembled developing forebrain, choroid plexus, midbrain, meninges,

and retina®7. Additionally, subsequent sScRNAseq of these unguided or “self-patterning”
organoids revealed that these systems produced diverse subpopulations of neurons, retinal
cells, astrocytes, as well as precursors to oligodendrocytes®. These unguided systems were
limited, as they could be highly heterogeneous and lack the ability to reliably target specific
structural regions. As a result, almost instantaneously after the establishment of unguided
organoids, researchers expanded upon culturing protocols to guide development of these
organoids toward specific anatomical lineages, leading to several advancements relevant to
the investigation of infectious disease in the CNS (see Advancements and Limitations
section). The use of brain organoids has expanded dramatically in recent years both in the
experimental complexity of these organoid systems, as well as in the number of diseases
investigated. We will now expand on the recent experimental findings generated using these
brain organoid systems across a wide variety of CNS infections.

Modeling Viral infections in Brain Organoids

Zika Virus—A member of the Flaviviridae family, ZIKV is a single-stranded RNA virus
with a well-characterized role in CNS infection. The Flaviviridae family includes several
pathologically significant disease-causing insect-borne viruses, such as yellow fever, West
Nile, Japanese encephalitis, dengue, and tick-borne encephalitis®10. ZIKV was initially
identified in monkeys in Uganda in 1947 and re-discovered in the Aedes africanus mosquito
species at the same site in 194811, According to the World Health Organization (WHO),

the first human cases of ZIKV were discovered in Uganda and Tanzania in 195212, After
that, human-ZIKYV infection incidents were infrequently reported, even though the virus had
spread to a few Asian pacific and African countries'3. However, after a sudden outbreak
occurred in late 2015 in South America, ZIKV emerged as a significant global healthcare
threat, due to its rate of transmission and severe clinical manifestations in neonates and
adults13-15, ZIKV is primarily transmitted to people by Aedes mosquitoes but can also

be spread via numerous ways, such as blood transfusion and sexual contact!4. According
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to previously published reports, ZIKV can be detected in body fluids (saliva, tears,

urine, semen, and sweat) of infected patients. More importantly, ZIKV can be vertically
transmitted from infected mother to fetus through the placenta during the pregnancy;,
resulting in congenital Zika syndromes, including severe microcephaly and other serious
brain abnormalities!® . Microcephaly is a congenital brain malformation that significantly
reduces the head circumference of infants mainly due to defects associated with proliferation
and extensive cell death of cortical neural progenitor cells (NPC)®°. Apart from causing
microcephaly, ZIKV infection is also implicated in triggering Guillain-Barre syndrome
(GBS) in certain individuals; however, acquiring the GBS is relatively low among the ZIKV
positive population?-19,

To date, understanding of the pathogenesis of ZIKV, especially the mechanism of ZIKV
mediated microcephaly in infants, remains unclear due to the unavailability of infected
fetal tissue samples. As a result, identifying and testing novel drug treatments for ZIKV

has severe limitations. Recently, several research groups have successfully utilized brain
organoids as /17 vitro models for elucidating ZIKV mediated pathogenesis, and testing
potential drug candidates to overcome many of the issues mentioned above. Several recent
studies have shown that ZIKV efficiently infects hiPSCs-derived NPCs in 2D culture or
neurospheres, promoting cell death and attenuating NPC growth20-24, Although hiPSC-
derived 2D cultures of astrocytes and microglia-like cells can become infected with ZIKV,
significant ZIKV-induced cytotoxicity was not detected?2. Despite productive infectivity of
ZIKYV, the 2D NPC culture system is still limited in its ability to fully investigate the direct
link between ZIKV and microcephaly since 2D systems do not resemble the characteristic
organizational features of 3D brains such as cortical layer development. Thus, usage of brain
organoids to model ZIKV infection provides another platform to determine specific cellular
tropism of ZIKV within the different and complex neuronal cellular networks in 3D brain
tissue.

The experiments performed with the 3D brain organoids revealed that ZIKV readily infects
NPCs that specifically reside in the ventricular zone (VZ) over the intermediate NPCs or
immature neurons?4-32, In most cases, ZIKV positive cell number or viral copy number was
significantly increased over the post-incubation time in infected brain organoids, suggesting
ZIKV is efficiently hijacking host cell’s molecular machinery for viral replication26:32:33,
Moreover, ZIKV infected brain organoids also had dramatically reduced neuronal layers,
VZ thickness, and overall organoid size2428:32, |n addition to growth impairment of brain
organoids, in-depth analysis after exposure to ZIKV manifested a drastic depletion of NPCs
due to the two potential circumstances, suppression of NPC proliferation and induced

cell death of both the ZIKV infected NPCs and bystander neuronal cells2427:29:32 \When
compared with 2D NPC cultures, 3D brain organoids showed dramatic ZIKV associated cell
death?0:24.32_ Another study reported that ZIKV infection induces premature differentiation
of NPCs in human brain organoids resulting in thinner VVZ formation potentially due to the
loss of NPCs?®. Intriguingly, ZIKV-associated neuropathology has also been addressed using
human microglia-incorporated 3D brain organoids34. Microglia are considered specialized
macrophage-like cells in the CNS, playing critical roles during brain development, including
phagocytosis of apoptotic cells, synaptic organization, regulation of neurogenesis, and
axonal growth, among many other functions32:36. Upon the ZIKV challenge, microglia-
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incorporated human brain organoids exhibited significant size reduction, macrophage
activation, and up-regulation of inflammatory cytokines. Furthermore, these infected
human brain organoid models which contained microglia exhibited increased synaptic
elimination against ZIKV exposure, demonstrating the role of microglia response to viral
infection in organoids34. Altogether, these observations strongly resemble many of the key
characteristics of ZIKV-induced microcephaly at the cellular level.

