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SUMMARY 23 

Viral infections in early pregnancy are a major cause of microcephaly. However, how distinct 24 

viruses impair human brain development remains poorly understood. Here we use human brain 25 

organoids to study the mechanisms underlying microcephaly caused by Zika Virus (ZIKV) and 26 

Herpes Simplex Virus (HSV-1). We find that both viruses efficiently replicate in brain organoids 27 

and attenuate their growth by causing cell death. However, transcriptional profiling reveals that 28 

ZIKV and HSV-1 elicit distinct cellular responses and HSV-1 uniquely impairs neuroepithelial 29 

identity. Furthermore, we demonstrate that while both viruses fail to potently induce the type I 30 

interferon system, the organoid defects caused by their infection can be rescued by distinct type 31 

I interferons. These phenotypes are not seen in 2D cultures, highlighting the superiority of brain 32 

organoids in modeling viral infections. Together, these results uncover virus-specific mechanisms 33 

and complex cellular immune defenses associated with virus-induced microcephaly.   34 
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INTRODUCTION 35 

Viral infections during pregnancy are a major cause of fetal brain malformations. The 36 

transmission of infectious agents from mother to fetus can be devastating for fetal brain 37 

development (Bale and Murph, 1992; Brasil et al., 2016; Marquez et al., 2011). Infections account 38 

for up to 50% of cases of congenital microcephaly (Herber et al., 2019; Mlakar et al., 2016) and 39 

those occurring in the first trimester of pregnancy are typically associated with more severe 40 

outcomes (Coyne and Lazear, 2016). Despite these overlapping phenotypes, congenital 41 

infections are caused by distinct pathogens collectively referred to as TORCH and include 42 

Toxoplasma gondii, Other, Rubella, Human Cytomegalovirus (HCMV), Herpes Simplex Viruses 43 

1 and 2 (HSV-1 and HSV-2), and Zika virus (ZIKV) (Schwartz, 2017). HCMV and HSV are the 44 

more common causes of newborn morbidity worldwide (Looker et al., 2017; Marsico and 45 

Kimberlin, 2017) and the newly emerged ZIKV remains a threat for pregnant women (“Zika: the 46 

continuing threat.,” 2019).  47 

Yet, whether TORCH pathogens alter fetal brain development via similar mechanisms is 48 

unclear. Mechanistic understanding has been hampered by the lack of accurate models for 49 

individual TORCH infections. Although rodents can model in part microcephaly caused by ZIKV 50 

and CMV (C. Li et al., 2016; R. Y. Li and Tsutsui, 2000), they are not the natural hosts and do not 51 

faithfully recapitulate TORCH neuropathology (Cheeran et al., 2009; Ming et al., 2016). Human 52 

brain organoid systems derived from human pluripotent stem cell (hPSC) are emerging as human 53 

three-dimensional (3D) culture platforms for the study of viral infections and their impact on human 54 

neurodevelopment (J. Kim et al., 2019). Brain organoids recapitulate the cell composition and the 55 

3D environment of the embryonic human brain (Di Lullo and Kriegstein, 2017; Lancaster et al., 56 

2013), thus overcoming a major limitation of human two-dimensional (2D) culture systems (Baker 57 

and Chen, 2012; Duval et al., 2017). Organoid models are widely used to recapitulate the 58 

structural defects, cell depletion and molecular signatures associated with ZIKV-induced 59 

microcephaly (Cugola et al., 2016; Gabriel et al., 2017; Garcez et al., 2016; Qian et al., 2016; M. 60 

Watanabe et al., 2017) as well as to model part of the neuropathological defects caused by HCMV 61 

and HSV-1 (Brown et al., 2019; Qiao et al., 2020; Sison et al., 2019; Sun et al., 2020). However, 62 

a comparative analysis of organoid models of TORCH-induced microcephaly is lacking. 63 

One potential common underlying mechanisms of TORCH-induced microcephaly is the 64 

activation of innate immune response and its detrimental effects on fetal brain development 65 

(Gottfried et al., 2015; Y. Watanabe et al., 2010). In particular, the activation of cytokines called 66 

type I interferons (IFN-I), which include several 𝛼 species (IFN𝛼) and one 𝛽 species (IFN𝛽), upon 67 

infection is required to induce an array of antiviral effectors referred to as interferon-stimulated 68 
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genes (ISGs) that can restrict viral spreading but also promote cell death (Schneider et al., 2014). 69 

Several studies using human 2D and 3D neural cultures have reported the upregulation of IFN-I, 70 

ISGs and immune signatures in response to ZIKV infection (Dang et al., 2016; Ferraris et al., 71 

2019; Hanners et al., 2016; C. Li et al., 2017; Lima et al., 2019; Liu et al., 2019; Simonin et al., 72 

2016; M. Watanabe et al., 2017; Zhang et al., 2016). However, the magnitude of this response 73 

varies substantially across studies. Furthermore, the function of this response in the pathogenesis 74 

of ZIKV infection remains debated, as evidence supporting both a neuroprotective function of IFN-75 

I (C. Li et al., 2017; Lin et al., 2019) and a detrimental neuroinflammatory effect (Dang et al., 2016; 76 

Liu et al., 2019) exist. While these discrepancies are in part due to changes in cell differentiation 77 

stages and viral strains (Ferraris et al., 2019; Simonin et al., 2016), whether differences between 78 

2D vs 3D culture systems and/or changes in cell type composition contribute to the magnitude 79 

and the function of the innate immune response remains unclear. Finally, little is known about the 80 

activation of the antiviral response in other human models of TORCH-induced microcephaly and 81 

thus a unifying view of the role of the innate immune response is missing.  82 

Here we used human brain organoids to reproduce the microcephaly-like phenotype 83 

caused by multiple TORCH viruses, including ZIKV, HCMV and HSV-1, which differ in their viral 84 

genome structure, size and mode of replication (Table S1). We show that these organoid models 85 

exhibit major differences in their structure, transcriptional profiles, the engagement of the IFN-I 86 

system and sensitivity to IFN-I. These results argue for the existence of unique pathogenic 87 

mechanisms and a neuroprotective role of IFN-I responses underlying virus-induced 88 

microcephaly.  89 

 90 

RESULTS 91 

 92 

ZIKV and HSV-1 infections impair the growth of early-stage brain organoids 93 

To compare the effects of distinct TORCH viruses on the early stages of human brain 94 

development, we generated brain organoids using our previously established protocol (Lancaster 95 

et al., 2013) and exposed them to a virus inoculum for 24 hours. We focused on day 10 organoids, 96 

an early organoid stage that expresses the neuroectodermal markers Nestin and Pax6 (Figure 97 

S1A-B) and is highly susceptible to viral infection (Dang et al., 2016; Gabriel et al., 2017).  98 

We first exposed brain organoids to ZIKV and after inoculum removal, organoids were 99 

examined at 4, 8 and 12 days post-infection (dpi). While MOCK-treated organoids grew over time, 100 

ZIKV-exposed organoids exhibited a time-dependent growth attenuation and were significantly 101 

smaller at 12 dpi (Figure 1A-B, Table S2). Concomitantly, we observed increasing expression of 102 
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ZIKV viral RNA (vRNA) and the release of infectious ZIKV particles at 4 dpi and 12 dpi (Figure 103 

1C-D), indicating a productive infection. Staining for the Zika virus antigen (ZIKVA) and the human 104 

neural progenitor cell (hNPC) marker Sox1 revealed foci of infection at 4 dpi (Figure 1E), 105 

confirming hNPCs as the main cellular targets of ZIKV infection. As a microcephaly phenotype 106 

can be described at the tissue level by a cell depletion phenotype, we analyzed hNPC abundance 107 

by measuring the area of ventricular zone (VZ)-like structures where hNPCs reside. At 12 dpi, 108 

while MOCK-treated organoids showed the typical organization of VZ-like structures, ZIKV-109 

infected organoids contained fewer and smaller VZ-like regions (Figure 1F-G). Furthermore, 110 

analysis of apoptosis at 12 dpi by staining for the apoptotic marker cleaved caspase 3 (CC3) 111 

showed an increase in ZIKV-infected cultures, both in ZIKVA-positive and negative cells (Figure 112 

S1C-E). As hNPC depletion can result in lumen size changes, we also measured the lumen area 113 

and found it reduced in ZIKV-infected organoids (Figure S1F). These findings are in line with the 114 

ability of ZIKV to attenuate organoid growth and cause hNPC depletion (Cugola et al., 2016; 115 

Gabriel et al., 2017; Garcez et al., 2016; Qian et al., 2016; M. Watanabe et al., 2017) and thus 116 

validate our infection paradigm for the study of virus-induced microcephaly.  117 

To study the effects of other TORCH viruses, we exposed organoids to HCMV virus 118 

expressing the mNeonGreen fluorescent reporter (HCMV-mNG, (Kasmapour et al., 2018) and to 119 

another Herpesvirus, HSV-1. We observed mNeonGreen fluorescence in HCMV-exposed 120 

organoids at 4 dpi and in a minority of Sox1+ cells after immunostaining (Figure S1G-I). However, 121 

HCMV infection remained limited to small clusters of cells at 12 dpi and did not attenuate organoid 122 

growth (Figure S1G-K). These observations indicate that HCMV does not replicate efficiently and 123 

does not cause a microcephaly-like phenotype in early-stage organoids. In contrast to this, 124 

organoids exposed to HSV-1 disintegrated at 8 dpi (Figure S1L-M), uncovering the destructive 125 

nature of HSV-1 infection. Organoids exposed to a lower dose of HSV-1 still showed impaired 126 

growth at 8 dpi (Figure 1H-I, Table S2) but preserved tissue integrity to a certain extent. We 127 

observed productive HSV-1 infection at this lower dose, as evidenced by time-dependent 128 

expression of the HSV-1 thymidine kinase (TK) gene and the production of infectious HSV-1 129 

particles (Figure 1J-K). As TK expression at 4 dpi was low and variable, HSV-1 tropism at 4 dpi 130 

was analyzed in organoids exposed to the higher HSV-1 dose. This revealed infection of Sox1+ 131 

hNPCs and the typical chromatin marginalization to the nuclear periphery caused by HSV-1 132 

replication (Aho et al., 2017) (Figure 1L-M). Immunostaining of tissues infected with low HSV-1 133 

dose revealed a disrupted cytoarchitecture characterized by fewer and smaller VZ-like regions at 134 

8 dpi (Figure 1N-O). Moreover, analysis of the fraction of apoptotic cells showed an increase in 135 

HSV-1-infected cultures at 8 dpi compared to MOCK-treated organoids and their accumulation in 136 
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the lumen (Figure S1N-O). Unlike ZIKV, lumens of HSV-1-infected organoids appeared enlarged 137 

(Figure S1P), likely as a result of accumulation of apoptotic cells. Most apoptotic cells (92%) were 138 

negative for the expression of the immediate-early viral protein ICP4 (Figure S1Q-R), suggesting 139 

induction of apoptosis in bystander cells and/or abortively infected cells (Drayman et al., 2019). 140 

Together, these results indicate that ZIKV and HSV-1, but not HCMV, efficiently infect early-stage 141 

brain organoids and reduce their growth, thus mimicking ZIKV- and HSV-1-associated 142 

microcephaly.  143 

 144 

ZIKV and HSV-1 infections elicit different transcriptional signatures  145 

To investigate the molecular signatures underlying the different organoid growth defects, 146 

we analyzed the transcriptional profiles of ZIKV- and HSV-1-infected cultures by RNA-147 

sequencing. We confirmed high expression of neural progenitor genes in these datasets (Figure 148 

S2A) and focused on the transcriptional changes at the late time points, as very few genes were 149 

deregulated at 4 dpi (Figure 2A-B), an early infection stage that is not associated with major 150 

structural defects (Figure 1). We identified 531 and 423 differentially expressed genes (DEGs) in 151 

ZIKV- and HSV-1-infected cultures in respect of their MOCK counterparts. Many DEGs in ZIKV-152 

infected cultures were downregulated and involved in cell cycle and cell division (Figure 2C), while 153 

almost all DEGs found in HSV-1-infected cultures were upregulated (Figure 2B). Overlap between 154 

the two datasets was limited, since only 4.6% of DEGs were shared (Figure 2D).  155 

GO-term analysis on genes upregulated in ZIKV-infected cultures revealed enrichment for 156 

antiviral defense pathways, response to interferon (IFN), stress or stimuli (Figure 2E). 157 

Furthermore, promoters of upregulated genes were enriched in binding sites for transcription 158 

factors involved in immune responses (IRF7/9 and STAT1/2) and in the unfolded protein response 159 

(UPR, DDIT3 and ATF3) (Figure 2F). Genes implicated in antiviral defense (Schneider et al., 160 

2014) and UPR were the most upregulated at 12 dpi (Figure 2G, Table S3) and some were found 161 

upregulated already at 4 dpi (Figure S2B), confirming the activation of immune and stress-related 162 

signatures in ZIKV-infected cultures. In contrast, GO-term analysis on HSV-1-infected signatures 163 

revealed enrichment in the regulation of developmental and cellular processes, as well as cell 164 

death-related pathways (Figure 2H). Promoters of HSV-1-upregulated genes were enriched in 165 

binding sites of key regulators of proliferation, differentiation, apoptosis and transformation, 166 

including members of the transcription factor complex AP-1 (FOS, FOSB, JUN and JUNB) (Hess 167 

et al., 2004), NR4A3 and NFIL3 (Herring et al., 2019; Keniry et al., 2014), the neural crest 168 

regulator CSRNP1 (Simões-Costa and Bronner, 2015), the epithelial-mesenchymal transition 169 

(EMT) inducer SNAI1 (Carver et al., 2001) and stress response genes (DDIT3 and ATF3)  (Figure 170 
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2I). Consistent with this, regulators of cell proliferation, apoptosis and stress response were 171 

upregulated in HSV-1-infected cultures (Figure 2J, Table S3). The most upregulated genes also 172 

included genes implicated in neural, neural crest and mesenchymal development and key 173 

regulators of lymphocyte and erythrocyte function (Figure 2J, Table S3). We confirmed increased 174 

expression of the EMT regulator Snai1 in HSV-1-infected cultures by immunostaining (Figure 175 

S2C). These results point towards the activation of multiple non-neural pathways in HSV-1-176 

infected cultures.  177 

We hypothesized that this could compromise the neural identity of brain organoids. Thus, 178 

we examined neuroepithelial polarity in infected organoids by immunostaining for N-cadherin, 179 

which is typically enriched at the apical side in cells surrounding the lumen in MOCK-treated 180 

organoids (Figure 2K-L) (Kadowaki et al., 2007). Strikingly, N-cadherin accumulation was lost in 181 

