
CEREBRAL ORGANOID MODELS FOR NEUROTROPIC VIRUSES

Jenna Antonucci1, Lee Gehrke1,2

1Institute for Medical Engineering and Science, Massachusetts Institute of Technology, 
Cambridge MA

2Department of Microbiology, Harvard Medical School, Boston MA.

Abstract

Across zoonotic pathogens, RNA viruses are responsible for disproportionate levels of human 

disease, suffering, and death. Neurotropic RNA viruses (e.g. rabies, Japanese and Eastern Equine 

Encephalitis, Ebola, West Nile, Powassan) infect the brain and spinal cord, causing meningitis, 

encephalitis, microcephaly, and Guillain-Barre syndrome. Mechanistic data explaining molecular 

mechanisms of these diseases are lacking, and the enclosure of the central nervous system and 

associated meninges in bone complicates access for diagnosis, clinical treatment, and research. 

Here, we discuss new tissue models, imaging methods, and molecular techniques that are changing 

research aimed at understanding the pathogenesis of neurotropic RNA viruses.
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Limitations of model systems

Human tissues, when obtained safely and ethically, are valuable resources for research 

aimed at defining human disease mechanisms and discovering potential therapeutic targets. 

However, excepting perhaps blood and placenta, human tissues are generally not easily 

available, nor are they easily cultured. Two dimensional cell cultures have transformed 

experimental biology, but transformed cell lines are known to have gene expression patterns 

and metabolic profiles that are not reflective of human biology. Alternatively, two-

dimensional cultures of cells derived from embryonic stem cells or induced pluripotent stem 

cells closely resemble human cells in their transcriptional profiles; nonetheless, cells in two 

dimensions fail to replicate the three-dimensional features of tissue organization. Although 

mouse models have been widely used to gain insights into human disease processes, genetic 

and physiological differences between humans and mice sometimes limit their value. This 

has proved to be an issue in studying virus infections, because adult mice (wild-type 

C57BL/6, BALB/c, or CD-1 mice) are generally not infected by Flaviviruses such as Zika 
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virus (ZIKV) unless the innate immune system is disabled by interrupting STAT2-dependent 

signaling and interferon responses (reviewed in1). Although important experimental insights 

have been gained from studying ZIKV infections in mouse models that block innate immune 

signaling pathways1, the mouse brain does not recapitulate the cellular features or unique 

transcriptional signatures of the human brain2. Considering these models, 3D organoids 

derived from human embryonic stem cells or induced pluripotent stem cells offer an 

important alternative to 2D cell culture and animal models for research aimed at advancing 

studies on neurotropic viruses.

Enter the Organoids

Organoids--three-dimensional multicellular in vitro tissues that mimic their corresponding in 
vivo organ--have received recent attention as experimental model systems3. Organoids are 

grown from embryonic stem cells (ESC) or from induced pluripotent stem cells (iPSC), 

using specific culture conditions that drive the cells toward defined differentiation pathways. 

Cerebral organoids mimic the cytoarchitectural and epigenomic signatures of the human 

brain4,5. These organoids maintain ventricular zones containing proliferating neuronal 

progenitor cells as well as cortical neurons which, when matured, produce Ca2+ surges with 

glutamate release and contain functional synapses, spontaneously active neural networks, 

dendritic spines, and even photosensitive cells that react to light stimulation6. Mature 

cerebral organoids develop immunocompetent astrocytes, which are functionally analogous 

to astrocytes isolated from the human brain7. Human cerebral organoids and the human fetal 

cortex show extensive similarities as they both maintain continually differentiating cell 

populations. Further, single cell transcriptomics reveals that the transcriptomes of brain 

neuronal progenitors and cortical neurons parallel cortical cells of cerebral organoids8. 

These data confirm the stem-cell derived cerebral organoid as an important experimental 

model of the human brain.

Virus Infections, Organoids, and Technologies

Virus infections cause “autonomous” or “non-autonomous” cellular effects, depending on 

whether the virus has entered the cell and replicated the viral genome (autonomous effects), 

or if uninfected cells are affected indirectly by cytokines or metabolites released by the 

infected cell (non-autonomous effects)9. This distinction is important because, although 

some cells escape virus infection, they may nonetheless contribute to the infection 

environment. The environment, in an in vivo infection, is multicellular and three-

dimensional; therefore, the use of 3D cell culture models of interacting cell types is optimal 

for understanding mechanisms of disease-causing viral infection in the brain. Cerebral 

organoids are being used to elucidate the causes of Zika virus-associated microcephaly 

(reviewed in10). The effects of ZIKV infection on cytoarchitecture is notable in the cerebral 

organoid model. Mock-infected cerebral organoids are characterized by SOX2-staining 

neuronal progenitor cells and ventricular zones, as well as MAP2-stained neurons (Figure 1, 

mock). Alternatively, ZIKV-infected organoids are disorganized (few ventricles are present), 

there is greatly diminished progenitor cell staining (SOX2) accompanied by clear double 

stranded RNA signal (Figure 1, +ZIKV). ZIKV infected organoids show a growth defect that 

is observable by measuring infected and uninfected organoids, suggesting a size phenotype 
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similar to ZIKV-induced microcephaly11. Further study is necessary to define the 

mechanisms underlying ZIKV-induced microcephaly and disease, and cerebral organoids 

represent a promising technology for these analyses.