It is also essential to address ZIKV mediated microcephaly at a molecular level, to uncover
vital genes and pathways involved in ZIKV-induced cell death, premature differentiation,
and attenuation of cell proliferation, which will ultimately open the gateways to test
potential therapeutic strategies. A recently published article by Li et al., demonstrated that
the interaction of nonstructural protein 5 (NS5) produced by ZIKV with p53 of human
NPCs could induce p53 mediated apoptosis of NPCs, implying its potential contribution to
the ZIKV associated microcephaly3’. Transcriptional analysis identified 531 differentially
expressed genes (DEG) in ZIKV infected brain organoids28. The majority of up-regulated
genes were engaged with antiviral defense, response to interferon (IFN), stress, and stimuli
pathways, whereas most of the down-regulated DEGs associated with the gene ontology
(GO) terms of cell cycle progression and cell division28. Moreover, in-depth analysis
indicated that IFN-stimulated genes (1ISGs) and IFN-I components such as IFN-a and IFN-p
were differentially activated by ZIKV infection in brain organoids. Notably, more attenuated
IFN-1 responses were detected in 2D human NPC cultures than in 3D brain organoids after
exposure to ZIKV, suggesting cell type-specific modulation of viral sensing?®. In addition,
RNA sequencing data of ZIKV infected organoids indicates that ZIKV infection, triggers
host innate immune responses, leading to programmed cell death and neurodegeneration3®.
Consistent with these observations, Liu and colleagues also identified up-regulated GO
terms related to the immune response to the virus and Type | IFN pathways?’. However,
they were unable to locate IFN mRNA induction, while all prominently up-regulated

genes were categorized to the interferon-stimulated gene (ISG) family, indicating that

acute antiviral responses and ZIKV-mediated neuropathy are elicited in an IFN-independent
ISG overactivation manner2’. Yoon et al discovered that the expression of a ZIKV

encoded protein identified as nonstructural protein 2A (NS2A) is actively involved in the
disruption of cortical neurogenesis and premature differentiation, attenuation of radial glial
cell proliferation, and destabilization of adherens junction complex formation in human
forebrain organoids39. Transcriptional profiling of ZIKV infected human cerebral organoids
also demonstrated activation of Toll-like receptor 3 (TLR3)25. Further analysis revealed
that ZIKV infection up-regulates pro-apoptotic pathways and down-regulates neurogenesis
pathways in a TLR3-dependent manner, resulting from growth arrest of the organoids,
leading to microcephaly-like phenotype28.

Findings of /n vitroand in vivo experiments provide solid conclusions of efficient brain
invasion of ZIKV, and its preferential tropism to NPCs, causing severe neurological
complications. Scientists have made several attempts to discover the mechanisms that ZIKV
utilizes to travel toward, and invade, the brain. However, there is still a central question to
answer: how does ZIKV reach the CNS through the blood-brain barrier (BBB), an extremely
tight endothelium providing protection to CNS from blood-borne pathogens and harmful
substances? One possibility is that ZIKV may use circulating leukocytes with viral carrying
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capabilities, such as monocytes, as vehicles for transmigration through the BBB4%41, In
agreement with this theory, Ayala-Nunez et al., identified ZIKV infected monocyte-derived
cells in CNS of human fetuses diagnosed with microcephalyL. In addition, ZIKV exposure
induced the expression of adhesion molecules in human monocytes and promoted their
transmigrational ability across the endothelial layer®!. In the same study, they demonstrated
that ZIKV infected monocytes transmigrate through an in vitro, BBB-like endothelium and
disseminate infection to 3D human cerebral organoids without affecting the permeability

of the endothelial layer*!. Additionally, ZIKV infected human macrophage/microglia also
exhibited virus transmission capabilities to NPCs, inducing apoptosis of NPCs#2. Consistent
with this, Muffat et al, showed that ZIKV infected human microglia-like cells could migrate
toward the 3D neuralized organoids and disseminate the infection to vulnerable cells in the
organoids?2,

It has been shown that human brain organoids are effective tools for screening therapeutic
strategies for ZIKV-associated pathogenesis. For instance, Hippeastrine hydrobromide (HH)
and amodiaquine dihydrochloride dihydrate (AQ) treatments inhibited ZIKV infection in
2D human NPC cultures®3. Interestingly, only HH treatment abolished ZIKV induced
differentiation and growth impairments in 3D human fatal-like forebrain organoids*2.
According to the study of Mesci et al, Sofosbuvir, an FDA-approved drug for Hepatitis C,
efficiently blocked ZIKV infection in NPCs while rescuing the cells from apoptosis induced
by the virus#2. Data from a high content drug screening study demonstrated that Emricasan,
a pan-caspase inhibitor, protects ZIKV infected human cortical NPCs in 2D cultures and

3D brain organoids by inhibiting ZIKV-induced caspase-3 activity*4. Another study showed
that treatments of antiviral compounds TH6744 and TH5487 rescued 3D brain organoids
from ZIKV-induced neurotoxicity and morphological defects#. ZIKV infected human
NPCs showed abundant production of virus-derived small interfering RNAs (vsiRNAS),
leading to the promotion of host antiviral immunity3C. Treatment with enoxacin, a well-
known RNAI enhancer, completely abolished ZIKV infection and its consequences, such

as ZIKV-induced microcephaly in human brain organoids0. Interestingly, IFN-B treatment
successfully attenuated ZIKV RNA expression and ZIKV-mediated growth reduction in
human brain organoids over the post-infection, suggesting its potent ability to prevent ZIKV-
induced brain organoid defects?®. Watanabe et al. identified expression of potential receptors
including AXL tyrosine kinase, MER, AXL-related receptor tyrosine kinases TYRO3 and T
cell immunoglobulin and mucin domain (TIM) family receptors that facilitate ZIKV entry
into the cerebral organoids38. Moreover, they found that treatment with duramycin and
ivermectin effectively blocks ZIKV entry receptors, thereby reducing virus propagation and
ZIKV-induced cell death in infected human cerebral organoids38. Wells et al. demonstrated
that genetic alteration of AXL did not protect human NPCs and cerebral organoids against
ZIKV infection, questioning utilization of AXL inhibitors to prevent neuropathological
effects orchestrated by the virus*®.