HSV-1-infected cultures but not in ZIKV-infected organoids (Figure 2K-L). Apical accumulation of 182 

N-cadherin was reduced in HSV-1-infected hNPCs (Figure 2M), suggesting a cell-autonomous 183 

effect. Loss of N-cadherin mainly reflected changes in its localization or protein expression, as its 184 

mRNA abundance was not severely reduced in infected organoids (Figure S2D). Furthermore, 185 

we observed decreased Sox1 protein intensity in HSV-1-infected organoids (Figure S2E), 186 

confirming impaired hNPC identity. We observed similar defects also in later-stage organoids 187 

infected with HSV-1 (Figure S2F-N), demonstrating the ability of HSV-1 to alter differentiation in 188 

more fate-restricted cells. Together, these results indicate that HSV-1 specifically activates 189 

alternative non-neural developmental programs and disrupts the neuroepithelial integrity of brain 190 

organoids, while ZIKV infection triggers antiviral and stress-related signatures but maintains 191 

cytoarchitecture. 192 

 193 

ZIKV and HSV-1 infections differentially engage the IFN-I system   194 

We next explored the mechanisms underlying the differential engagement of antiviral 195 

defense pathways by ZIKV and HSV-1 by examining the upregulated signatures from the RNA-196 

sequencing data. Cluster analysis of genes upregulated in ZIKV-infected cultures revealed the 197 

presence of a highly connected cluster of genes enriched in the interferon-sensitive responsive 198 

element (ISRE) in their promoters (Figure 3A-B) and thus mapped to the ISG family (Schneider 199 

et al., 2014), in line with a previous study (Liu et al., 2019). Such a signature was not prominent 200 

in HSV-1-infected cultures (Figure 3C) and we confirmed the poor activation of ISGs by HSV-1 201 

also at early time points by RT-qPCR analysis (Figure S3A-B). As ISGs are potently induced by 202 

IFN-I (Schneider et al., 2014), we measured production of all IFN𝛼 species and IFN𝛽 in 203 

supernatants from ZIKV and HSV-1-infected organoids by ELISA assay. We detected a modest 204 
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(but non-significant) increase of IFN𝛽 specifically in the supernatants from ZIKV-infected cultures, 205 

while IFN𝛼 abundance was unchanged (Figure 3D-E). This analysis indicates the differential 206 

activation of ISGs and IFN-I in ZIKV and HSV-1-infected cultures. 207 

To simultaneously measure IFN-I and ISG expression at single-cell level and with spatial 208 

resolution in infected brain organoids, we built a dual fluorescent reporter system. We engineered 209 

hPSCs to carry a GFP cassette driven by the IFNB1 promoter (IFN>GFP) and a tdTomato 210 

cassette driven by the ISRE motif (ISRE>tdT) (Figure 3F). Immunostaining and flow cytometry 211 

analysis confirmed low basal expression of both reporters in control organoids and high ISRE>tdT 212 

expression in response to exogenous IFN-I (Figure S3C-D). To test the functionality of these 213 

reporters, we analyzed GFP and tdTomato expression by immunostaining in organoids stimulated 214 

with poly(I:C), a synthetic analog of double-stranded RNA (dsRNA) that acts as a potent IFN-I 215 

inducer in human NPCs (Lin et al., 2019). Consistent with induction, we detected high IFN>GFP 216 

signals and high ISRE>tdT expression (Figure 3G-J). However, this occurred only in 0.14% and 217 

46% of the cells respectively, fractions that were smaller to those measured in human lung 218 

epithelial A549 cells engineered with the same reporter system (3.6% and 91% respectively; 219 

Figure S3E-G). These results validate the functionality the dual reporter systems and reveal a 220 

high degree of stochasticity of IFNB1 expression (Zhao et al., 2012) in brain organoids. We next 221 

analyzed reporter expression in response to viral infections by immunostaining. In tissues infected 222 

with ZIKV, we detected high IFN>GFP signals in very few cells (0.11%), indicating IFNB1 223 

expression in a rare population of cells, and high ISRE>tdT expression in 30% of the cells (Figure 224 

3K-N), consistent with ISG induction. Spatial analysis of reporter expression in ZIKV-infected 225 

organoids revealed that ISRE>tdT-expressing cells, which co-expressed the neural progenitor 226 

marker Sox1 (Figure S3H-I), appeared in clusters (Figure 3K and S3H) and located in areas far 227 

from high IFN>GFP-expressing cells (Figure 3N). These observations point towards ISG 228 

expression in the absence of high IFN-I production, in line with an IFN-independent ISG induction 229 

model (Liu et al., 2019; Schneider et al., 2014). Furthermore, the fraction of ISRE>tdT-expressing 230 

cells located far from or close to high IFN>GFP-expressing cells in ZIKV-infected organoids was 231 

similar, in contrast to the distribution observed in organoids stimulated with poly(I:C) (Figure 3N 232 

and J), suggesting viral inhibition of paracrine IFN-I signaling. Consistent with this, expression of 233 

the IFN-I signaling transducer Stat2, which is targeted for degradation by ZIKV (Grant et al., 2016; 234 

Kumar et al., 2016), was reduced in ZIKV-infected regions compared to non-infected areas 235 

(Figure S3J). These observations suggest an heterogenous and overall modest activation of the 236 

IFN-I response in ZIKV-infected organoids. In contrast to this, in HSV-1-infected organoids we 237 

found high IFN>GFP and ISRE>tdT signals only in a very small fraction of cells (0.03% and 0.7%, 238 
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Figure 3O-R), indicating the lack of IFN-I and ISG induction in most cells. Altogether, these results  239 

reveal the differential induction of the IFN-I system in organoids infected by ZIKV and HSV-1.  240 

 241 

IFN-I response in brain organoids is more attenuated than in 2D cultures 242 

Our finding that IFN-I induction is modest in infected brain organoids was surprising given 243 

the strong IFN-I production measured in 2D hNPC cultures (Ferraris et al., 2019; Lima et al., 2019; 244 

Simonin et al., 2016; Zhang et al., 2016) and non-neural cultures (Hamel et al., 2015; C. Li et al., 245 

2017). To test whether the magnitude of the IFN-I response is influenced by the culture system 246 

or by the cell type composition, we compared the organoid response to the one of 2D cultures 247 

obtained from the dissociation of brain organoids (called disOrganoids, Figure S4A) and 2D 248 

cultures of non-neural cells such as A549. ZIKV and HSV-1 efficiently replicated in both 2D 249 

cultures and these infections proceeded faster than in brain organoids (Figure S4B-E). RT-qPCR 250 

analysis at time points that showed similar ZIKV and HSV-1 infection levels across cultures 251 

revealed a more prominent induction of IFNA and IFNB1 in disOrganoids and A549 cells 252 

compared to the one measured in intact organoids (Figure 4A-D). The only exception was the 253 

induction of IFNA upon ZIKV infection, which was minimal in all culture systems tested (Figure 254 

4A). Moreover, we analyzed the localization of Irf3, the major transcription factor that drives IFN-255 

I transcription after nuclear translocation (Honda and Taniguchi, 2006) and found that the fraction 256 

of cells showing nuclear Irf3 accumulation was larger in disOrganoids and A549 cells compared 257 

to brain organoids (Figure 4E-H and S4F). These results confirm a more attenuated activation of 258 

the IFN-I response in brain organoids compared to 2D cultures.  259 

Efficient nuclear translocation of Irf3 relies on high expression of pattern recognition 260 

receptors (PRRs) mediating cytosolic viral sensing (Zhao et al., 2012). We found low expression 261 

of PRRs in early-stage organoids compared to later-stage organoids (Figure S4G), similar to the 262 

time-dependent expression timeline seen in vivo (Figure S4H). However, PRR expression in 263 

early-stage organoids was comparable to the one measured in disOrganoids as well as in 2D 264 

cultures of NPCs, and the levels were lower than those measured in A549 cells (Figure 4I). All 265 

neural cultures (organoids, disOrganoids and NPCs) also showed similar efficacy of Irf3 nuclear 266 

translocation upon poly(I:C) treatment and this was lower than that of A549 cells (Figure 4I-K and 267 

S4I). These results suggest cell type-specific modulation of viral sensing and argue against major 268 

changes in viral sensing between brain organoids and 2D neural cultures.  269 

 270 

IFN𝛽 treatment prevents ZIKV-induced organoid defects  271 
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The low levels of IFN-I measured in infected brain organoids could be responsible for their 272 

high susceptibility to ZIKV and HSV-1, despite some evidence suggesting that high IFN-I activity 273 

might exacerbate damage (Dang et al., 2016; Liu et al., 2019). Consistent with this, ISRE>tdT 274 

reporter expression correlated with lower levels of apoptosis in ZIKV-infected organoids (Figure 275 

S4J). To further demonstrate the neuroprotective effect of the IFN-I system in our infection 276 

models, we resorted to the administration of exogenous IFN-I, which inhibit ZIKV and HSV-1 277 

replication in monolayer cultures (Contreras and Arumugaswami, 2016; Härle et al., 2002; Lafaille 278 

et al., 2012; Hamel et al., 2015; Lin et al., 2019; Gobillot et al., 2020). We confirmed the ability of 279 

two IFN-I subtypes, IFN𝛼2 and IFN𝛽, to restrict ZIKV and HSV-1 infections in 2D disOrganoid 280 

cultures (Figure S5A-D), in line with their similar signaling downstream of the IFN-I receptor 281 

(Ivashkiv and Donlin, 2014). Given the major differences in viral kinetics and in the strength of 282 

innate immune signaling observed in brain organoids and in 2D cultures, we investigated whether 283 

IFN-I treatment could be efficacious also in brain organoid models.   284 

We first applied IFN-I treatments to organoids that had been exposed to ZIKV and found 285 

that they both significantly ameliorated ZIKV-induced growth defects (Figure 5A-C). IFN-I 286 

treatments were well tolerated, since they did not compromise the growth of MOCK-treated 287 

organoids nor they induced large-scale apoptosis (Figure S5E-I). Strikingly, immunohistochemical 288 

analysis revealed that IFN𝛽 treatment increased the area of VZ-like regions and reduced ZIKV 289 

infection, while IFN𝛼2 showed much lower efficacy (Figure 5D-E). Poor efficacy of the IFN𝛼2 290 

treatment was unlikely due to a lower biological activity, since treatment with a higher dose of 291 

IFN𝛼2 failed to further improve the rescue of ZIKV-infected cultures compared to the lower dose 292 

(Figure S5J). Also, neuroprotective activity was specific to IFN-I signaling, as treatment with type 293 

III IFNs did not ameliorate the growth phenotype nor it induced ISG expression (Figure S5J-K). 294 

We then performed RNA-sequencing on ZIKV-infected organoids treated with IFN-I. Principal 295 

component analysis (PCA) and differential gene expression data revealed that IFN𝛽 treatment 296 

completely reverted the transcriptional changes caused by ZIKV, while IFN𝛼2 treatment rescued 297 

gene expression only partially (Figure 5F-G and S5L), in line with our immunohistochemical data. 298 

Moreover, IFN𝛽 treatment reduced ZIKV vRNA expression levels already at 4 dpi and even more 299 

dramatically at 12 dpi, while IFN𝛼2 treatment failed to do so (Figure 5H). Together, these results 300 

reveal the neuroprotective function of the IFN-I system and the superiority of IFN𝛽 over IFN𝛼2 in 301 

ameliorating ZIKV-induced organoid defects.  302 

 303 

IFN𝛽 treatment fails to prevent HSV-1-induced organoid defects  304 
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We next tested the antiviral actions of IFN𝛼2and IFN𝛽 against HSV-1 by comparing their 305 

ability to prevent growth and neuroepithelial defects in organoids that had been previously 306 

exposed to HSV-1 (Figure 6A). In contrast to the results obtained with ZIKV-infected organoids 307 

and HSV-1-infected 2D cultures, we found that only IFN𝛼2 treatment ameliorated HSV-1-induced 308 

organoid growth defects (Figure 6B-C). Consistent with this, IFN𝛼2treatment improved organoid 309 

architecture, suppressed HSV-1 infection and rescued Sox1 expression as well as N-cadherin 310 

localization, while IFN𝛽 treatment failed to do so (Figure 6D-G). Furthermore, transcriptional 311 

profiling of HSV-1-exposed cultures treated with IFN-I confirmed the inability of IFN𝛽treatment to 312 

rescue the transcriptional changes caused by HSV-1 (Figure 6H-I, S6A). Moreover, analysis of 313 

HSV-1 transcripts abundance measured by RNA sequencing confirmed that the IFN𝛼2treatment 314 

efficiently suppressedHSV-1 transcription at 8 dpi and that IFN𝛽 exerted a minor effect (Figure 315 

6J). Together, these results reveal the inability of IFN𝛽to perform its potent antiviral action against 316 

HSV-1, thus supporting differential functions of IFN-I subtypes in brain organoid models.  317 

 318 

HSV-1 selectively inhibits IFN𝛽 activity  319 

The poor antiviral activity of IFN𝛽 against HSV-1 could be due to its inability to induce a 320 

subset of ISGs counteracting HSV-1 compared to IFN𝛼2. To identify such a subset of ISGs, we 321 

analyzed the differential expression signatures of (uninfected) organoids treated with IFN𝛼2 or 322 

IFN𝛽 compared to untreated samples. These were enriched in genes implicated in defense 323 

response to virus and in response to IFN-I (Figure S6B-D). In contrast with our hypothesis, we 324 

found that all DEGs induced by IFN𝛼2were also found in the IFN𝛽 dataset and that the pattern 325 

of differential expression was remarkably similar, with the exception that IFN𝛽 showed higher 326 

potency (Figure S6E-F). Even at later time points, the DEGs induced by IFN𝛼2 largely overlapped 327 

with those upregulated in the IFN𝛽 dataset. Noticeably though, differences in ISG levels and a 328 

time-dependent ISG downregulation specific to IFN𝛼2-treated cultures and reminiscent of the 329 

IFN𝛼 desensitization (Sandler et al., 2014) became prominent (Figure S6G-H). These data argue 330 

against the existence of a set of ISGs uniquely induced by IFN𝛼2, thus ruling out our hypothesis. 331 

An alternative possibility is that HSV-1 might specifically block the activity of IFN𝛽 through 332 

the action of one or multiple viral proteins (Danastas et al., 2020). Such an infection-dependent 333 

effect is supported by the observation that IFN𝛽 showed potent antiviral activity against HSV-1 334 

when administered to organoids before (but not after) viral exposure (Figure S7A-B), and by the 335 

diminished IFN𝛽-dependent ISG expression in HSV-1-infected cultures compared to MOCK-336 

treated conditions (Figure S7C). We noticed that one of the affected ISGs was the protein kinase 337 
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R (PKR), an antiviral effector that inhibits translation of viral mRNAs by phosphorylating eIF2a 338 