Other emerging technologies are being adapted to study virus infections in three dimensional 

organoids. Single cell RNA sequencing is being applied to organoids as an approach for 

understanding autonomous and non-autonomous effects of virus infection12. Single cell 

sequence analysis is defining cell-specific transcriptional profiles12, making it possible to 

characterize the effect of cell type on virus infection. Lipid clearing methods (“Clarity”) 

have yielded remarkable images of the brain and the networks of neurons and glia13. The 

same approaches are being applied to organoids14 to yield images that can be analyzed as 

slices, or computationally assembled to create three-dimensional views of complex ventricle 

networks (Figure 2). The combination of single cell sequencing, immunostaining, lipid 

clearing methods, and 3D image assembly will provide new insights into understanding the 

differential pathogenesis of RNA viruses.

High Containment Viruses and Organoids

The group of emerging or reemerging neurotropic viruses includes pathogens whose safe 

handling requires enhanced biocontainment. West Nile virus has been a threat in the United 

States for a number of years15, while other examples of arthropod-transmitted neurotropic 

viruses are Eastern Equine Encephalitis, Japanese Encephalitis, Tick Borne Encephalitis, 

Deer Tick, and Powassan. Outside of West Nile virus, little is known about the molecular 

mechanisms of pathogenesis, and human cerebral organoids offer important advantages for 

study in a physiologically relevant model system. Organoids can be prepared outside of the 

containment facility, and brought in for virus infection. Although sequence analysis core 

facilities are often reluctant to process and analyze pathogen-containing samples, the 

SeqWell method for single cell sequence has been applied to study tuberculosis16, and could 

likely be used for BSL3 viruses as well. Although live-cell imaging would require dedicated 

instrumentation inside a BSL3 containment facility, tissue fixatives (formalin, 

paraformaldehyde) inactivate viruses such that fixed samples could be removed from the 

containment facility for further processing and analysis. Experimental analysis of viruses 

requiring higher biocontainment levels will continue to be challenging, but not necessarily 

excluded from technical advances.

Challenges and Opportunities

While cerebral organoids are physiologically relevant models of the human brain, there are 

limitations and challenges for improvement. The absence of organoid vascularization leads 

to progressive necrosis in the core during long-term culturing (months). If cell death is 

observed, it is important to distinguish virus-related effects from cell death resulting from 

organoid growth. Although new technologies for incorporating vasculature are appearing17, 

no standardized protocol has been universally adopted. The blood-brain barrier (BBB) is 

another challenge area. The BBB is formed by specialized capillary endothelial cells that 

have tight intercellular junctions. The BBB is a physical barrier that neurotropic viruses 

must pass in order to infect the brain. Current approaches for infecting organoids with 
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viruses focus on inoculating organoid culture media with virus. Although this model allows 

the investigator to examine infection kinetics from the outside surface of the organoid, it is 

not clear if the infection accurately models the BBB or virus infection in vivo. Current trans-

well models (Reviewed in18) or organ-on-chip models19 are useful to study the general 

effects of infection on BBB function; however, the lack of physical interaction between BBB 

cells and the cerebral organoid poses a barrier to fully understanding the relationship 

between these complex cell types. Additionally, the neuroimmune system, which is distinct 

from the peripheral immune system, is an important area of consideration for studying brain 

pathogens. Upon virus infection, a neuroimmune response is mounted and certain peripheral 

immune cells cross the BBB to respond to invading pathogens20. Although astrocytes and 

microglia, cells often referred to as the immune system of the brain, differentiate naturally in 

cerebral organoids21, further research is needed to understand the interactions among brain 

cell types and neurotropic viruses. Additionally, co-culture of organoids with other cell types 

(including pre-infected microglia) may provide new insights into pathogen infections in the 

brain and the accompanying immune responses.

Finally, the potential for personalized medicine approaches; that is, the use of patient-

derived iPSC to generate patient and disease-specific organoids, is very exciting, technically 

feasible5, and has recently been used to screen for anti-ZIKV drugs22. It is also possible to 

apply genome editing methods to generate knock-out or knock-in organoids23 to confirm 

candidate pro-viral and virus restriction factor genes. Cerebral organoids, as well as the 

cutting-edge sequencing and imaging technologies available to analyze them, are promising 

tools for experimental analysis of neurotropic virus infections.
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Figure 1: 
ESC-derived cerebral organoids model ZIKV infection. Cytoarchitectural changes, including 

loss of ventricles, are observed upon infection with ZIKV Cambodia. Neuronal progenitor 

cells, neurons, and replicating ZIKV RNA are identified by SOX2, MAP2, and double 

stranded RNA staining, respectively.
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Figure 2: 
Reconstructed three-dimensional image of a human cerebral organoid, including a network 

of ventricle structures. Arrowheads point to choroid plexus. Reprinted with permission from 

Renner M, Lancaster MA, Bian S, Choi H, Ku T, Peer A, Chung K, Knoblich JA. EMBO J 

[Internet]. 2017 May 15; 36(10):1316-1329. Copyright 2017; John Wiley & Sons.
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