SARS-CoV-2—Coronavirus disease 2019 (COVID 19) is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and as of early 2022 the virus has
rapidly spread across the globe infecting over 450 million people, with over 6 million
confirmed deaths (WHO, 2022). SARS-CoV-2 is a member of the Betacoronavirus
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genus in the coronaviridae family of positive-stranded RNA viruses*’:48, According to
genetic studies, SARS-CoV-2 likely originated in animals but identifying the original
zoonotic origin and method of transmission into humans remains elusive®®. Like other
coronaviruses, SARS-CoV-2 is primarily transmitted through airborne droplets containing
the virus and fomites during direct, indirect, or close contact between individuals®C.
SARS-CoV-2 primarily infects and causes adverse effects in cells of the respiratory
system of infected patients®Z. In addition, virus infection may damage other organs,
including the gastrointestinal (Gl) tract, skeletal muscles, brain, lymph nodes, spleen, and
heart*8, Upon infection with SARS-CoV-2, patients may develop fever, lower respiratory
tract complications, pneumonia, and fatal acute lung injury or acute respiratory distress
syndrome?8. Recent studies revealed rising cases of SARS-CoV-2 infected patients
developing neurological manifestations, such as headache, seizure, ageusia, anosmia,
encephalopathy, confusion, psychosis, meningitis, and encephalitis®2-5°. Intriguingly,
detection of SARS-CoV-2 RNA in the brain or cerebrospinal fluid (CSF) samples of
infected patients with associated neurological symptoms suggests a possible viral invasion
to the human brain®3:55-57_ The entry receptor for SARS-CoV-2, angiotensin-converting
enzyme 2 (ACEZ2), has been identified to be in human brain cells, including neurons,
astrocytes, oligodendrocytes, and endothelial cells further confirming susceptibility of the
brain for infection by SARS-CoV-2%8. Interestingly, Chu et al. reported that SARS-CoV-2
can infect and subsequently replicate inside U251 neurons suggesting it has possible
neuroinvasive capabilities /7 vivo®®. However, it is hard to uncover insights into SARS-
CoV-2 mediated neurological disorders using human clinical postmortem brain samples
due to their variable quality, heterogeneous genetic background, and limited accessibility.
Therefore, researchers have successfully developed hiPSC-derived brain organoids with
regional specificity, including the cerebral cortex, hippocampus, choroid plexus (ChP),
midbrain, and hypothalamus, to mimic infectious mechanisms and cellular tropism of
SARS-CoV-2 in the human brain69.61,

To date, several studies have been conducted to model cellular tropism, route of infection,
consequences of infection, and drug screening of treatments for SARS-CoV-2 using

both 2D cell cultures and region-specific 3D brain organoids%-67. Studies conducted

with hiPSC-derived 2D cultures of NPCs, neurospheres, neurons, and astrocytes showed
their permissiveness to SARS-CoV-2 whereas, hiPSC-derived microglia did not become
infected®2.63.66.68 |nterestingly, MAP2+ neurons co-cultured with GFAP+ astrocytes
indicated significantly higher SARS-CoV-2 infectivity when compared to neuronal culture
without astrocytes, suggesting astrocytes have the potential to boost the ability of
SARS-CoV-2 infection in neurons®2. Researchers have discovered that the e4 allele of
apolipoprotein E (APOE4/4), which is involved in increased risk and acceleration of onset
of Alzheimer’s disease (AD), has a positive correlation between risk for the severity of
COVID19%9. To determine the severity and cellular consequences of the ApoE4/4 genotype
in SARS-CoV-2 infection, Wang and colleagues generated isogenic iPSCs carrying the
ApoE3/3 genotype, which is associated with neutral risk of AD, from ApoE4/4 derived from
an AD patient using CRISPR/Cas9 followed by differentiation into neurons and astrocytes®2.
This study found a significantly higher infection rate in ApoE4/4 neurons and astrocytes
than in ApoE3/3. In addition, Astrocytes harboring ApoE4/4 genotypes exhibited more
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fragmented nuclei compared to ApoE3/3 upon SARS-CoV-2, suggesting a possible role of
ApoE4/4 in COVID19 severity®2.

In addition, SARS-CoV-2 positive cells were detected in hiPSC-derived 3D brain organoids
with regional-specific features including cortical, hypothalamic, midbrain, and hippocampal
organoids89-87. In these organoids, NPCs, astrocytes, radial glia, and neurons were
sparsely infected by SARS-CoV-2, exhibiting relatively higher tropism to neurons®0.62-68,
Surprisingly, predominant and productive SARS-CoV-2 infection was observed in ChP
epithelium cells0-61, Researchers found abundant expression of ACE2 receptor and co-entry
factor TMPRSS2, as well as a newly identified SARS-CoV-2 entry receptor, natriuretic
peptide receptor 1 (NRP1), in ChP cells69-61.70 However, expression of those receptors was
observed to be low in neurons and other cell types1:66. Furthermore, the Allen brain atlas
recapitulates the validity of these /in vitro findings, indicating that the highest level of ACE2
expression occurs in the ChP when compared to other brain regions analyzed®®. Altogether,
these findings revealed that prominent SARS-CoV-2 tropism to the ChP cells might occur
through highest expressing ACE2 on cells of the ChP®1.

Song et al. discovered increased cell death and viral titer in hiPSC-derived 2D cultures

of NPCs after infection with SARS-CoV-2%. In addition, SARS-CoV-2 induced neuronal
cell death has also been demonstrated using 3D brain organoids°-66. Furthermore, upon
exposure to SARS-CoV-2, increases in viral RNA in 3D brain organoids over the post-
infection time suggests possible replication ability within neurons62:63, In contrast to these
observations, Jacob et al. and McMahon et al. could not detect significant SARS-CoV-2
infection, viral propagation, and cell death in neurons of the brain organoids®:64. However,
Song et al. further confirmed the neuroinvasive capabilities of SARS-CoV-2 by detecting
the viral spike protein in autopsy brain samples from the patients who died from severe
COVID-19 related complications®. The neuroinvasive capabilities of SARS-CoV-2 has
raised interest in discovering a mechanism for the route of entry of the virus into the brain.
Researchers postulate that the virus could enter the CNS via the olfactory bulb and the
cribriform plate from the nasal cavity, since SARS-CoV-2 has a tropism for nasal epithelial
cells’1.72, Contrastingly, it is known that the blood-CSF barrier (B-CSF-B) and BBB

play a critical role in protecting the CNS from pathogens, including viruses and harmful
inflammatory agents®. Therefore, degradation of one of the barriers would allow for more
permissive entry of immune cells, harmful inflammatory agents, and blood-borne pathogens
to the CNS. It is thought that the B-CSF-B is a more vulnerable barrier for degradation