(Schneider et al., 2014) and whose activity is counteracted by the HSV-1 protein ICP34.5 (Chou 339 

et al., 1995). This observation led us to hypothesize that the HSV-1 protein ICP34.5 may 340 

counteract IFN𝛽 activity via targeting the PKR pathway. This model predicts that loss of ICP34.5 341 

would render HSV-1 sensitive to IFN𝛽. We thus performed infections with an HSV-1 mutant strain 342 

that carries the deletion of both copies of ICP34.5 genes and referred to as R3616 (Figure S7D) 343 

(Chou et al., 1990). ICP34.5-null mutants replicate well in cell culture but they are attenuated in 344 

the brains of mice and humans (Bolovan et al., 1994; Chou et al., 1990; Kaur et al., 2012; Leib et 345 

al., 1999). Consistent with in vivo neuroattenuation, the ICP34.5-null strain R3616 reduced 346 

organoid growth less efficiently than wild type (wt) HSV-1 especially at the low inoculum dose and 347 

exhibited limited viral spreading and viral particle release compared to wt HSV-1 (Figure 7A-I). 348 

Importantly, when R3616 showed prominent infection, its replication was efficiently blocked by 349 

IFN𝛽 (Figure 7J-M), consistent with our prediction. R3616 infection did not change the expression 350 

levels of ISGs similar to wt HSV-1, ruling out a direct role of ICP34.5 in ISG induction (Figure 351 

S7E). Together, these results indicate that HSV-1 selectively inhibits IFN𝛽 action in part via 352 

ICP34.5.  353 

 354 

DISCUSSION 355 

Here we establish human brain organoid models for two distinct TORCH viruses, ZIKV 356 

and HSV-1. We show that these two models share features of microcephaly but exhibit major 357 

differences in the underlying structural defects and transcriptional profiles, as well as in the 358 

engagement of the antiviral system and sensitivity to IFN-I. These results argue for the existence 359 

of unique pathogenic mechanisms underlying virus-induced microcephaly and the use of tailored 360 

antiviral strategies against TORCH pathogens. 361 

Both ZIKV and HSV-1 infect hNPCs leading to productive infection and causing reduced 362 

organoid size and cell depletion. These data implicate hNPC infection in TORCH 363 

neuropathogenesis and are consistent with other organoid models of ZIKV and HSV-1 infection 364 

(Cugola et al., 2016; Gabriel et al., 2017; Garcez et al., 2016; Qian et al., 2016; Qiao et al., 2020; 365 

M. Watanabe et al., 2017) as well as with the clinical findings associated with viral exposure in 366 

the first and second trimesters of pregnancy (Honein et al., 2017; Marquez et al., 2011). HSV-1 367 

infection in organoids appears more destructive than that caused by ZIKV, in line with the high 368 

severity of in utero HSV infections (Marquez et al., 2011). In contrast to this, HCMV shows limited 369 

tropism for primitive hNPCs and poor replication in early-stage organoids. This phenotype is likely 370 

due to the lack of intermediate progenitors (Kanton et al., 2019), a population of hNPCs recently 371 
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identified as the major cellular target of HCMV in a 45-days-old organoid model of microcephaly 372 

(Sun et al., 2020). These data suggest different neurotropism of TORCH viruses in the human 373 

fetal brain. 374 

Mechanistically, we show that both ZIKV and HSV-1 infections trigger apoptosis, as 375 

previously reported (Cairns et al., 2020; Cugola et al., 2016; Hanners et al., 2016; Qian et al., 376 

2016; Souza et al., 2016; M. Watanabe et al., 2017). Apoptosis likely represents a general cellular 377 

defense against viral spreading that could explain the neurotoxicity of congenital TORCH 378 

infections. Yet, our analysis of apoptosis and lumen size suggests that different mechanisms of 379 

tissue damage may be involved. Whereas ZIKV infection likely reduces the lumen size by basal 380 

delamination of apoptotic cells from the neuroepithelium, HSV-1 infection results in enlarged 381 

lumens possibly through apical extrusion of apoptotic cells. Furthermore, our data suggest that 382 

HSV-1 is unique in its ability to cause neuropathology by impairing neuroepithelial integrity, in line 383 

with the key roles of cell adhesion in controlling NPC proliferation and maintenance during brain 384 

development (Chenn and Walsh, 2002; Hatakeyama et al., 2014; Kadowaki et al., 2007; Rousso 385 

et al., 2012). HSV-1 may perturb neuroepithelial polarity either by promoting N-cadherin cleavage 386 

(Reiss et al., 2005) or by disrupting adherens junctions via binding to the cell adhesion molecule 387 

Nectin1 (Krummenacher et al., 2003; Richart et al., 2003; Simpson et al., 2005). Remarkably, 388 

these cytoarchitectural changes seen in organoids are distinct from the large multicellular 389 

structures observed in 2D neural cultures (this study and (Cairns et al., 2020)). These 390 

discrepancies are likely due to major changes in cell adhesion and polarity of NPCs grown in 391 

monolayer and 3D organoid cultures (Scuderi et al., 2021), confirming the superiority of brain 392 

organoids in mimicking the neuropathological features associated with HSV-1 infection.  393 

The structural and cellular differences of ZIKV and HSV-1 organoid models are also 394 

reflected in their transcriptional profiles. While cell death is concomitant with the activation of 395 

cellular stress- and virus defense-related pathways in ZIKV-infected cultures in agreement with 396 

previous studies (Gladwyn-Ng et al., 2018; Liu et al., 2019; M. Watanabe et al., 2017), apoptosis 397 

is linked to the upregulation of ATF and Jun/Fos families of transcription factors and the activation 398 

of non-neural developmental pathways in HSV-1-infected cultures. In the case of HSV-1, it is 399 

possible that this transcriptional activation is required to ensure efficient replication, as HSV-1 400 

induces similar profiles in other cells (Drayman et al., 2019; Hensel et al., 2019; Hu et al., 2016). 401 

Another option is that the deregulation of non-neural genes caused by HSV-1 could contribute to 402 

the loss of neuroepithelial identity. Indeed, the altered hNPC morphology, reduced apical N-403 

cadherin localization and the disintegration of infected organoids are reminiscent of the 404 



 

                                                                                                                                                                       
 

14 

morphological changes, lowered cadherin levels and weakened adhesion of mesenchymal cells 405 

(Thiery et al., 2009).  406 

Our work highlights major differences in the cellular innate response against ZIKV and 407 

HSV-1 and their sensitivity to IFN-I. While these disparities are perhaps not surprising given the 408 

great diversity of the two viruses, these phenotypes are unique to brain organoids. We show that 409 

both ZIKV and HSV-1 infections of organoids attenuate IFN-I responses much strongly as 410 

compared to 2D cultures, helping resolve a discrepancy in the field on the magnitude of the 411 

antiviral response between 2D and 3D culture systems (C. Li et al., 2017; Lima et al., 2019; Liu 412 

et al., 2019; Simonin et al., 2016; Zhang et al., 2016). The attenuated IFN-I response of organoids 413 

is consistent with the low immune reactions described in the microcephalic brains of ZIKV-infected 414 

patients (Lima et al., 2019) and with the generally low IFN-I activity of the brain (Sorgeloos et al., 415 

2013). Changes in the modulation of innate immune reactions between 3D and 2D culture 416 

systems may result from differences in infectivity levels and/or viral spreading, since we observed 417 

lower initial infection levels and much slower kinetics of viral replication in 3D compared to 2D 418 

culture. A slow kinetics often reflects a small fraction of infected cells and could thus explain the 419 

rare activation of IFN𝛽 transcription measured by our reporter assay. These discrepancies could 420 

result from inefficient cell targeting due to limited cell surface accessibility and/or from reduced 421 

local spreading due to stronger cell-to-cell contacts in 3D as compared to 2D culture.  422 

Moreover, our work reveals that ZIKV and HSV-1 replication in organoid cultures is 423 

differentially sensitive to the action of distinct IFN-I subtypes. These results lend support to the 424 

neuroprotective function of the IFN-I system against viral infections (Gorman et al., 2018; Leib et 425 

al., 1999; C. Li et al., 2017; Lin et al., 2019; Sorgeloos et al., 2013; J. P. Wang et al., 2012) and 426 

to the view that distinct IFN subtypes can mediate different biological outcomes (Ng et al., 2016). 427 

Nevertheless, it is surprising that distinct IFN-dependent viral phenotypes are detectable in 3D, 428 

while remaining indistinguishable in 2D cultures (this study and (Contreras and Arumugaswami, 429 

2016; Härle et al., 2002; Lafaille et al., 2012)). A contributing factor could be the duration of the 430 

IFN-I treatment, since the pattern of ISG expression induced by IFN𝛼/𝛽 starts to differ after 431 

repeated administrations. Viral phenotypes in 3D might also be strongly influenced by viral 432 

immune evasion mechanisms (Chou et al., 1990; Danastas et al., 2020; Gorman et al., 2018; 433 

Grant et al., 2016; Kumar et al., 2016). The reduced efficacy of IFN-I against ZIKV in 3D vs 2D, 434 

the neuroattenuation of the ICP34.5-null HSV-1 mutant and the poor IFN𝛽 activity against HSV-435 

1 in brain organoids are compatible with this possibility. 436 

Finally, our work uncovers the existence of previously unappreciated differences in IFN-I 437 

activities. The superior antiviral activity of IFN𝛽 over IFN𝛼2 against ZIKV infection likely reflects 438 
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the longer-lasting and more potent ISG induction by IFN over IFN𝛼2, in line with the higher 439 

potency of IFN𝛽 (Bolen et al., 2014; Gobillot et al., 2020). More intriguing is the poor antiviral 440 

activity of IFN𝛽 against HSV-1 since this effect could be specific to the brain. In fact, IFN𝛽 potently 441 

inhibits HSV-1 replication in other cells and in mice (Arao et al., 1997; Carr et al., 2003; Giraldo 442 

et al., 2020; Härle et al., 2001). Our pre and post-treatment IFN𝛽 experiments with wt and 443 

ICP34.5-null HSV-1 viruses indicate that HSV-1 selectively neutralizes IFN𝛽 action, in line with 444 

the well-described ability of HSV-1 to evade IFN-I signaling (Danastas et al., 2020). This 445 

mechanism may represent an efficient strategy to target the most potent IFN type in the brain 446 

when both IFN𝛼 species and IFN𝛽 are produced (Sorgeloos et al., 2013). Our results suggest 447 

that such evasion mechanism is in part mediated by the viral protein ICP34.5, which possibly 448 

counteracts ISG induction and PKR activity downstream of IFN-I signaling (Chou et al., 1995; He 449 

et al., 1997). However, since PKR is induced and likely activated also in IFN𝛼2-treated organoids, 450 

future work is needed to characterize the mechanisms determining the selectivity against IFN𝛽.  451 

In conclusion, the organoid infection models described in this work have a great utility for 452 

evaluating therapeutics against ZIKV and HSV-1 and can serve as experimental platforms for 453 

better characterizing the activity of human IFNs. Although our results support the therapeutic use 454 

of specific IFN-I against ZIKV and HSV-1 infections, our understanding of IFN activities in humans 455 

is limited, as reflected in the toxicity and efficacy issues of IFN-based therapies (Fritz-French and 456 

Tyor, 2012; S.-F. Li et al., 2018). Mechanistic studies on ISG functions in these organoid infection 457 

systems will help guide the design of more efficacious IFN-I modulatory compounds. Furthermore, 458 

our infection models for HSV-1 could serve as platforms for further characterization of HSV-1 459 

evasion mechanisms and for testing of HSV-1 mutants. This work will help improve the design of 460 

oncolytic HSV-1 vectors that could overcome the limited efficacy of current HSV-1 viruses in 461 

glioblastoma therapy (Kaur et al., 2012). More broadly, our work calls for a paradigm shift to 462 

human 3D systems for the study of viral mechanisms that will be instrumental for the development 463 

of more effective antiviral compounds for the treatment of neurological complications.  464 

Limitation of the study 465 

Our analysis of antiviral signaling is limited by the small number of antiviral genes analyzed 466 

and by the lack of time-resolved tissue dynamics of viral and host proteins expression. Such 467 

analyses in large 3D tissue-like brain organoids are technically challenging and the application of 468 

emerging techniques, such as spatial transcriptomics (Burgess, 2019) and live 3D tissue 469 

fluorescent imaging (Rios and Clevers, 2018) in an appropriate bio-safety setting, will allow 470 

greater insights into the tissue dynamics of viral spreading and antiviral signaling. Another 471 

limitation of the organoid models used in this study is their low cellular complexity, which does not 472 
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recapitulate the full repertoire of neural cells seen in late-stage organoid cultures (Kanton et al., 473 

2019), and their lack of the microglia, a limitation of current organoid models (Amin and Paşca, 474 

2018). The development of co-culture systems of late-stage organoid cultures and microglia will 475 

be instrumental to better recapitulate fetal neuroimmune interactions that could be relevant for 476 

viral pathogenesis.  477 

 478 
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MAIN FIGURE TITLES AND LEGENDS 508 
 509 

Figure 1. ZIKV and HSV-1 infections impair organoid growth  510 

A-B) Images (scale bars 200 µm) and area measurements of organoids exposed to ZIKV or 511 

MOCK-treated. Values are mean ± SD and represent individual organoids (p=0.7886 4 dpi; 512 

p=0.3190 8 dpi; **** is p<0.0001; Mann-Whitney test). TCID50, mean tissue culture infectious 513 

dose. 514 

C) RT-qPCR analysis of ZIKV viral RNA (vRNA) in organoids exposed to ZIKV. Values are mean 515 

± SEM (p=0.1 1 dpi; p=0.0022 4 dpi; p=0.0286 12 dpi; Mann-Whitney test over age-matched 516 

MOCK-treated).  517 

D) Immunostaining of Vero cells (scale bars 100 µm) incubated with supernatants (sup) of ZIKV-518 

infected organoids. ZIKVA, ZIKA Virus Antigen. 519 

E-G) Immunostaining (scale bars are 100 µm) of organoids exposed to ZIKV or MOCK-treated. 520 

Dashed lines indicate organoid contour based on DAPI signal (not shown). Insets in F (scale bars 521 

50 µm) show a magnified view of the ventricular zone (VZ)-like structures (dashed lines) and their 522 

lumens (dotted lines). Violin plots indicate median and quartiles (n=129 regions from 11 MOCK, 523 

n=109 from 13 ZIKV organoids from 3 experiments; **** is p<0.0001; Mann-Whitney test).  524 

H-I) Images (scale bars 200 µm) and area measurements of organoids exposed to HSV-1 (102 525 