due to the lower electrical resistance of tight junctions between cells when compared to the
BBB’3.74, Interestingly, Pellegrini et al. and Jacob et al. demonstrated predominant tropism
and infection of SARS-CoV-2 in ChP epithelium cells, which maintain the integrity of
B-CSF-B, using hiPSCs-derived 3D ChP organoids®?:61, Infection of SARS-CoV-2 led to
effective viral propagation and induced subsequent death of both infected and uninfected
adjacent ChP cells in ChP organoids®. Furthermore, SARS-CoV-2 infection promoted tight
junction disruption between the ChP cells. This additionally led to elevated leakage of
previously internalized CSF-like fluid from the 3D ChP organoids, suggesting possible
destruction of B-CSF-B integrity®. Overall, both of these studies provided substantial
evidence toward the potency of SARS-CoV-2 infection on ChP epithelium cells and
subsequent CNS invasion through B-CFS-B breakage. Additionally, using an /in vitro 3D
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microfluidic model of the human BBB, Buzhdygan et al. found that the S1 subunit of
SARS-CoV-2’s spike protein induces BBB destabilization, thus providing another possible
explanation for neurological manifestation induced by SARS-CoV-275,

To dissect the impact of SARS-CoV-2 on the molecular level, scientists employed single
cell or bulk RNA sequencing of SARS-CoV-2 infected human brain organoids. Single-cell
RNA profiling of these infected human brain organoids further confirmed widespread
infectious response of the virus in NPCs, radial glia, and neurons®. Upon SARS-CoV-2
exposure, virus-infected cells in the human brain organoids showed upregulated pathways
related to the viral transcription and metabolic processes such as electron transport-coupled
proton transport, NADH to ubiquinone, and cytochrome C to oxygen pathways®°. On the
other hand, SARS-CoV-2 negative cells exhibited a mitochondrial catabolic state with
upregulation of cholesterol synthesis, alcohol metabolism, and cell death pathways®®.
Based on the single-cell RNA sequencing of SARS-CoV-2 infected organoids, Song et

al. demonstrated the virus’s ability to compromise host neurons’ molecular machinery

for replication®. In another study, 1721 upregulated and 1487 downregulated genes were
detected by transcriptional analysis in the SARS-CoV-2 infected human ChP organoids®0.
Interestingly, top upregulated GO terms related to viral responses, response to cytokine,
cytoskeletal rearrangement, RNA processing, and cell death. In-depth analysis revealed the
up-regulation of inflammatory cytokines genes, including CCL7, IL32, CCL2, IL18, and
IL8, which ultimately can lead to damaging inflammatory responses®®. GO analysis of
downregulated genes showed the enrichment of clusters corresponding to ion transport,
transmembrane transport, cilium, and cell junctions. Furthermore, they identified the
downregulation of genes involved in CSF secretory functions such as AQP1, AQP4, and
SLC22A8 in ChP80. Collectively data from the transcriptional analysis suggest SARS-
CoV-2 infected ChP cells undergo severe inflammatory responses followed by reduced
integrity of the B-CFS-B and increased cell death®.

Moreover, a few researchers have utilized human brain organoids to screen therapeutic
strategies against the SARS-CoV-2 infection. For instance, Song et al. demonstrated that
blocking the ACE2 receptors in human brain organoids using anti-ACE?2 antibodies and
anti-spike antibodies collected from the CSF of COVID-19 patients efficiently inhibited
SARS-CoV-2 neuroinvasion®. In addition, treatment with the antiviral drug Remdesivir,
reduced SARS-CoV-2 infection and rescued virus-induced disease phenotypes in hiPSC-
derived neurons and astrocytes®2.

Human cytomegalovirus—Human cytomegalovirus (HCMV), a member of the
Betaherpesvirinae subfamily, can cause lifelong infections in humans’6. HCMV disease
is globally distributed, and the estimated mean seroprevalence for the general population
is 83%’7. HCMV is a double-stranded DNA virus, mainly transmitted to people via

direct contact with body fluid from an infected person. Sexual contact, breastfeeding,
transplanted organs, and blood transfusion are common routes of infection’8-82, The virus
can also be vertically transmitted to the developing fetus from an infected mother during
pregnancy, resulting in congenital CMV in newborn babies®3. Congenital CMV is one

of the leading causes of congenital disabilities in the US83. Approximately 10-15% of
children born with congenital CMV show symptoms at birth, and at birth asymptomatic
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children have a probability of acquiring neurodevelopmental defects®3. The majority

of the symptomatic children for congenital CMV at birth may exhibit one or more
neurodevelopmental disorders, including intellectual disability, microcephaly, and hearing
loss83-85, Although cases of congenital CMV-associated births are higher than well-known
childhood disabilities, including fetal alcohol syndrome, down syndrome, and spina bifida,
CMV-induced neuropathology is poorly understood due to the limitation of a more complete
human cell model83. However, with the development of human 3D organoids, researchers
have a new opportunity to investigate the underlying mechanisms of CMV infiltration into
the CNS, CMV-associated neurological impairments in developing brain, and finding novel
treatment strategies for overcoming CMV-induced neuropathology.

It has been previously shown that the HCMV is permissive to human NPCs and induces
apoptosis, inhibits NPC proliferation and neuronal differentiation using 2D cell cultures86-
88, In addition, HCMV infection also resulted in a loss of purinergic and voltage gated
calcium signaling in 2D culture of NPCs8. Studies performed using 3D human brain
organoids demonstrated that HCMYV can effectively infect the cells of organoids89-91.
Interestingly, Sun et al. observed extensive growth attenuation in 3D human brain organoids
after exposure to the HCMV strain TB40/E, which has the clinical features of CMV,

and induced a microcephaly-like phenotype in the organoid model®L. In the same study,
they found HCMV primarily targeted NPCs in the subventricular zone (SVZ) of human
brain organoids leading to the disruption of SVZ organization and impaired cortical layer
formationL. In support of these results, Brown et al. and Sison et al. also reported
HCMV-induced impairments of cortical layer development and the overall organization

of brain organoids8-90. Additionally, exposure to HCMV led to induction of apoptosis or
necrosis, disruption of neuronal differentiation, and reduction of proliferating cells in brain
organoids89-21, More importantly, researchers confirmed epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptor alpha (PDGFRa) are the primary entry
receptors for HCMV into the human brain organoids. RNA sequence analysis revealed

that top-down regulatory genes such as BNIP3, ENO2, and PDK1 which relate to calcium
signaling were downregulated. Researchers then identified significantly down-regulated GO
terms, including the calcium-mediated exocytosis of neurotransmitters, and regulation of
calcium-dependent exocytosis, brain, astrocyte, and hippocampal development. Most of the
upregulated GO terms were associated with immune responses and inflammatory responses
in HCMV infected brain organoids®l. Consistent with the RNA sequencing data, signatures
related to disorganized calcium signaling and neural network activity were also measured in
brain organoids infected with HCMV9L, Similarly, Sison et al. also found that impairment
of calcium activity in HCMV infected cortical organoids®®. Researchers then tested the
possible treatment strategies for inhibiting virus entry and overcoming HCMV-associated
neuropathogenesis. Treatment with the antiviral compound maribavir limited HCMV spread
within the brain organoid and allowed relatively normal calcium function in HCMV
uninfected cells when compared to infected cells. In addition, neutralization antibody
1B2 effectively rescued brain organoids from HCMV-induced growth defects, abnormal
cortical layer formation, and impairments of neural network activities®L. Collectively, these
findings suggest that brain organoids can provide essential insights into HCMV-associated
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neurological impairments, which will lead to developing novel therapeutic strategies in the
future.

Human herpes simplex virus-1—Human herpes simplex virus-1 (HSV-1) is a double-
stranded DNA virus, and is the causative agent of genital and oral herpes®2. HSV-1 is

one of the most prevalent human viruses in the world and is capable of establishing

lifelong infections®3. Notably, the HSV-1 is also considered a neurotropic virus, reaching
the CNS and triggering severe pathological manifestations such as herpes simplex
encephalitis (HSE)?495. However, there are some obstacles to the full understanding

of HSV-1-associated neurodevelopmental disorders due to the limited accessibility to

the post-mortem human samples and the lack of proper experimental models which
resemble the /n vivo neural microenvironments. To overcome this hurdle, researchers have
recently attempted to use 3D brain organoids to characterize HSV-1-induced neurological
manifestations in CNS. Previous 2D cultures of hiPSC-derived neural stem cells (NSC),

and neurons showed permissiveness to HSV-196-98 and upon HSV-1 infection, elevation

of apoptotic cells and impaired neural differentiation were observed®8. Later investigations
using hiPSC-derived 3D brain organoids revealed that HSV-1 could also efficiently infect the
model system, exhibiting prominent tropism towards neurons28:96-98 _Consequently, HSV-1
infected 3D brain organoids demonstrated excessive accumulation of apoptotic cells, growth
attenuation, disrupted cortical layer formation, impairment of neurogenesis, and neuronal
differentiation28.96.98 |nterestingly, Qiao et al. demonstrated that abnormal microglia
activation and proliferation are accompanied by induced expression of pro-inflammatory
cytokines (TNF-a and IL-6) and inflammatory cytokines (IL-10 and 1L-4) after exposure

to HSV-1 in 3D human brain organoids with incorporated microglia®8. In another study,
423 DEGs were identified in HSV-1 infected brain organoids by bulk RNA sequencing
analysis?8. Furthermore, GO terms analysis of genes upregulated in HSV-1 infected brain
organoids revealed enrichment in the regulation of developmental, cellular process, and cell
death-related pathways28. Surprisingly, HSV-1 failed to extensively induce type-1 interferon
pathways in brain organoids. More importantly, IFNa2 treatment efficiently prevented
HSV-1 infection progression and virus-induced brain organoid growth defects, thereby
restoring organoid architecture?8. These studies suggest that brain organoids can be vital
tools to studying HSV-1-associated neuropathology.

Human Immunodeficiency Virus—Chronic infection of Human Immunodeficiency
Virus (HIV-1) has been shown to result in progressive deterioration of cognition, behavior,
motor function, and memory in more than 50% of HIV-1 positive people despite the use
of antiviral treatments®®. These neurological manifestation terms are commonly referred
to as HIV-1-associated neurocognitive disorders (HAND) and are thought to occur as a
byproduct of neuroinflammation and glial activationl%0. Unfortunately, there is no cure
available for HAND and studying these disorders remains difficult. Recently, researchers
developed a 3D human brain model containing neurons, astrocytes, and HIV-infected
microglia, to investigate HIV-1 associated neuropathogenesis®°. In this study, researchers
identified uninfected, and HIV-1 infected human microglia could infiltrate the 3D human
brain organoids mimicking migration of peripheral microglial precursor cells into the
developing CNS%. In addition, HIV-1 infected primary microglia also engaged with 3D
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human brain organoids and led to viral replication and production of pro-inflammatory
molecules including TNF-a and IL-1p in infected organoids. This upregulation of pro-
inflammatory molecules closely mimics the microenvironment of patients suffering from
HIV-1-induced neuroinflammation. Furthermore, HIV-1-induced cytotoxicity, neuronal loss,
astrocyte damage, and loss of synaptic integrity were clearly detected in 3D human brain
organoids with microglia and resembled HIV-1-associated CNS pathology signatures®®. This
multicellular 3D brain organoid system provided a platform for a better understanding of
host-pathogen interaction and delineating the molecular mechanism of neuropathogenesis
associated with HIV.

Modeling Non-Viral infections in Brain Organoids

Toxoplasma gondii infection—Toxoplasmosis is an infection caused by a single-cell
protozoan parasite called 7oxoplasma gondii. This disease is found worldwide and it is
estimated that approximately 25-30% of the world population is positive for the infection,
with most cases being asymptomaticl9l, The infection can be acquired congenitally or
postnatally. Congenital transmission of 7. gondiii to the fetus from an infected mother may
cause intellectual disabilities, epilepsy, blindness, and death192, Furthermore, acute infection
or reactivation of latent infection of 7. gondii may result in severe encephalitis conditions in
immunocompromised peoplel92, Recently, Seo and colleagues developed an /n vitro model
to screen for 7. gondii infection using human brain organoids!3, Infection was conducted
with two 7. gondii strains and resulted in a productive infection of both strains in human
brain organoids. Both 7. gondii strains exhibited higher tropism to TUJ1+ neurons, GFAP+
astrocytes, and O1+ oligodendrocytes. Moreover, 7. gondii formed cyst-like structures in
TUJ-1 positive cells suggesting parasites can replicate inside the human brain organoids!03,
According to the RNA sequencing analysis, 786 DEGs were identified after 7. gondii
infection in human brain organoidsi%3. In-depth analysis of RNA sequencing data revealed
several interactions related to the host-pathogen responses of 7. gondiit%3. More importantly,
Type-1 interferon responses were activated against 7. gondii infection, suggesting possible
immune responses against the parasite invasion. Altogether, results indicate that human brain
organoids can also be utilized to model CNS neuropathology elicited by parasitic infection.