PFU) or MOCK-treated. Values are mean ± SD and represent individual organoids (p=0.6625 4 526 

dpi; **** is p<0.0001; Mann-Whitney test).  527 

J) RT-qPCR analysis of HSV-1 gene Thymidine Kinase (TK) in organoids exposed to HSV-1 (102 528 

PFU). Values are mean ± SEM (p>0.9999 1 dpi; p=0.4004 4 dpi; p=0.0079 8 dpi; Mann-Whitney 529 

test over age-matched MOCK-treated).  530 

K) Immunostaining of Vero cells (scale bars 100 µm) incubated with supernatants (sup) from HSV-531 

1-infected organoids (102 PFU).  532 

L-M) Immunostaining (scale bars 100 µm in L, 20 µm in M) of organoids exposed to HSV-1 (103 533 

PFU) and analyzed at 4 dpi. Arrows indicate chromatin localization (marked by DAPI) at the 534 

nuclear periphery.  535 

N-O) Immunostaining (scale bars 100 µm) of organoids exposed to HSV-1 (102 PFU) or MOCK-536 

treated. Dashed lines indicate organoid contour based on DAPI signal (not shown). Insets (scale 537 

bars 50 µm) show a magnified view of ventricular zone (VZ)-like structures (dashed lines) around 538 

lumens (dotted lines). Inset from HSV-1 samples underwent a 180° rotation. Violin plots indicate 539 

median and quartiles (n=146 regions from 15 MOCK, n=69 from 16 HSV organoids from 3 540 

experiments; **** is p<0.0001, Mann-Whitney test).  541 
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ns, non-significant; dpi, days post-infection. See also Figure S1, Table S1 and S2.  542 

 543 

Figure 2. ZIKV and HSV-1 infections elicit distinct transcriptional responses  544 

A-B) Graphs showing the number of differentially expressed genes (DEGs) in virus-infected 545 

organoids.  546 

C) Top 10 Gene Ontology (GO)-terms of downregulated genes (log2FoldChange <1) in ZIKV vs. 547 

MOCK-exposed organoids (12 dpi).  548 

D) Venn diagram showing limited overlap between the two datasets.  549 

E and H) Top 10 GO-terms of upregulated genes (log2FoldChange >2) in virus-infected organoids 550 

(12 dpi in E, 8 dpi in H).  551 

F and I) Top 10 results of ChEA3 transcription factor (TF) analysis performed on upregulated 552 

genes.  553 

G and J) Expression of the top 25 upregulated genes in ZIKV-infected organoids (12 dpi, in G) or 554 

in HSV-1-infected organoids (8 dpi, in J). FC, fold change.  555 

K-M) Immunostaining (scale bars 50 µm in K-L, 20 µm in M) of infected and MOCK-treated 556 

organoids. Dashed lines and asterisks indicate organoid surface based on DAPI signal (not 557 

shown) and lumen respectively.  558 

dpi, days post-infection. See also Figure S2 and Table S3.  559 

 560 

Figure 3. ZIKV and HSV-1 infections differentially engage the IFN-I system   561 

A-B) Cluster of densely connected genes among genes upregulated in ZIKV-infected organoids 562 

at 12 dpi (in A) and their HOMER de novo motif analysis (in B).  563 

C) Expression analysis of genes from A in infected organoids compared to their MOCK controls. 564 

D-E) Quantification of IFN𝑎 and IFN𝛽 levels measured by ELISA assay. Values represent mean 565 

± SEM (Mann-Whitney tests). 566 

F) Schematic diagram of IFNB1>GFP (IFN>GFP) and ISRE>tdTomato (ISRE>tdT) reporters.  567 

G-R) Immunostaining (scale bars 100 µm) of organoids generated from reporter cells and 568 

analyzed one day after stimulation with poly(I:C) in G, or after ZIKV or HSV-1 exposure (in K and 569 

O). Dashed lines indicate organoid contour based on DAPI (not shown). Insets (scale bars 50 570 

m) represent a magnified view of the area close to one single IFN>GFP+ cell (arrows). 571 

Arrowheads indicate ISRE>tdT+ cells. Graphs are Tukey plots (n≥3; p=0.0211 in H, p=0.0007 in 572 

I, p=0.0068 in J, p=0.0273 in L, p=0.0091 in M, p=0.3175 in N, p=0.0857 in P, p=0.6820 in Q, 573 

p=0.5994 in R, Mann-Whitney tests). Ctrl, control transfection. ns, non-significant.  574 

dpi, days post-infection; See also Figure S3. 575 
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Figure 4. The IFN-I response in brain organoids is more attenuated than in 2D cultures 576 

A-D) Quantification of IFNA and IFNB1 expression by RT-qPCR in cultures exposed to ZIKV (in 577 

A-B) or HSV-1 (in C-D). Dotted lines indicate the value of 1. Values are mean ± SEM (n=3 for 578 

A549, n=4 for disOrg, n=7 for ZIKV organoids, n=3 for HSV-1 organoids; ZIKV IFNA: p=0.8985 579 

A549 1 dpi; p=0.0823 A549 4 dpi; p=0.6069 disOrg 2 dpi; p=0.9784 disOrg 4 dpi; p=0.7633 Org 580 

4 dpi; p=0.0057 Org 12 dpi; ZIKV IFNB1: p=0.0005 A549 1 dpi; p=0.0015 A549 4 dpi; p=0.7036 581 

disOrg 2 dpi; p=0.0008 disOrg 4 dpi; p=0.2135 Org 4 dpi; p=0.0333 Org 12 dpi; HSV-1 IFNA: 582 

p=0.5876 A549 1 dpi; p=0.0105 A549 4 dpi; p=0.1457 disOrg 2 dpi; p=0.0183 disOrg 4 dpi; 583 

p=0.2903 Org 4 dpi; p<0.0001 Org 8 dpi; HSV-1 IFNB1: p=0.0794 A549 1 dpi; p=0.1054 A549 4 584 

dpi; p=0.3126 disOrg 2 dpi; p=0.0056 disOrg 4 dpi; p=0.4055 Org 4 dpi; p=0.2250 Org 8 dpi; 585 

Mann-Whitney test comparisons of infected samples vs age-matched MOCK samples).  586 

E-H) Immunostaining (scale bars 100 m) and quantification of Irf3 nuclear localization. A549 and 587 

disOrganoids were analyzed at 4 dpi, organoids at 12 dpi (in E) or 8 dpi (in F). ZIKVA, Zika virus 588 

Antigen; ICP4, infected cell polypeptide 4 protein of HSV-1. Color code as in A. Values are mean 589 

± SEM (p=0.0007 in G; p<0.0001 in H; one-way ANOVA).  590 

I) Expression of nucleic acid sensors measured by RT-qPCR. Values are mean ± SEM (n=3, 591 

p=0.3387 RIG-I; p=0.0063 DHX58; p=0.0432 TLR7; **** is p<0.0001; one-way ANOVA).  592 

J-K) Immunostaining (scale bars 20 µm) and quantification of Irf3 nuclear accumulation after 593 

poly(I:C) treatment. Values are mean ± SEM (n=3; p<0.0001, one-way ANOVA).  594 

ns, non-significant; dpi, days post-infection. See also Figure S4.  595 

 596 

Figure 5. IFN𝛽 treatment prevents ZIKV-induced organoid defects 597 

A) Timeline of interferons (IFN-I) treatment. Organoids were analyzed at 12 dpi. 598 

B-C) Images (scale bars 200 µm) of organoids treated as in A and area quantification. Values are 599 

mean ± SD and represent individual organoids (**** is p<0.0001, p=0.0063 ZIKV+IFN vs ZIKV, 600 

p=0.0021 ZIKV+IFNvs ZIKV, p>0.9999 ZIKV+IFNvs ZIKV+IFN p=0.0015 ZIKV+IFNvs 601 

MOCK, p=0.0117 ZIKV+IFNvs MOCK, Kruskal-Wallis test).  602 

D-E) Immunostaining (scale bars 200 µm) of organoids and area quantification of ventricular zone 603 

(VZ)-like regions. Violin plots show median and quartiles (n=114 regions from 6 MOCK organoids, 604 

n=55 from 7 ZIKV organoids, n=73 from 7 ZIKV+IFN organoids, n=106 from 7 ZIKV+IFN 605 

organoids; p=0.0026 ZIKV+IFN vs MOCK; p>0.9999 ZIKV+IFNvs MOCK; **** is p<0.0001; 606 

Kruskal-Wallis test).  607 

F-G) Principal Component Analysis (PCA) and expression (in scaled variance stabilizing 608 

transformation or VST) of differentially expressed genes. 609 
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H) Quantification of ZIKV viral RNA (vRNA) expression measured by RT-qPCR in organoids 610 

treated as in A. Values are mean ± SEM (4dpi: p=0.0017 ZIKV+IFN vs ZIKV, p=0.0005 611 

ZIKV+IFNvs ZIKV; **** is p<0.0001; one-way ANOVA Tukey’s multiple comparisons test).  612 

dpi, days post-infection; ns, non-significant. See also Figure S5 and Table S2.  613 

 614 

Figure 6. IFN𝛽 treatment fails to prevent HSV-1-induced organoid defects  615 

A) Timeline of IFN-I administration. Organoids were analyzed at 8 dpi. 616 

B-C) Images (scale bars 200 µm) and area quantification of organoids treated as in A. Values are 617 

mean ± SD (**** is p<0.0001; p=0.0043 HSV+IFN vs HSV; p>0.9999 HSV+IFN vs HSV; 618 

p=0.0587 HSV+IFN vs HSV+IFN; p>0.9999 HSV+IFN vs MOCK; p=0.0007 HSV+IFN vs 619 

MOCK; Kruskal-Wallis test).  620 

D and F) Immunostaining (scale bars 200 µm) of organoids. Dashed lines indicate organoid 621 

contour.  622 

E) Quantification of Sox1 mean intensity per cell. Violin plots show median and quartiles (n>3000 623 

cells from at least 3 organoids per condition, **** is p<0.0001, Kruskal-Wallis test).  624 

G) Quantification of the ventricular zone (VZ)-like regions marked by N-Cadherin (N-Cad) apical 625 

accumulation. Data are mean ± SEM (n=3 experiments; **** is p<0.0001, ns is p>0.9999; Kruskal-626 

Wallis test).  627 

H-I) Principal Component Analysis (PCA) and expression (in scaled variance stabilizing 628 

transformation or VST) of genes differentially expressed in HSV-1-infected organoids.  629 

J) Percentage of RNA-sequencing reads aligned to the HSV-1 genomic sequence. Values are 630 

mean ± SEM (for 4 dpi: p=0.8613 MOCK vs HSV, p=0.9975 HSV+IFN vs HSV, p=0.8447 631 

HSV+IFNvs HSV; for 8 dpi: p=0.003 MOCK vs HSV, p=0.0003 HSV+IFN2 vs HSV, p=0.2943 632 

HSV+IFN vs HSV, one-way ANOVA Tukey’s multiple comparisons test).  633 

dpi, days post-infection; ns, non-significant. See also Figure S6 and Table S2.  634 

 635 

Figure 7. HSV-1 selectively counteracts IFN𝛽 activity 636 

A-F) Images (scale bars 200 µm) and area quantifications of organoids exposed to HSV-1 wild 637 

type (WT), R3616 mutant or MOCK-treated and analyzed at 8 dpi. Values are mean ± SD and 638 

represent individual organoids (in B: for wt, p=0.0066 and p=0.0021; for R3616 p=0.0008 and 639 

p=0.7802; in E: for wt p=0.0002, p=0.02, p=0.0232 and p=0.1606; for R3616, p=0.8148, 640 

p=0.5701, p=0.7394; **** is p<0.0001; Mann-Whitney test comparisons to MOCK counterparts). 641 
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Outcomes of infection experiments shown in C and F are based on statistical significance (strong 642 

if p<0.005, mild if 0.005<p<0.05 or none if p>0.05). 643 

G-H) Immunostaining (scale bars 200 µm) and quantification of infected organoid area at 8 dpi. 644 

Dashed lines indicate organoid contour. Data are mean ± SD (n=6 organoids for WT, n=7 for 645 

R3616).  646 

I) Immunostaining (scale bars 100 µm) of Vero cells incubated with supernatants (Sup) from HSV-647 

1 WT- or R3616-infected organoids at 8 dpi.  648 

J-M) Images, immunostaining (scale bars 200 µm) and quantification of organoid infected area at 649 

8 dpi. Refer to Figure 6 for comparison to wt HSV-1. Values in K are mean ± SD (n=6 untreated 650 

organoids, n=7 organoids for IFN and IFN; **** is p<0.0001; ns is p p>0.9999; p=0.0020 651 

R3616+IFN𝛼2 vs R3616; Kruskal-Wallis test).  652 

dpi, days post-infection; ns, non-significant. See also Figure S7, Table S1 and S2. 653 

 654 

 655 
 656 

657 
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STAR METHODS 658 
 659 

RESOURCE AVAILABILITY 660 

 661 

Lead Contact  662 

Information and requests regarding reagents and biological materials should be addressed to the 663 

Lead Contact, Dr. Jürgen Knoblich (juergen.knoblich@imba.oeaw.ac.at).  664 

 665 

Materials availability  666 

All unique reagents and biological materials generated in this study are available from the Lead 667 

Contact, Dr. Jürgen Knoblich (juergen.knoblich@imba.oeaw.ac.at), in compliance with Material 668 

Transfer Agreements (MTA).  669 

 670 

Data and Code availability  671 

RNA-seq data generated in this study have been deposited at NCBI Gene Expression Omnibus 672 

(GEO) under the accession numbers GSE123816 and GSE145496. The data that support the 673 

findings of this study are available from the Lead contact Dr. Jürgen Knoblich 674 

(juergen.knoblich@imba.oeaw.ac.at) upon reasonable request. 675 

 676 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 677 
 678 

Human embryonic stem cells and cell lines 679 

Human embryonic stem cells (hESC) H9 were obtained from WiCell. Human lung epithelial 680 

carcinoma A549 cells and African green monkey kidney Vero cells were obtained from ATCC and 681 

maintained in regular Dulbecco’s minimal essential medium (DMEM) supplemented with 10% 682 

fetal bovine serum (FBS) and 2 mM L-Glutamine. All cells were authenticated using a short 683 

tandem repeat (STR) assay. All cells were maintained in a 5% CO2 incubator at 37°C and routinely 684 

tested for mycoplasma. 685 

Viruses  686 

The French Polynesian ZIKA virus strain (ZIKV, H/PF/2013 ) was propagated in Vero cells. Briefly, 687 

Vero cells were infected with ZIKV at multiplicity of infection (MOI) 0.1 and incubated at 37°C in 688 

a 5% CO2 incubator. At 3 days post-infection, cell supernatants from infected cells were harvested 689 

and purified by centrifugation at 1500 rpm for 10 min to remove cellular debris. The viral titre was 690 

determined by tissue culture infective dose (TCID) assay performed on Vero cells. Briefly, 691 

confluent Vero cells plated in 96-well plates were infected with serially diluted ZIKV stocks and 692 

mailto:juergen.knoblich@imba.oeaw.ac.at
mailto:juergen.knoblich@imba.oeaw.ac.at
mailto:juergen.knoblich@imba.oeaw.ac.at
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incubated at 37°C in a 5% CO2 incubator. The assay was carried out in eight parallels wells for 693 

each dilution with the last column of 96-well plate as control cells without virus. At 5 days post-694 

infection, the appearance of cytopathic effect (CPE) was examined by microscopy. The TCID50 695 

was calculated from the CPE induced in the cell culture. The wild type Herpes Simplex virus 1 (wt 696 

HSV-1, strain F) and the R3616 mutant HSV-1 virus (HSV-1 R3616, strain F) were generated 697 

previously (Chou et al., 1990) and kindly provided by B. Roizman (University of Chicago, Chicago, 698 

IL). HSV-1 viruses were grown and subjected to titer determination by plaque assay on Vero cell 699 

monolayers as previously described (Calistri et al., 2003). Human Cytomegalovirus (HCMV, strain 700 

TB40/E) expressing mNeonGreen fluorescence protein under the control of the endogenous 701 

HCMV major immediate-early (MIE) promoter of UL122/123 genes (HCMV-UL122/123-702 

mNeonGreen) was generated and kindly provided by L. Cicin-Sain (Helmholtz Centre of Infection 703 

Research, (Kasmapour et al., 2018). Note that this modified virus shows similar growth kinetics 704 

to the parental strain (Kasmapour et al., 2018). Viral stocks were aliquoted and stored at -80°C. 705 

Supernatants from uninfected Vero cells were prepared as performed during viral propagation 706 

and used as MOCK controls. Infection experiments were conducted under Biosafety Level 2 Plus 707 

containment. 708 

 709 
METHOD DETAILS 710 
 711 

Maintenance of hESCs  712 

H9 cells were cultured under feeder-free or feeder-dependent conditions. Feeder-free H9 cells 713 

were seeded onto 6-well plates coated with hES-qualified matrigel and maintained in mTeSR1 714 

medium. Cells were fed daily and passaged every 3-4 days using 0.5 mM EDTA solution 715 

treatment and mechanical dissociation. Feeder-dependent H9 cells were cultured on CF-1-γ-716 

irradiated mouse embryonic fibroblasts seeded one day in advance onto gelatin-coated [0.1% 717 

(wt/vol) gelatin] 6-well plates. Cells were fed daily with stem cell medium containing DMEM-F12 718 

supplemented with 20% KnockOut Serum Replacement, 3% FBS, 1X GlutaMAX, 1X minimum 719 

essential medium amino acids (MEM-NEAA), 0.1 mM beta-mercaptoethanol (BME), 20 ng/ml 720 

bFGF as previously described (Lancaster and Knoblich, 2014). Cells were passaged every 5-7 721 

days following treatment with collagenase IV (0.1% wt/vol) for 15 minutes and mechanical 722 

dissociation.  723 

Generation of interferon reporter lines 724 

The reporter constructs were inserted into the AAVS1 safe-harbor locus of feeder-free H9 cells 725 

or A549 cells using TALEN technology as described before (Bagley et al., 2017). Donor 726 

plasmids were constructed to insert the following cassettes: (i) 2APuro-2xCHS4-IFNB1>eGFP-727 
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WPRE-SV40-2xCHS4 and (ii) 2ANeo-2xCHS4-ISRE>tdTomato-WPRE-SV40-2xCHS4. 728 

Fragments spanning -1425 base pairs (bp) downstream and 40 bp upstream of the 729 

transcription start site of the human IFNB1 gene and 353 bp downstream and 74 bp upstream 730 

of the transcription start site of the human ISG15 gene (Hummer et al., 2001) were used as 731 

promoters. All donor plasmids were verified by sequencing. For reporter integration in H9 cells, 732 

106 single cells prepared using accutase were nucleofected with the Amaxa nucleofector 733 

(Lonza) and Human Stem Cell Nucleofector Kit 1 solutions containing 0.5 µg of each of the 734 

TALEN plasmids and 1 µg of each of the two donor plasmids following manufacturer’s 735 

guidelines. Nucleofected cells were grown for four days and then selected with 0.5 µg/ml 736 

puromycin and 100 g/ml G418. For reporter integration in A549 cells, 1.2 x106 cells were 737 

seeded and one day later transfected with Lipofectamine 3000 and 1 µg of each of the TALEN 738 

plasmids and 1.5 µg of each donor plasmid following manufacturer’s instructions. One day 739 

later, the medium was replaced and A549 cells were selected with 0.5 µg/ml puromycin and 740 

750 µg/ml G418 starting from day 2. Surviving colonies of H9 and A549 were picked manually, 741 

transferred into 24-well plates and further expanded for genotyping and cryopreservation. For 742 

genotyping, DNA was extracted using the QuickExtract DNA Extraction Solution and a PCR 743 

assay was performed to identify correctly targeted AAVS1 insertions and loss of wild-type 744 

alleles in multiple clones. For ISRE>tdTomato expression analysis performed by flow cytometry 745 

(Figure S3C), organoids generated from reporter cells (12-days-old) were incubated with 746 

recombinant interferons or vehicle. One day later, organoids were manually dissociated into 747 

single cells after 5 minutes of incubation with an accutase:trypsin (2:1 v/v) mix at room 748 

temperature. Single cell suspensions were diluted into 300 µl of culture medium and tdTomato 749 

expression was analyzed by flow cytometry performed on a LSRFortessa cell analyzer (BD 750 

Biosciences) using BD FACSDIVA software. Data were analyzed using FlowJo.  751 

Generation of cerebral organoids  752 

Cerebral organoids were generated as previously described (Lancaster et al., 2013; Lancaster 753 

and Knoblich, 2014). Briefly, on day 0 hESCs were dissociated into single cells by accutase 754 

treatment (feeder-free cells) or by collagenase IV/dispase treatment followed by a short treatment 755 

with trypsin (feeder-dependent cells). Cells were transferred to an ultra-low binding 96-well plate 756 

(9000 cells/well) containing stem cell medium supplemented with 4 ng/ml bFGF and 50 µM Rho-757 

associated protein kinase (ROCK) inhibitor. On day 3, the medium was replaced with fresh stem 758 

cell medium. From day 5 or 6, the medium was replaced daily with Neural Induction Medium 759 

containing DMEM-F12 supplemented with 1X N2 supplement, 1ug/ml heparin solution, 1X 760 

GlutaMAX and 1X MEM-NEAA. On Day 10 or 11, organoids with visible neuroepithelia were 761 
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embedded into droplets of Matrigel and transferred into 6-cm dishes in Expansion Medium 762 

consisting of 50% DMEM-F12, 50% Neurobasal medium, 1X N2, 1X B27 – Vitamin A, 2.5 g/ml 763 

Insulin, 0.05 mM BME, 1X GlutaMAX, 1X MEM-NEAA and 1X Penicillin/Streptomycin. On day 15, 764 

media was replaced with Differentiation Medium consisting of 50% DMEM-F12, 50% Neurobasal 765 

medium, 1X N2, 1X B27, 2.5 g/ml Insulin, 0.05mM BME, 1X GlutaMAX, 1X MEM-NEAA, 1X 766 

Penicillin/Streptomycin and organoids were cultures on an orbital shaker under 57 rpm rotating 767 

speed. The medium was changed every 2-3 days. From day 40 onwards, organoids were fed with 768 

Differentiation Medium supplemented with 1% (v/v) matrigel basement membrane. From day 65 769 

onwards, organoids were fed with Differentiation Medium supplemented with BDNF (20 ng/ml), 770 

GDNF (20 ng/ml) and db-cAMP (1 mM). Organoids that passed the quality control criteria 771 

(Lancaster and Knoblich, 2014) were used. Criteria included visible surface brightening before 772 

embedding (as a proxy for an organized neuroepithelium) and formation of neural tube-like 773 

structures in matrigel. 774 

Generation of 2D neural cultures 775 

To generate dissociated 2D cultures of organoids (disOrganoids), 10-days-old organoids were 776 

plated onto matrigel-coated dishes in Neural Induction Medium. Three days later, plated 777 

organoids were incubated with accutase for 15 min at 37°C and manually dissociated into a single 778 

cell suspension. After a washing step, cells were resuspended in Neural Induction Medium 779 

supplemented with 10 µM ROCK inhibitor and plated as single cells onto matrigel-coated plates. 780 

One day later, the medium was replaced with Expansion Medium. Two days later (day 16), cells 781 

were dissociated again with accutase and plated onto matrigel-coated surfaces for further 782 

analysis. An outline of this protocol is presented in Figure S4A. To differentiate hESCs into hNPCs 783 

directly in 2D, we adapted a previously published protocol (Qi et al., 2017). Briefly, cells were 784 

dissociated with accutase and plated onto matrigel-coated plates at the density of 200,000 785 

cells/cm2 in mTeSR1 supplemented with 10 M ROCK inhibitor. Differentiation was started the 786 

next day using E6 medium. Inhibitors used in LSB+X induction in E6 included LDN193189 (100 787 

nM), SB431542 (10 µM) and XAV939 (2 µM) for treatment of 3 days. Then starting from day 3, 788 

LDN193189 (50 nM), SB431542 (5 µM), XAV939 (1 µM), SU5402 (2 µM) and DAPT (5 µM) were 789 

added to E6. On day 6, cells were dissociated by incubation with accutase at 37°C for 15 minutes, 790 

resuspended in E6 medium supplemented with 10 µM ROCK inhibitor and plated onto poly-L-791 

ornithine (50 µg/ml) and laminin (5 µg/ml)-coated surfaces for further analysis. An outline of this 792 

protocol is shown in Figure S4I. 793 
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Infection of cerebral organoids  794 

Organoid infection experiments were performed by adapting previous ZIKV infection paradigms 795 

(Dang et al., 2016; Gabriel et al., 2017). On day 10 or 11, organoids were incubated with a virus 796 

inoculum diluted in 200 µl of Neural induction Medium in ultra-low binding 96-well plates. An 797 

equivalent volume of MOCK medium was used for uninfected controls. Plates were incubated at 798 

37°C in a 5% CO2 incubator. One day later, organoids were embedded in Matrigel, transferred to 799 

6-cm dishes in Expansion medium and cultured as described above. Details on the number of 800 

virus particles used in this study are provided in Table S1 and S2. For infection at later stages, 801 

40-days-old organoids were exposed to 600 PFU of HSV-1 diluted in Differentiation medium. One 802 

day later, the medium was replaced with fresh Differentiation medium containing 1% (v/v) matrigel 803 

basement membrane and cultured as described above. Supernatants were collected at 4, 8 or 12 804 

dpi and frozen at -80°C. 125 μl of each supernatant was used to infect Vero cells in 12-well plates. 805 

Cells were fixed 24 hours post-infection and the level of infection was assessed by viral antigen 806 

expression using immunostaining. 807 

Infection of 2D cultures 808 

disOrganoids (day 17) were seeded onto glass coverslips in 12-well plates at a seeding density 809 

of 150000 cells/well. One day later, cells were incubated with 150000 TCID50 units of ZIKV or with 810 

187.5 PFU of HSV-1 for one day. For infection in A549 cells, 80000 cells were seeded onto a 811 

glass coverslip in 12-well plates. One day later, cells were incubated with 80000 TCID50 units of 812 

ZIKV or with 50 PFU of HSV-1 for one day to match the infection doses used in organoids. An 813 

equivalent volume of MOCK medium was used for control conditions.  814 

Interferon and poly(I:C) treatments  815 

Recombinant human interferons were reconstituted at 10 µg/ml according to the manufacturer’s 816 

instructions. Interferons were used at 10 ng/ml dose unless differently specified. Based on the 817 

biological activities provided by the manufacturer, 10 ng/ml dose of IFN𝛼 andIFN𝛽 corresponds 818 

to activities of 1800 U/ml and 100 U/ml respectively. BSA solution (0.1%) was used as a vehicle 819 

for untreated conditions. For multiple-dose treatments, interferons or vehicle were freshly diluted 820 

into culture medium at 2, 4, 6 and 8 dpi. For poly(I:C) experiments, organoids (10-12 days-old) 821 

were transfected with 1 g poly(I:C) diluted in 200 µl of Neural Induction Medium [corresponding 822 

to 5 µg/ml poly(I:C)] using Lipofectamine 3000 following manufacturer’s instructions and 823 

incubated at 37°C in a 5% CO2 humidified atmosphere for one day. For poly(I:C) treatment in 2D 824 

culture, cells were seeded onto glass coverslips in 12-well plates. One day later, cells were 825 

transfected with 25 ng/ml poly(I:C) using Lipofectamine 3000 Transfection Reagent. The medium 826 
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was replaced after 6 hours and cells were further cultured at 37°C in a 5% CO2 incubator for 827 

additional 18 hours. poly(I:C) was replaced with water in control transfections.  828 

Cryo-sectioning, immunostaining and imaging 829 

Organoids were fixed in 4% paraformaldehyde (PFA) overnight at 4°C. After extensive washes 830 

with PBS, organoids were immersed in 30% sucrose solution overnight, embedded in 10% gelatin 831 

solution and frozen. Samples were sectioned at 20 µm thickness using a cryostat (Leica). 832 

Organoid cryo-sections were fixed with 4% PFA for 10 minutes. After extensive washing with 833 

PBS, cryo-sections were permeabilized and blocked with blocking solution [10% normal donkey 834 

serum (NDS) containing 0.5% Triton X-100] for 45 min at room temperature. Sections were then 835 

incubated with primary antibodies diluted in antibody solution [10% normal donkey serum 836 

containing 0.1% Triton X-100] overnight at 4°C. After three washes of 10 min with PBS, both 837 

sections were incubated with secondary antibodies diluted in antibody solution at room 838 

temperature for two hours and with DAPI solution (2 µg/ml) for 10 minutes. For immunostaining 839 

of 2D cultures, cells seeded on coverslips were fixed with 4% PFA for 30 minutes and washed 840 

extensively with PBS. Cells were permeabilized with PBS supplemented with 0.2% Triton X-100 841 

for 5 min, washed with PBS and blocked with 10% NDS for one hour. Coverslips were then 842 

incubated with primary antibodies diluted in antibody solution for 2 hours at room temperature. 843 