Human cerebral malaria—Malaria is a parasitic disease caused by the protozoan
pathogen in the genus Plasmodium spp, particularly the Plasmodium vivax and Plasmodium
falciparum species. Malaria is transmitted to people through the bites of infected female
mosquitoes of the Anopheles genus194. Human cerebral malaria (HCM) is one of the
deadliest malaria-related complications and is associated with severe neuropathological
complications such as altered consciousness, coma, and seizures'95:196, Especially, some
CNS pathogens, including £ falciparum, do not have intracellular characteristics in the
CNS. Their pathogenic effects on cells in CNS are primarily elicited by cytotoxic factors
derived from the pathogen%?. One consequence of HCM is the presence of increased
systemic free heme levels, which can lead to BBB damage and neuronal injury in the
brain108.109 Harbuzariu et al. discovered disrupted structural organization and elevated
necrosis in heme-treated human brain cortical organoidsi%8. In addition, elevated brain
injury-related biomarkers, including CXCL10, CXCR3, brain-derived neurotrophic factor
(BDNF), and decreased levels of receptor tyrosine-protein kinase ERBB4, were detected in

Trans/ Res. Author manuscript; available in PMC 2024 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Priyathilaka et al.

Page 12

human brain cortical organoids upon heme treatment. Interestingly, neuregulin-1 (NRG-1)
treatment rescued human brain cortical organoids from neuropathological events elicited by
heme108,

Mycobacterium tuberculosis—Mitb is the most common bacterial infection of the CNS.
Despite the fact that Mib responses have been shown to be heterogeneous across different
model species which restricts interpretation of non-human studies, there is still no definitive
human model for brain tuberculosis. To accomplish this, our lab has seeded 21 days old
human brain organoids with Mtb infected phagocytes and measured the transcriptional
effects on neuronal populations. The brain organoids used in this study have been derived
from the H1 hESC-derived NPCs (Provided by J. Thompson, University of Wisconsin-
Madison, WI, USA) with conditions optimized by Stem Pharm Inc, Madison, WI, USA. Our
study is currently under review but data suggests that many of the gene responses induced
by viral infected brain organoids are also activated by Mtb infection. It is our hope that this
model will contribute to understanding the pathogenesis of CNS tuberculosis.

Prion diseases—Creutzfeldt-Jakob Disease (CJD) is a rare progressive
neurodegenerative disorder that is incurable!19. The causative agents of CJD are prions,
which are abnormally refolded protease resistant forms of mammalian protein which
spread their misfolded shape to other proteins. Abnormal refolding of the prion protein

can occur in three ways, including sporadic manifestation, inherited genetic mutation,

and acquired by infection111, Accumulation of abnormally refolded prion proteins results
in neuronal death, astrocytosis, brain damage, dementia, and movement disorders!12,

In order to model prion-induced neuropathogenesis and disease progression, researchers
infected human cerebral organoids with brain homogenates from two sporadic CJD (sCJD)
subtypes?13, Cerebral organoids were able to uptake and propagate prion infection from
sCJD inoculums. Moreover, inoculum-specific physiological manifestations were observed
in different SCJD infected cerebral organoids13. Interestingly, treatment with the anti-
prion compound pentosan polysulfate (PPS) in sCJD infected human cerebral organoids
effectively reduced prion propagation!!2. Collectively, these findings suggest that human
brain organoids can be used to mimic many key features of prion disease.

Commonalities of Brain Organoid Infection Models

The recent development of the hiPSC-derived 3D brain organoid technology has provided
a versatile platform for understanding host-pathogen interactions and gives new insight into
the underlying molecular mechanism of the human brain. As we have seen across a wide
variety of studies, many aspects of CNS infection can be investigated with brain organoids,
including neuroinflammation, cell entry/tropism, transcriptional alterations, cell fate, routes
of dissemination, and treatment screening (Figure 1). Interestingly, a comparison of all the
recently conducted studies in human 3D brain organoids revealed some key consequences
of infections with many similarities and differences across each disease model (see Table
1). For example, all the infectious agents discussed here exhibit some level of efficient
infectivity to the 3D brain organoids but some showed distinct preference for tropism in
specific subpopulations of the model. In the case of ZIKV, SARS-CoV-2, and 7. gondii,
each showed higher tropism in either NPCs, ChP epithelium cells, or neurons respectively,
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whereas the other pathogens exhibited more variable cellular tropism with less specificity. In
nearly all the pathogens discussed in this review, productive propagation of pathogens and
induced cell death, apoptosis, or necrosis were observed after infection in the human brain
organoids. ZIKV and HCMV are the main causative agents responsible for significantly
reducing NPC proliferation in human 3D brain organoids. More broadly, the impairment of
growth and disrupted structural organization of the organoids is another typical pathological
feature associated with both viral and non-viral pathogenic agents. Intriguingly, activation
of inflammatory or type-1 interferon responses could be observed in brain organoids after
exposure to all the pathogenic agents described, indicating a common innate capacity of
inducing proinflammatory responses in neural elements as a reaction to infection.

Advancements and Limitations to Brain Organoids in Infectious Disease

Region specificity and lack of cytoarchitectural information in brain organoids
—NMuch of the more recent advancements in brain organoid technology have hinged on
utilizing a diverse repertoire of patterning factors to steer human pluripotent stem cells
(hPSCs) towards novel lineages for more targeted investigations. The primary example of
this is the proliferation of brain region-specific organoids across many fields of investigation,
which have emerged to help replicate CNS cytoarchitecture of key areas of the brain.