Coverslips were washed with PBS and incubated with secondary antibodies for 45 minutes at 844 

room temperature, followed by incubation with DAPI solution for 3 minutes. Finally, both organoid 845 

sections and coverslips were washed three times with PBS containing 0.05% Triton X-100 and 846 

then mounted in fluorescent mounting medium. Primary antibodies used in this study and their 847 

dilutions are summarized in the Key Resource Table. Secondary antibodies AlexaFluor 488, 568 848 

or 647 -conjugated donkey antibodies (Invitrogen) were used at 1:500 dilution. Immunostaining 849 

images were captured with Axio Imager confocal microscopes LSM700, 780 and 880 (Zeiss 850 

GmbH), using the “tile” and “stitching” functions in the Zen software when imaging large organoid 851 

areas. Immunostaining images of organoids in Figure 7 were acquired with an Axio Imager.Z2 852 

microscope (Zeiss GmbH) equipped with an ORCA-Flash 4.0 V3 Digital CMOS Camera 853 

(Hamamatsu). Bright-field imaging of intact organoids was performed on a widefield microscope 854 

(AxioVert.A1, Zeiss GmbH) with a SONY Chameleon®3 CM3-U3-31S4M CMOS camera (Zeiss 855 

GmbH). Post-acquisition image adjustments and quantifications were done in Fiji. 856 

Quantification of cytokine levels by ELISA 857 

Levels of all IFN𝛼 species and IFN𝛽 in organoid supernatants were measured using ELISA Kits 858 

according to manufacturer’s instruction. Briefly, frozen supernatants from MOCK- and infected-859 

organoids were thawed on ice and centrifuged at 13,000 rpm for 10 min to eliminate debris. 860 
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Supernatants (3 ml for each sample) from three different experiments were concentrated using 861 

Centrifugal Filter Unit with Ultracel-3 membranes (UFC900308 Merck Millipore). For each sample 862 

(50 µl) absorbance at 450 nm and 540 nm were measured in duplicate using a microplate reader 863 

(Synergy H1 BioTek). Absorbance at 540 nm was subtracted from absorbance at 450 nm to 864 

correct for non-specific signals. Mean values of absorbance were multiplied for the concentration 865 

factor and used to estimate cytokine amounts (pg/ml) according to a standard curve of 866 

recombinant Human IFN𝛼 (0-125 pg/ml) or recombinant Human IFN𝛽 (0-150 pg/ml). 867 

RNA extraction and RT-qPCR analysis 868 

For each condition and time point, 4–10 organoids were pooled into RNAse-free tubes and 869 

chilled on ice. Organoids were washed with P𝜌BS and incubated with 1 ml of chilled Cell 870 

Recovery Solution for 1 hour on ice. Dissolved Matrigel was removed by rinsing twice in cold 871 

DEPC-treated PBS and samples were lysed in RLT buffer. RNA was extracted using the 872 

RNeasy Micro Kit and on-column DNAse digestion was performed using RNAse-Free DNAse I 873 

following the manufacturer’s protocol. cDNA synthesis was performed with SuperScript III and 874 

Random Hexamers using 500 g- 1 µg of total RNA according to the manufacturer’s 875 

instructions. qPCR reactions were performed using GoTaq qPCR master mix on 384-well 876 

(CXF384) or 96-well (CXF96) BioRad machines using the following reaction protocol: (i) 95 °C 877 

for 3 min, (ii) 95°C for 10 s, (iii) 62°C for 10 s, (iv) 72°C for 40 s, (v) go to 2, 40 cycles, (vi) 878 

95°C for 1 min, and (vii) 50°C for 10 s. Quantification was performed in Excel by calculating 879 

the ΔCt value using TBP as a reference gene and the ΔΔCt value using age-matched untreated 880 

samples as calibrators. ACTIN was used as a reference gene in HSV-1 experiments. Data are 881 

presented as expression (2−ΔCt) or fold change (2−ΔΔCt). Primers used for RT-qPCR are provided 882 

in Table S4.  883 

RNA-sequencing and analysis 884 

For the ZIKV experiment, 3 replicates were used per condition and time point (4 and 12 dpi). For 885 

the HSV-1 experiment, 3 replicates were used per each condition and time point (4 and 8 days 886 

post-infection). Sample collection and RNA isolation were performed as described above. RNA 887 

concentration and quality were assessed with an RNA 6000 Nano Chip (Agilent Technologies). 888 

mRNA isolation was performed with NEBNext Poly(A) mRNA Magnetic Isolation Module. 889 

Barcoded samples were multiplexed and sequenced 50 bp single-end on a HighSeq 2500 890 

(Illumina). mRNA sample isolation, library preparation, and sequencing were done at the VBCF 891 

NGS Unit (https://www.vbcf.ac.at). Reads were screened for ribosomal RNA by aligning with BWA 892 

(v0.7.12) (H. Li and Durbin, 2009) against known rRNA sequences (RefSeq). rRNA-subtracted 893 

reads were aligned with TopHat (D. Kim et al., 2013) against the Homo sapiens genome (hg38). 894 

https://www.vbcf.ac.at/
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Microexon-search was enabled. Additionally, a gene model was provided as GTF (UCSC, 895 

2015_01, hg38). rRNA loci were masked on the genome for downstream analysis. Aligned reads 896 

were counted with HTSeq (v0.6.1; intersection-nonempty) (Anders et al., 2015). The samples 897 

were subjected to differential expression analysis with DESeq2 (v1.16.1) (Love et al., 2014). 898 

Furthermore, reads were subjected to TPM estimation with Kallisto (v0.43.0) (Bray et al., 2016). 899 

Unless differently specified, analysis was performed on the DESeq2 datasets filtered for TPM 900 

values >10, log2 Fold change absolute value of ≥1 and adjusted p-value < 0.05. Gene Ontology 901 

(GO) enrichment analysis was performed with Gene Ontology Consortium using the PANTHER 902 

classification system (Mi et al., 2013). Highly connected clusters were identified with ClusterONE 903 

plug-in for Cytoscape (Nepusz et al., 2012). Transcription factor enrichment analysis was 904 

performed with ChEA3 (Keenan et al., 2019). Motif analysis was performed with HOMER 905 

Software v4.10 on promoter sequences of input genes from 500 bp upstream and 100 bp 906 

downstream of the transcription start site (Heinz et al., 2010). For the analysis shown in Figure 907 

6J, reads were aligned to the HSV-1 strain F complete genome (GeneBank GU734771) with 908 

Bowtie2 (v2.2.9) (Langmead and Salzberg, 2012) and further processed as described above. For 909 

heatmaps shown in Figure 5-6, only the late time points were included in the analysis and 910 

processed for DESeq2 analysis as described above. Principal component analysis on these 911 

samples was carried out with the top 1000 variable genes based on VST. Uncertainty of 912 

hierarchical clustering on the DESeq2 datasets was assessed with pvclust (Suzuki and 913 

Shimodaira, 2006). For data shown in Figure S6H, the comparison of ZIKV and HSV datasets 914 

(each a separate experiment = batch) was performed by DESeq2 with batch correction 915 

(~batch+condition). Variance-stabilizing transformations (VSTs) were batch corrected by limma 916 

with the design (~batch+condition) (Ritchie et al., 2015) and analysis was performed on genes 917 

with abs(log2FC)>1.  918 

Quantification of apoptosis 919 

To calculate the percentage of apoptotic cells, organoid cryosections immunostained with 920 

cleaved-caspase-3 (CC3) and DAPI were imaged under a confocal microscope. Random cortical 921 

structures on the surface of organoids were selected for quantification. The number of cells 922 

positive for CC3 in single z-plane images was counted manually using Fiji software. The total 923 

number of cells labeled by DAPI was estimated using the Fiji Plug-In GranFilter (using radius 924 

value set to 3 and step value set to 2) and watershed filter. The percentage of apoptosis is 925 

represented by the number of CC3+ cells divided by the total cell number labeled by DAPI.  926 

Quantification of Sox1 levels 927 



 

                                                                                                                                                                       
 

30 

Organoid cryo-sections immunostained with Sox1 were imaged under a confocal microscope. 928 

Entire organoid sections were acquired using the “tile” and “stitching” functions in the Zen software 929 

(Zeiss). Single z-plane 8-bit images were used for quantification. Intensity (as mean gray value) 930 

of Sox1+ nuclei was measured using Fiji.  931 

Quantification of IFN>GFP and ISRE>tdTomato positive cells 932 

Organoid cryo-sections were immunostained with GFP and tdTomato antibodies and imaged 933 

under a confocal microscope using the “tile” and “stitching” functions in the Zen software (Zeiss). 934 

The total number of cells labeled by DAPI was estimated using the Fiji Plug-In GranFilter (using 935 

radius value set to 3 and step value set to 2) and watershed filter. Cells with high GFP signal were 936 

manually scored as IFN>GFP positive. Intensity (as mean gray value) of tdTomato signals was 937 

measured using Fiji and cells with tdTomato signal higher than the background intensity were 938 

scored as positive. Cells were scored to be within or outside the communication domain (200 µm 939 

in size) of a given IFN>GFP+ cell, a domain size compatible with paracrine signaling (Francis and 940 

Palsson, 1997). 941 

PCR on viral nucleic acids 942 

Viral nucleic acids were isolated from viral stocks using Purelink Viral RNA/DNA Mini Kit. PCR 943 

primer sequences are provided in the Key Resource Table. PCR amplification for TK was 944 

performed with GoTaq polymerase using the following program: 40 cycles of 30 sec at 95°C, 30 945 

sec at 60°C, 1 min and 30 sec at 72°C, with an additional incubation of 5 min at 72°C. Due to the 946 

high GC content of the ICP34.5 target sequence and the failure of amplification by GoTaq 947 

polymerase-based approaches, PCR amplification of ICP34.5 was performed with KOD Xtreme 948 

Hot Start DNA polymerase. The program consisted of 2 min at 94°C, followed by 30 cycles of 30 949 

sec at 98°C, 1 min at 60°C and 1 min at 68°C. PCR reactions were resolved on 1.25% agarose 950 

gels. 951 

 952 
QUANTIFICATION AND STATISTICAL ANALYSIS 953 
 954 
Statistical analysis was carried out with Prism software using unpaired t-test for comparison of 955 

two groups and ANOVA for comparisons of multiple groups. For non-normal distributions, non-956 

parametric tests were used. The threshold for statistical significance was p<0.05. All details on 957 

sample size, the number of replicates, statistical tests and p values for each experiment are 958 

provided in the relevant figure, its legend or in Table S2. Unless differently specified in the figure 959 

legend, n refers to the number of replicates. Sample sizes of organoid experiments were 960 

estimated empirically based on previous experience. Organoids from the same batch were 961 



 

                                                                                                                                                                       
 

31 

randomly allocated to different treatment groups during the first day of the experiment. Analyses 962 

were not performed blindly because of the substantial visual difference among groups.  963 

  964 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

mouse anti-Flavivirus D1-4G2-4-15 (ZIKVA, 1:600)  Merck Millipore Cat#MAB10216; 
RRID: AB_827205 

rabbit anti-ZIKA virus Envelope protein (ZIKVE, 1:250) Genetex  Cat#GTX133314; 
RRID: AB_2747413 

rabbit anti-cleavedCaspase3 (1:500) Cell Signaling  Cat#9661S; 
RRID: AB_2341188 

goat anti-Sox1 (1:200) R&D Systems Cat#AF3369; 
RRID: AB_2239879 

rabbit anti-Sox2 (1:1000) Abcam Cat#Ab97959; 
RRID: AB_2341193 

goat anti-Sox2 (1:200) R&D systems Cat#AF2018; 
RRID: AB_355110 

mouse anti-HSV1 ICP4 10F1 (1:500) Abcam Cat#ab6514; 
RRID: AB_305537 

rabbit anti-HSV1 (1:500) Abcam  Cat#ab9533; 
RRID: AB_307320 

rabbit anti-IRF3 (D6I4C) XP (1:500) Cell Signaling Cat#11904; 
RRID: AB_2722521 

mouse anti-STAT2 (1:100) Santa Cruz 
Biotechnology  

Cat#sc-1668; 
RRID: AB_628291 

chicken anti-GFP (1:1000) Aves laboratory Cat#GFP-1020; 
RRID: AB_10000240 

rabbit anti-tdTomato (1:500) Clontech  Cat#632496; 
RRID: AB_10013483 

goat anti-tdTomato (1:200) Sicgen  Cat#AB8181-200; 
RRID: AB_2722750 

mouse anti-N-Cadherin (1:200) BD  Cat#610920; 
RRID: AB_2077527 

rabbit anti-Nestin (1:1000) Abcam Cat#ab10538;  
RRID: AB_297279 

sheep anti-Pax6 (1:200) R&D systems Cat#AF8150; 
RRID: AB_2827378 

goat anti-SNAI1 (1:500) Abcam Cat#ab53519; 
RRID: AB_881666 

rabbit anti-Beta 3 tubulin (1:750) Covance Cat#PRB-435P; 
RRID: AB_291637 

mouse anti-mNeonGreen (1:200) ChromoTek Cat#32f6-100; 
RRID: AB_2827566 

Bacterial and Virus Strains  

French Polynesian ZIKA virus, strain H/PF/2013, clinical 
isolate 

EVAg project Cat#001v-EVA1545  

Herpes Simplex Virus (HSV-1), strain F (Calistri et al., 2003) N/A 
Herpes Simplex Virus (HSV-1) R3616, strain F (Chou et al., 1990) N/A 
Human Cytomegalovirus (HMCV) UL122/123-
mNeonGreen, strain TB40/E 

(Kasmapour et al., 
2018) 

N/A 

Chemicals, Peptides, and Recombinant Proteins 

mTeSR1 complete Kit Stem Cell 
Technologies 

Cat#85875 

Gelatin Sigma-Aldrich Cat#G1890; CAS: 
9000-70-8 

Key Resource Table



 

CF-1-γ-irradiated mouse embryonic fibroblasts  Global Stem Cat#GSC-6001G 
Matrigel® Basement Membrane Matrix Corning Cat#356235 
hESC-qualified Matrigel  Corning Cat#354277 
bFGF  Peprotech Cat#100-18B 
Y-27632 Rock Inhibitor Selleck Chemicals Cat#S1049; CAS: 

129830-38-2 
Ultra-low attachment 96-well plates Corning  Cat#COR7007 
N2 supplement Thermo Fischer 

Scientific 
Cat#17502048;CAS: 
17502-048 

B27 supplement – Vitamin A Thermo Fischer 
Scientific 

Cat#12587010; 
CAS: 12587010 

B27 supplement  Thermo Fischer 
Scientific 

Cat#17504044; 
CAS: 17504-044 

Beta-mercaptoethanol (BME) Merck Millipore Cat#805740; CAS: 
60-24-2 

Human Insulin solution Sigma-Aldrich  Cat#I9278; CAS: 
11061-68-0 

Heparin sodium salt Sigma-Aldrich  Cat#H3149; CAS: 
9041-08-1 

Accutase Sigma-Aldrich  Cat#A6964  
Collagenase type IV Life Technologies  Cat#17104019 ; 

CAS: 17-104-019 
Dispase Invitrogen  Cat#17105-041; 

CAS: 42613-33-2 
KnockOut Serum Replacement (KOSR) Thermo Fisher 

Scientific  
Cat#10828028; 
CAS: 10828-028 

0.05% Trypsin/EDTA solution Thermo Fisher 
Scientific 

Cat#15400054; 
CAS: 15-400-054 

GlutaMAX 100X Thermo Fisher 
Scientific  

Cat#35050-038 

MEM-NEEA Solution 100X Sigma-Aldrich Cat#M7145 
DMEM-F12 Gibco  Cat#11330-057 
Neurobasal medium Gibco Cat#21103049 
BDNF Stem Cell 

Technologies 
Cat#78005.3; CAS: 
78005 

GDNF Stem Cell 
Technologies 

Cat#78058.3; CAS: 
78058 

db-cAMP MedChem Express  Cat#HY-B0764; 
CAS: 16980-89-5 

Essential 6 medium Thermo Fisher 
Scientific 

Cat#A1516401  

Poly-L-ornithine hydrobromide Sigma-Aldrich Cat#P3655; CAS: 
27378-49-0 

Laminin Sigma-Aldrich  Cat#L2020; CAS: 
114956-81-9 

LDN193189 Sigma-Aldrich Cat#SML0559; CAS: 
1062368-24-4 

SB431542 Stemgent Cat#04-0010-10 
CAS:381836-41-9  

XAV939 Abcam Cat#ab120897; 
CAS: 284028-89-3 

SU5402 Sigma-Aldrich Cat#SML0443 
CAS: 215543-92-3  



 

DAPT Tocris Cat#2634; CAS: 
208255-80 

DPBS, no calcium, no magnesium Gibco  Cat#14190-169 
DPBS, calcium, magnesium Thermo Fischer 

Scientific 
Cat#14040-174 

Penicillin/Streptomycin Sigma-Aldrich Cat#P0781; CAS: 
4744-08-5 

EDTA solution Sigma-Aldrich Cat#E8008; CAS: 
60-00-4 

Puromycin Jena Bioscience Cat#NU-931-5; 
CAS: 1416561-90-4 

G418 Invivogen Cat#ant-gn-1; CAS: 
108321-42-2 

QuickExtract DNA Extraction Solution EpiCentre Cat#QE09050 
Cell Recovery Solution Corning Cat#354253 
SuperScript III  ThermoFisher Cat#18080051; 

CAS: 18080-051 
Human Recombinant IFN2 Peprotech Cat#300-02AA 
Human Recombinant IFN Peprotech Cat#300-02BC 
Human Recombinant IFN1 Peprotech Cat#300-02K 
Human Recombinant IFN2 Peprotech Cat#300-02L 
Bovine Serum Albumin (BSA) Sigma-Aldrich  Cat#A7030; CAS: 

9048-46-8 
poly(I:C)-LMW  Invivogen Cat#tlrl-picw; CAS: 

31852-29-6 
Lipofectamine 3000 Transfection reagent Thermo Fisher 

Scientific 
Cat#L3000001; 
CAS: L3000-001 

Sucrose Sigma-Aldrich  Cat#84097; CAS: 
57-50-1 

Normal Donkey Serum EMD Millipore Cat#S30-M 
Paraformaldehyde Sigma-Aldrich Cat#441244; CAS: 

30525-89-4 
DAPI Sigma-Aldrich  Cat#D9542; CAS: 

28718-90-3 
Fluorescent mounting medium Dako Cat#S3023 
Random Hexamers Thermo Fisher 

Scientific 
Cat#N8080127 

Critical Commercial Assays 

Rneasy Micro Kit  Qiagen Cat#74004 
Rnase-Free Dnase set  Qiagen Cat#79254 
NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat#E7490L 
GoTaq qPCR master mix Promega Cat#A6002 
Stem Cell Nucleofector Kit 1  Lonza Cat#VPH-5012 
Purelink Viral RNA/DNA Mini Kit Thermo Fisher 

Scientific 
Cat#12280050 

GoTaq polymerase Promega Cat#M7823 
KOD Xtreme Hot Start DNA polymerase Merck Millipore Cat#US171975-3 
VeriKine-HS Human IFN-𝛼 All Subtype TCM ELISA Kit PBL Assay Science Cat#41135-1 
VeriKine-HS Human IFN Beta TCM ELISA, High 
Sensitivity 

PBL Assay Science Cat#41435-1 

Deposited Data 



 

RNA-seq data of MOCK- and ZIKV- infected brain 
organoids and upon interferon treatment  

This study GEO:GSE123816  

RNA-seq data of MOCK- and HSV- infected brain 
organoids and upon interferon treatment 

This study GEO:GSE145496 

Experimental Models: Cell Lines 

Human: WT hESCs H9  WiCell W0A9 
Human: hESCs H9 carrying IFNB1>GFP and 
ISRE>tdTomato cassettes in the AAVS1 locus 

This study N/A  

Human: A549 cells ATCC CCL-185  
Monkey: Vero cells ATCC CCL-81 
Oligonucleotides 

Primers for RT-qPCR, see Table S4 This study N/A 
Primer ICP34.5 Forward 5->3: 
CTGCACGCACATGCTTGCCT 

(Bower et al., 1999) N/A 

Primer ICP34.5 Reverse 5->3: 
CTCGGGTGTAACGTTAGACC 

(Bower et al., 1999) N/A 

Primer TK Forward 5->3 tkF51: 
GAAACTCCCGCACCTCTTCGG 

(K. Wang et al., 2007) N/A 

Primer TK Reverse 5->3 tkR61: 
GGTTCCTTCCGGTATTGTCTCC 

(K. Wang et al., 2007) N/A 

Recombinant DNA 

AASV1 SA2APuro-2xCHS4-IFNB1>eGFP-WPRE-
SV40pA-2xCHS4 plasmid donor 

This study N/A 

AAVS1 SA2ANeo-2xCHS4-ISRE>tdTomato-WPRE-
SV40pA-2xCHS4 plasmid donor 

This study N/A 

Software and Algorithms 

Zeiss Zen (Blue edition) Zeiss https://www.zeiss.co
m/microscopy/int/pro
ducts/microscope-
software/zen-
lite.html 

ImageJ Fiji (2.0.0) NIH https://imagej.net/Fiji 
GraphPad Prism 8.0 GraphPad https://www.graphpa

d.com/scientific-
software/prism/ 

Microsoft Excel Microsoft https://www.microsof
t.com/de-
at/microsoft-
365/excel 

Adobe Illustrator Adobe https://www.adobe.c
om/at/products/illustr
ator.html 

TopHat (v2.1.1) Johns Hopkins 
University 

https://ccb.jhu.edu/s
oftware/tophat/index.
shtml 

Cytoscape The Cytoscape 
Consortium 

https://cytoscape.org
/ 

FlowJo BD Life Sciences https://www.flowjo.co
m/ 
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SUPPLEMENTAL FIGURE LEGENDS  

 

Figure S1. ZIKV and HSV-1 infections impair organoid growth (related to Figure 1)  

A) Schematic diagram of viral exposure of 10-days-old brain organoids used in this study. See 

STAR Methods for details. 

B) Immunostaining (scale bars 100 µm) of 10-days-old organoids showing neuroectodermal 

identity.  

C-F) Immunostaining (scale bars 50 µm) of organoids exposed to ZIKV or MOCK-treated. 

Dashed lines indicate organoid surface based on DAPI signal. Shown in D is the quantification 

of apoptosis measured by the fraction of cleaved caspase 3 (CC3) positive cells over total 

cells at 12 dpi. Shown in E is the quantification of infection status marked by Zika virus antigen 

(ZIKVA) of apoptotic cells (CC3+) in ZIKV-exposed organoids. Values represent mean ± SEM 

(n=3 experiments with 21 regions from 12 MOCK organoids, n=17 regions from 14 ZIKV 

organoids; **** is p<0.0001, Mann-Whitney test). Quantification of the lumen area is shown in 

F. Violin plots show median and quartiles (n=129 regions in MOCK organoids, n=110 regions 

in infected organoids from 3 experiments; **** is p<0.0001, Mann-Whitney test).  

G-H) Images (scale bars 200 µm) and area quantification of organoids exposed to Human 

Cytomegalovirus-mNeonGreen (HCMV-mNG) or MOCK-treated. Values are mean ± SD and 

represent individual organoids (p>0.9999 for 105 PFU; p=0.8417 for 5×105 PFU; Mann-

Whitney test).  

I-K) Immunostaining (scale bars 50 µm in I, 100 µm in J) and quantifications of the ventricular 

zone (VZ)-like area of organoids exposed to HCMV-mNG (5×105 PFU) or MOCK-treated and 

analyzed at 12 dpi. Dashed lines indicate organoid contour based on DAPI signal. Violin plots 

show median and quartiles (n=40 regions from 3 MOCK organoids, n=79 from 3 HCMV-mNG 

organoids; p=0.2375; Mann-Whitney test).  

L-M) Images (scale bars 200 µm) and area measurements of organoids exposed to HSV-1 

(104 and 103 PFU). Values are mean ± SD and represent individual organoids (p=0.1397 104 

PFU 4 dpi; p=0.0164 103 PFU 4 dpi; **** is p<0.0001, Mann-Whitney test).  

N-R) Immunostaining (scale bar 50 µm in N, 20 µm in Q) of organoids exposed to HSV-1 or 

MOCK-treated. Dashed lines indicate organoid surface based on DAPI signal. Arrowheads in 

Q indicate CC3+ cells. Note the altered nuclear morphology and peripheral chromatin of ICP4 

positive cells. Infected cell polypeptide 4 (ICP4) is an immediate-early viral protein produced 

during HSV-1 lytic infection. Values in O represent mean ± SEM (n=3 experiments with 18 

regions from 12 MOCK organoids and 16 regions from 12 HSV-1 organoids; **** is p<0.0001, 

Mann-Whitney test). Violin plots in P represent median and quartiles (n= 35 regions from 4 

MOCK organoids and n=35 from 9 HSV-1 organoids from 3 experiments; **** is p<0.0001; 

Mann-Whitney test). Shown in R is the quantification of infection status (marked by ICP4) in 



organoids exposed to HSV-1. Values represent mean ± SEM (n=3 experiments with a total of 

16 regions from 12 organoids).  

Dpi, days post-infection; ns, non-significant. See also Table S2. Pos, positive; Neg, negative. 

 

Figure S2. ZIKV and HSV-1 infections elicit distinct transcriptional responses (related 

to Figure 2) 

A) Heatmap showing high expression (>100 transcripts per million, tpm) of the neural 

progenitor markers FOXG1, NESTIN and SOX2 in MOCK-treated organoids measured by 

RNA-sequencing. Low expression of the microglia/macrophage progenitor markers CD11b, 

PU.1 and IBA1 (<10 tpm) is shown for comparison. 

B) Expression (in scaled Variance Stabilizing Transformation or VST) of differentially 

expressed genes in ZIKV-exposed vs MOCK-exposed organoids.  

C) Immunostaining (scale bars 50 µm) of organoids exposed to HSV-1 or MOCK-treated. 

Dashed lines indicate organoid surface based on DAPI signal. Arrows indicate nuclear Snai1 

signal in infected organoids, while the asterisk marks apical Sna1 signal in mock-treated 

organoids.  

D) Expression (in transcripts per million, tpm) of the N-cadherin gene CDH2 measured by 

RNA-sequencing at 8 dpi. Values are mean ± SD (n=3).  

E) Quantification of Sox1 mean intensity per cell at 8 dpi. Values are median and quartiles 

(n=7961 cells from 4 MOCK organoids, n=5316 cells from 5 HSV-1 organoids; **** is 

p<0.0001, Mann-Whitney test).  

F) RT-qPCR analysis of HSV-1 thymidine kinase (TK) gene expression in 40-days-old 

organoids exposed to HSV-1 over MOCK-treated samples. Values are mean ± SEM (n=4 

experiments, p=0.0286, Mann-Whitney test).   

G) Area quantification of 40-days-old organoids infected with HSV-1 or MOCK-treated. Values 

are mean ± SD and represent individual organoids (p=0.1846 4 dpi; p=0.7137 8dpi; **** is 

p<0.0001 12 dpi; Mann-Whitney test).  

H) Immunostaining of 40-days-old organoids exposed to HSV-1. Dashed lines indicate 

ventricular zone (VZ) contour. Scale bars are 200 µm and 100 µm (insets).  

I-L) Images, immunostaining (scale bars 500 µm) and quantifications of 40-days-old organoids 

analyzed at 12 dpi. Arrowheads and triangles in J indicate normal and disrupted ventricular 

zone (VZ)-like regions in MOCK-treated and HSV-1-infected organoids respectively. Violin 

plots in K show median and quartiles (n=128 regions from 12 MOCK organoids and n=86 

regions from 12 HSV-1 organoids from 3 experiments; **** is p<0.0001, Mann-Whitney test). 

Data in L are mean ± SEM (n=3 experiments for a total of 18 regions for MOCK and 23 regions 

for HSV-1 organoids; **** is p<0.000,; Mann-Whitney test).  



M) RT-qPCR analysis showing upregulation of the epithelial-mesenchymal transition (EMT) 

gene SNAI1 and early mesodermal genes MIXL1 and LHX1 in 40-days-old organoids exposed 

to HSV-1 over MOCK-treated samples. Values are mean ± SEM (n=4 experiments, p=0.0286 

in all cases, Mann-Whitney test over age-matched MOCK controls).  

N) Immunostaining (scale bars 50 µm) of 40-days-old organoids exposed to HSV-1 or MOCK-

treated. Dashed lines indicate VZ-like regions.  

Dpi, days post-infection. 

 

Figure S3. ZIKV and HSV-1 infections differentially engage the IFN-I system (related to 

Figure 3) 

A-B) RT-qPCR analysis of IFIT2 expression in organoids after ZIKV or HSV-1 exposure 

relative to their MOCK counterparts. Values are mean ± SEM (ZIKV: p=0.7 1 dpi; p=0.0022 4 

dpi; p=0.0286 12 dpi; HSV-1: p=0.4 1 dpi; p=0.7 4 dpi; p=0.0119 8 dpi; Mann-Whitney test 

comparisons over age-matched MOCK-treated counterparts).  