Recent publications have demonstrated the ability to promote the guided development of a
variety of CNS structures, including the cerebral cortex!14, hippocampus1®, midbrainl16,
hindbrain17, hypothalamus32, and choroid plexus'1®118, Factors that steer regional
organoid development include activators and inhibitors of Wnt, BMP, SHH, and TGF-p
signaling pathways among several others; all of which can influence the organizational

axis of the developing brain119.120, For example, exposure to a combination of SHH and
Whnt3a can steer organoids toward more hypothalamic fate32. As a result, this methodology
of guided self-organization is a powerful tool in the context of studying infectious disease

in the CNS, where exposure of the infectious agent could reveal region-specific responses

to infection. Additionally, the combination of these region-specific brain organoids with
relevant immune components, genetic manipulations, or potential treatments can allow
researchers to create increasingly specific and dynamic systems more closely resembling /n
vivo conditions. As mentioned in the previous sections, recently published papers in ZIKV32
and SARS-CoV-260 research have already shown promise in utilizing these region-specific
models, but usage will likely expand far beyond these two infectious diseases in the years to
come.

For broad infectious disease research, regions like the choroid plexus are of significant
interest as their involvement as a site of bacterial and viral infiltration into the CNS is
well-documented?4. Interfacing directly with the peripheral blood, interactions between
pathogens and choroid plexus epithelial cells can facilitate the hematogenous spread of
infectious disease into the brain21, Although region specific brain organoids with choroid
plexus-like structures lack fenestrated capillaries as observed in /n vivo choroid plexuses,
these models still provide a unique opportunity to test the underlying dynamics of CNS
infiltration on human choroid plexus-like epithelial cell populations. Still, while infectious
pathogens within the choroid plexus have previously been investigated using /n vitro
methods22-124  the complete mosaic of their influence on human choroid plexus cells is
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not fully characterized in a number of neuropathological infections. To date SARS-CoV-2 is
the only infectious disease to be investigated specifically in a choroid plexus brain organoid
model®0.118 However, it should be noted that Watanabe et al., did identify the presence of
ZIKV tropism within sporadically forming AQP1* SOX2~ PAX6™ epithelial regions of their
cerebral organoid model suggesting infiltration of choroid plexus epithelial cells is likely38.
Other diseases like CMV, Hepatitis E virus (HEV), HIV, and Mtb have all been implicated to
have choroid plexus involvement and are prime candidates for further investigation125-128,
Additionally, choroid plexus brain organoids have also been documented to contain a fluid
with high similarity to cerebral spinal fluid (CSF), highlighting their functional similarity

to /n vivo structures. This is important as hydrocephalus remains to be one of the most
common complications of CNS infections!29 and with the choroid plexus representing the
primary site of CSF production in the body, investigating the expressional and functional
consequences of infection on choroid plexus brain organoids could provide new insights into
how CSF regulation is altered by disease.

Other brain region-specific organoids, like those which attempt to replicate components of
the cerebral cortex can also yield clinically relevant results in infection models. Several
subregions of interest are present in these cortical organoids, including a prominent
ventricular zone, as well as inner and outer SVZs. Additionally, Pasca et al. reported
electrically active deep and superficial cortical neurons in their organoid culture. Together
these structural and functional features, can allow researchers the ability to test the
consequences of different infections on cortical electrophysiology and development!14, This
is relevant as brain infections like ZIKV can induce pathologies that directly target the
process of cortical development, and several landmark ZIKV studies utilize region specific
cerebral cortex organoids. Additionally, region specificity of cortical layers is highly relevant
to potentially study a number of diseases like cytomegalovirus (CMV) which is known

to influence cortical regions and development?39 or even HIV which is associated with
reduction in cortical thickness31:132,

Overall, while the generation of brain organoids with region specificity unlocks new
possibilities of more targeted studies and assays, unguided methods will continue to play

an important role in brain organoid research. Unguided protocols produce heterogenous cell
types of all lineages which can be leveraged to generate hypotheses for infectious disease
research. Additionally, unguided protocols are typically more cost effective than guided
methodologies. Together, both methodologies can be utilized to screen for broad infectious
cell responses with unguided cultures and then utilizing region-specificity for analysis of cell
types of interest with more guided methods.

Modeling Neuroinflammation—The neuroimmune environment is an important aspect
when modeling cellular responses to pathogens. While it is likely impossible to model the
full extent of the brain’s immune system inside an organoid model, recent advances and
protocols have attempted to more closely replicate the immunoregulatory environment of the
CNS. As it is discussed in earlier sections, neural progenitors and neurons can themselves
activate innate proinflammatory pathways in response to pathogens. An example of this is
the activation of type | IFN pathways which induce a complex array of genes. As a result,
even without the explicit addition of specific immune cell populations into brain organoid
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models, it is important to understand how neuronal responses can be affected by these
pathways even if they are not infected.

With that said, it is also an important quest to incorporate microglia, the brain’s innate
immune cell into these organoid systems. Proper incorporation of microglia into brain
organoids is not only important to recapitulate key mechanisms of neuroinflammation, but
microglia have been demonstrated to serve as important mediators of brain development and
synapse formation133, Original studies of unguided brain organoids reveal a considerable
lack of any definitive microglia populations, but Quadrato et al. did highlight the presence
of mesodermal progenitors®. A later study indicated that these mesodermal progenitors
could in fact be differentiated into microglial cells by reducing heparin levels in the

culture medium134, These differentiated microglial cells displayed traditional microglial
ramifications and expressed several transcription factors of a microglial phenotype:

SPI1, AIF1, CSF1R, and TLR4. Additionally, the overexpression of the myeloid-specific
transcription factor PU.1 within brain organoids has been shown to reliably induce microglia
populations in a more targeted manner!3®,

While differentiation of microglia within an organoid system is highly useful, many
researchers still elect to use a co-culture system using independently derived microglia for
many studies, often in an effort to more closely control microglial concentration ratio3* or
pathogen exposure procedures®®. Microglial populations have been generated for organoid
co-culture from hiPSC populations in a number of studies36:137, In Xu et al. researchers
differentiated microglia from yolk sac macrophages progenitors, which are known to
populate the CNS /n vivo, and co-cultured with region specific forebrain organoids34.
Here microglia concentrations can be reliably controlled and titrated to physiologically
relevant percentages. Additionally, the developmental stage of these microglia populations
is important for consideration. For example, Dos Reis et al. utilized the immortalized
microglial cell line HMC3 to mimic adult brains populations during HIV infection, as well
as primary human brain microglia collected post-mortem®. Interestingly, it has also been
reported that pathogen exposure alone can result in the induction of microglial proliferation
in unguided protocols which do not typically display prominent microglial populations, as
reported by Qiao et al. in HSV-1 infected cerebral organoids®.

Finally, microglia represent only a single component of the immune system and many
infectious diseases of the CNS are associated with the infiltration of peripheral immune
cells to the site of infection. As a result, incorporation of a wide variety of immune

cells will need to be appropriately utilized to more holistically replicate the complex
neuroimmune environment of the CNS. For example, co-culture with patient derived
peripheral mononuclear cells which contain lymphocytes and monocytes can replicate not
only the inflammatory peripheral immune response in the brain, but also test mechanisms
of pathogen infiltration. This is relevant as there is mounting evidence that indicates several
viruses and bacteria can directly infect immune cells and transverse the BBB138. Recently
this “trojan horse” strategy of CNS infection was tested using a cerebral brain organoid
model with co-cultured ZIKV infected monocytes#!
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In summary, a more complete incorporation of immune cells is necessary to test not

only the damaging immune response to CNS infection, but to properly recapitulate

the microglial-dependent pathways of brain development and mechanisms of pathogen
infiltration. Additionally, there is increasing evidence that neuro-immune interactions are
bi-directional, meaning immune cells influence neurons and neuronal factors can regulate
nearby inflammatory cells. Brain organoids co-cultured with inflammatory cells provide
an exceptional approach to further characterize these complex neuro-immune circuits.
However, further work is needed to ensure that the application of these incorporated
immune cells is done so in a physiologically relevant manner, which can be highly variable
depending on the disease model.

Vascularization and Myelination—Another disadvantage is the lack of vascularization
of brain organoids, but attempts have been made to incorporate novel workarounds.
Vascularization is thought to be one of the main limiting factors in further organoid growth
and the presence of relevant endothelial structures is likely essential in understanding the full
impact of many CNS diseases. Perhaps most striking was the model outlined by Mansour
et al., in which researchers were able to vascularize human brain organoids by implanting
them Jn vivo into a mouse brainl39. Here the organoid showed indications of host mediated
vascularization, and functional integration of neuronal circuitry. It should be noted however
that these implantation models utilize immune-deficient NOD-SCID mice to prevent host
immune response toward the organoid graft. As a result, applicability of these transplant
systems in the realm of CNS infection research will be severely inhibited. A later study

by Cakir et al., modified hESCs to express human ETS variant 2 (ETV2) where the now
ETV2-expressing cells were then able to form “microvasculature-like” structures in human
cortical organoids40. Additionally, while these vascular structures lack traditional blood
oxygenation capabilities, improved diffusion of oxygen and cell survival was observed

in these organoids. In another interesting model, Song et al., was able to investigate
neural-vascular interactions using a tri-culture system of fused spheroid of cortical neural
progenitors, endothelial cells, and mesenchymal stem cells. Here CD31+ and Nestin+ cell-
cell interactions could be studied in a controlled cortical microenvironment.

In addition to the lack of vascularization, lack of physiologically comparable

myelination also presents an issue in studying many components of infectious response.
Oligodendrocytes can represent a direct target for certain infectious diseases like human
polyomavirus JC (JCV)141, and white matter damage is common by product of infectious
diseases particularly in the secondary immune response driven from the infection142-144,
Standard brain organoid protocols appear to produce some oligodendrocyte populations, but
specifying these cells is highly variable and cells are likely too immature for translational
relevance for many infectious diseases®. Pioneering work published by Madhavan et al.145,
and later modified by others146-148 demonstrated that structurally intact cultures with
myelination can in fact occur, allowing for more mature oligodendrocyte populations

and the potential study of demyelination, viral tropism, or bacterial infiltration in these
organoid systems. It should be noted however that rates of compact myelination using these
protocols are relatively low, so further refinement is likely needed. Together, more efficient
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vascularization and myelination protocols, can enhance the organoid model to study more
complex effects of infectious agents.

Maturation of Neurodevelopmental Features—The advancements in brain organoid
technology in the past decade have been robust but many limitations still remain, particularly
for researchers investigating infectious disease in the adult CNS. One obvious limitation

is that the developmental lineage of the brain organoid model systems consists mainly of
immature neuronal populations. While these early developmental neuronal phenotypes are
perhaps ideal for research in diseases that affect early embryonic development like ZIKV,
many infectious diseases like SARS-CoV-2 highly impact adult and elderly populations

so interpretation of these studies is more difficult. Furthermore, extended maturation
protocols of human brain organoids do exist, but can be highly time consuming (~250—

300 days) and still only yield early post-natal neuronal phenotypes and structures'49, As

a result, any interpretations into the cellular response to an experimental pathogen within

a brain organoid system should take into consideration the early developmental stages of
these models. However, this fundamental immaturity of brain organoids has not stopped
researchers from studying diseases of adult neurodegeneration in these systems!®0. Finally,
since maturation typically requires longer and more robust culturing procedures, costs
remain prohibitive to many researchers. However, techniques to lower cost and increase
feasibility of organoid generation and maintenance continue to improve. For example, recent
publications outlining the use of more refined spinning bioreactors to facilitate the culturing
process have demonstrated success in improving cost-efficiency1®1.

Brain organoids represent a novel advancement to study not only brain development, but a
wide variety of CNS disease states in human cell populations. While there are a number

of limitations when utilizing a brain organoid model to study infections in the CNS, these
systems have already proved useful in improving our understanding of a number of diseases.
In summary, brain organoids have been useful to discover common pathways in different
infectious diseases. Our understanding of common pathways for CNS dissemination,
cellular tropism, cellular entry and fate of infected CNS cells, and pathophysiological
manifestations of these diseases have all been improved by brain organoids (Figure 1).
Additionally, recent improvements in region specificity, maturation, and other culturing
protocols continue to unlock an ever-growing toolkit for researchers to target specific
questions. Together in combination with /7 vivo models and other /n vitro systems, brain
organoids can continue to help us understand the complex neuropathology of a wide number
of diseases and potentially aid in the development of new and better treatments for CNS
infectious diseases.
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Figure 1. Applications of Human Brain Organoids in Infectious Disease Research
Various types of responses can be used to study through the use of brain organoid models.

References for each disease model are given next to the respective icons of diseases causing
agents. Created with BioRender.com.
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