C) Quantification of ISRE>tdTomato (ISRE>tdT) positive cells measured by flow cytometry in 

12-days-old organoids carrying the dual reporter system and incubated with increasing doses 

of the indicated recombinant IFN-I (10 ng/ml and 50 ng/ml) for one day. Measurements are 

mean ± SD (n=3; **** is p<0.0001, one-way ANOVA multiple comparisons over untreated).  

D) Immunostaining (scale bars 200 µm) of 14-days-old organoids carrying the dual reporter 

system and incubated for 48 hours with IFN. Dashed lines indicate organoid contour based 

on DAPI signal. Insets show a magnified view. Note the low expression of IFN>GFP and 

ISRE>tdT reporters in the untreated sample. 

E-G) Immunostaining (scale bars 100 µm) and quantifications of A549 cells engineered with 

the dual reporter system and analyzed 24 hours after stimulation with poly(I:C). Arrowheads 

indicate IFN>GFP positive cells. Graphs are Tukey plots (n=5; p=0.0043 in F, p=0.0043 in G, 

Mann-Whitney tests). Ctrl, control transfection.  

H-I) Immunostaining (scale bars 50 m) and quantification of ISRE>tdT expressing cells in 

ZIKV-exposed organoids engineered with the dual reporter system. Dashed lines indicate 

organoid surface based on DAPI signal. Values are mean ± SD (n=9 regions from 3 

organoids).  

J) Immunostaining (scale bars 100 µm) of organoids exposed to ZIKV. Dashed lines separate 

the infected region (marked by an asterisk) from the uninfected area. ZIKVE, Zika virus 

Envelope protein. 

dpi, days post-infection; ns, non-significant. 

 



Figure S4. The IFN-I response in brain organoids is more attenuated than in 2D cultures 

(related to Figure 4) 

A) Outline of the protocol used to generate 2D cultures of cells dissociated from organoids 

(disOrganoids) derived from human pluripotent stem cells (hPSCs). Immunostaining (scale 

bars 100 µm) at day 16 is shown at the bottom. mTS, mTeSR1; EB, embryoid body. See STAR 

Methods for details. 

B-E) Immunostaining (scale bars 100 µm) of A549 cells and disOrganoid cultures (disOrg) 

exposed to ZIKV or HSV-1 and analyzed at 4 dpi. Shown in C and E are the quantifications of 

ZIKV vRNA and HSV-1 thymidine kinase (TK) expression levels by RT-qPCR showing a much 

faster kinetics of ZIKV and HSV-1 replication in 2D cultures compared to brain organoids.  

Values are mean ± SEM (n=3 for A549, n=4 disOrg, n≥3 Org; p values for ZIKV: p=0.1 A549 

1 and 4 dpi; p=0.0286 disOrg 2 and 4 dpi; p=0.1 Org 1 dpi, p=0.0022 Org 4 dpi, p=0.0286 Org 

12 dpi; p values for HSV-1: p=0.1 A549; p=0.0286 disOrg; p>0.9999 Org 1 dpi, p=0.4 Org 4 

dpi, p=0.0079 Org 12 dpi; Mann-Whitney tests). Note that HSV-1 infection in 2D cultures 

induce the formation of multicellular structures. 

F) Immunostaining (scale bars 20 m) of uninfected cultures showing cytoplasmic Irf3 

localization.  

G) Expression of nucleic acid sensors measured by RT-qPCR in hPSCs and organoids at 

various stages. D, day; Org, organoids. Values are mean ± SEM (n=4 for hPSCs, OrgD44, 

OrgD60; n=5 OrgD14-22; n=3 OrgD92; p=0.0024 RIG-I, p=0.0040 DHX58, p=0.0017 cGAS, 

p=0.0006 STING, **** is p<0.0001, one-way ANOVA).  

H) Expression of nucleic acid sensors (in Reads Per Kilobase of transcript, per Million mapped 

reads, RPKM) in human fetal brains. Data were retrieved from the BrainSpan dataset (Miller 

et al., 2014) and include measurements from dorsolateral, ventrolateral and medial prefrontal 

cortex isolated from brains at various developmental ages. Values are mean ± SEM (p=0.0016 

RIG-I; p=0.0101 cGAS; p=0.1921 TLR7; **** is p<0.0001, one-way ANOVA). pcw, post 

conceptional week; yrs, years.  

I) Outline of the protocol used to generate human neural progenitor cells (NPCs) via monolayer 

cultures. Immunostaining (scale bars 100 µm) at day 7 is shown at the bottom. See STAR 

Methods for details. 

J) Immunostaining (scale bars 50 µm) and quantification of apoptosis in organoids carrying 

the dual reporter system, exposed to ZIKV or MOCK-treated. Dashed lines indicate organoid 

surface based on DAPI signal. Arrowheads indicate examples of tdTomato-negative CC3+ 

cells. CC3+ cells were scored regardless of their ISRE>tdT expression (all cells) or based on 

ISRE>tdT positive (POS) or negative (NEG) expression. Values are mean ± SEM and 

represent individual regions from 3 organoids for MOCK and 4 for ZIKV (p=0.0002 ZIKV all vs 



MOCK all; p=0.0002 ISRE>tdT NEG vs MOCK all; p=0.003 ISRE>tdT POS vs MOCK all; 

p=0.003 ISRE>tdT POS vs MOCK all; p=0.3 ISRE>tdT NEG vs ZIKV all; p<0.0001 ISRE>tdT 

POS vs ZIKV all; unpaired t tests).  

Dpi, days post-infection. 

 

Figure S5. Effect of IFN-I in 2D and 3D cultures (related to Figure 5) 

A-D) Images and immunostaining (scale bars 100 µm) of 2D cultures of cells dissociated from 

organoids (disOrganoids) infected with ZIKV or HSV-1, treated with IFN-I and analyzed at 4 

dpi. IFN-I were administered at 2 and 48 hours after exposure.  

E-I) Images (in E, scale bars 200 µm) and immunostaining (in G, scale bars 50 µm) of 

uninfected organoids treated with IFN-I as described in Figure 5A and analyzed at 12 dpi. 

Dashed lines mark the organoid surface according to DAPI signal. Data in F are mean ± SD 

and represent individual organoids (p=0.3296 IFN vs untreated; p=0.5560 IFN vs 

untreated, Kruskal-Wallis multiple comparisons tests). Violin plots in H show median and 

quartiles (n=105 regions from 7 untreated organoids, n=103 from 7 IFN-treated organoids, 

n=119 from 9 IFN-treated organoids; p=0.0907 for IFN vs untreated; p>0.9999 for IFN vs 

untreated, Kruskal-Wallis multiple comparisons test). Values in I represent mean ± SD (n=6 

untreated regions, n=7 IFN-treated regions, n=7 IFN-treated regions, from 2 organoids per 

condition; p=0.0218 IFN vs untreated, p>0.9999 IFN vs untreated, Kruskal-Wallis multiple 

comparisons tests). See also Table S2. 

J) Area quantification of organoids exposed to ZIKV and treated with increasing doses of IFN-

I and type III IFNs (IFN1 and IFN2) as described in Figure 5A. Organoids were analyzed at 

12 dpi. Values are mean ± SD and represent individual organoids (one-way ANOVA with 

Dunnett’s multiple comparisons tests).  

K) Quantification of ISG gene expression by RT-qPCR in 12-days-old organoids after 

incubation with the indicated interferons (IFNs) for one day. Values are mean ± SEM (n=3; 

IFIT2: p=0.9977 IFN, p=0.9832 IFN; OAS1: p=0.9992 IFN; p>0.9999 IFN ISG15: 

p=0.9992 IFN; p>0.9999 IFN **** is p<0.0001, one-way ANOVA with Tukey’s multiple 

comparisons test to the untreated condition).  

L) Dendrogram showing hierarchical clustering of ZIKV-infected organoids analyzed by RNA-

sequencing. AU and BP values (%) are shown on the edges of the clustering. Red boxes 

indicate the main clusters identified with AU larger than 95%. AU, approximately unbiased; 

BP, bootstrap probability.  

Dpi, days post-infection; ns, non-significant. 

 



Figure S6. IFN𝛽 treatment fails to prevent HSV-1-induced organoid defects (related to 

Figure 6) 

A) Dendrogram showing hierarchical clustering of HSV-1-infected organoids treated with 

interferons as described in Figure 6A and analyzed by RNA-sequencing. AU and BP values 

(%) are shown on the edges of the clustering. Red boxes indicate the main clusters identified 

with AU larger than 95%. AU, approximately unbiased; BP, bootstrap probability.  

B-D) Analysis of differentially expressed genes (DEGs) combined from IFN2-treated and 

IFN-treated samples vs untreated controls at early and late time points (corresponding to 4 

and 12 dpi respectively). The top 5 GO-terms are shown.  

E-G) Analysis of differentially expressed genes (DEGs) in IFN2-treated and IFN-treated 

samples vs untreated controls at early and late time points. VST, variance stabilizing 

transformation. 

H) Time-resolved expression of genes differentially expressed in IFN- or IFN-treated 

samples.  

dpi, days post-infection.  

 

Figure S7. HSV-1 selectively counteracts IFN activity (related to Figure 7)  

A-B) Outline of IFN-I pre- and post-treatment experiments and area quantification of organoids 

at 8 dpi. Lines are mean ± SD and represent individual organoids (Kruskal-Wallis multiple 

comparisons tests). See also Table S2.  

C) Expression of the ISGs PKR, IFIT2, ISG15 and OAS1 measured by RNA-sequencing. 

Values represent mean ± SEM (n=3). 

D) Schematic diagram of a linearized DNA molecule of HSV-1 showing the relevant features 

of wild type (WT) HSV-1 and the deletion of both copies of the ICP34.5 gene in the R3616 

mutant virus. HSV-1 genome consists of two covalently joined segments, L (long) and S 

(short), each comprising a unique region (U) flanked by a set of terminal and inverted repeats 

(TR and IR). Bottom panels show the PCR amplification products for ICP34.5 and thymidine 

kinase (TK) sequences from viral nucleic acids preparations and analyzed by electrophoresis. 

Std, size standards in kilobases (kb).  

E) Expression of ISGs measured by RT-qPCR analysis in organoids infected with HSV-1 wild 

type or R3616 (102 PFU) at 8 dpi. Data are mean ± SEM (n=3; p>0.9999 IFIT2; p=0.7 ISG15; 

p=0.1 OAS1; Mann-Whitney test).  

dpi, days post-infection; ns, non-significant.    

 

 
  



SUPPLEMENTAL ITEMS 
 
 
Table S1. Summary of TORCH infection experiments in early-stage organoids (related 
to Figure 1, S1 and 7) 

 
TORCH 
agent 
(strain) 

Family (subfamily) Genome Genome 
size (kb) 

Target 
cell 

Dose Replication Organoid 
growth 
phenotype 

ZIKV (French 
Polynesian) 

Flaviviridae ssRNA(+) 10.7 hNPC 105 
TCID50  

efficient attenuated  

HCMV 
(TB40/E) 

Herpesviridae 
(Betaherpesvirinae)  

dsDNA 235 hNPC 105 PFU inefficient none  

5×105 

PFU 

inefficient none 

HSV-1 (F) Herpesviridae 
(Alphaherpesvirinae) 

dsDNA 152  hNPC 104 PFU efficient severely 
attenuated  

103 PFU efficient severely 
attenuated  

102 PFU efficient attenuated  

HSV-1 R3616 
(F) 

Herpesviridae 
(Alphaherpesvirinae) 

dsDNA 152  hNPC 103 PFU efficient attenuated  

102 PFU inefficient very mildly 
attenuated 

 
  



Table S2. Summary of organoids used in various experiments (related to Figure 1, S1, 
S2, 5, S5, 6, 7 and S7) 

 
Figure Experiment No. viral particles 

per organoid 
No. organoid 
batches 
(experiments) 

Total no. organoids 

1B ZIKV infection 105 TCID50 units 5 n=35 MOCK 4 dpi 
n=32 ZIKV 4 dpi 
n=42 MOCK 8 dpi 
n=28 ZIKV 8 dpi  
n=46 MOCK 12 dpi  
n=51 ZIKV 12 dpi  

S1H HCMV 105 PFU 3 n=16 MOCK 12 dpi 
n=18 HCMV 12 dpi 

S1H HCMV 5×105 PFU 1 n=6 MOCK 12 dpi 
n=5 HCMV 12 dpi 

S1M HSV-1 infection 104 PFU 
 

2 n=9 MOCK 4 dpi 
n=10 HSV-1 4 dpi  
n=13 MOCK 8 dpi  
n=14 HSV 8 dpi 

S1M HSV-1 infection 103 PFU 
 

2 n=29 MOCK 4 dpi  
n=37 HSV-1 4 dpi  
n=25 MOCK 8 dpi  
n=32 HSV-1 8 dpi 

1I HSV-1 infection 102 PFU 
 

3 n=58 MOCK 4 dpi  
n=74 HSV-1 4 dpi  
n=72 MOCK 8 dpi  
n=87 HSV-1 8 dpi 

S2G HSV-1 infection 
(day 40) 

6×102 PFU 

 

5 n=52 MOCK 4 dpi 
n=51 HSV-1 4 dpi 
n=40 MOCK 8 dpi 
n=35 HSV-1 8 dpi 
n=40 MOCK 12 dpi 
n=33 HSV-1 12 dpi 

5C IFN-I treatment 
against ZIKV  

105 TCID50 units 3 n=26 MOCK 12 dpi 
n=22 ZIKV 12 dpi 

n=29 ZIKV+IFN 12 dpi  

n=25 ZIKV+IFN 12 dpi 

S5F IFN-I treatment  none 5 n=49 untreated  

n=50 IFN  

n=50 IFN 

6C IFN-I treatment 
against HSV-1  

102 PFU  3 n=72 MOCK 8 dpi 
n=87 HSV-1 8 dpi 

n=54 HSV-1+IFN 8 dpi 

n=68 HSV-1+IFN 8 dpi 

7K IFN-I treatment 
against HSV-1 
R3616 

102 PFU 1 n=17 MOCK 8 dpi 
n=22 R3616 8 dpi 

n=11 R3616+IFN 8 dpi 

n=11 R3616+IFN 8 dpi 

S7B IFN-I pre and post 
treatment against 
HSV-1 WT 

102 PFU 5 n=97 MOCK 8 dpi 
n=107 HSV-1 8 dpi 

n=40 HSV-1+postIFN 8 dpi 

n=44 HSV-1+preIFN 8 dpi 

n=37 HSV-1+postIFN 8 dpi 

n=41 HSV-1+preIFN 8 dpi 

 
Table S3. Differential gene expression in infected versus MOCK organoids  
(related to Figure 2 and S2)  
 
A-B) Differentially expressed genes (DEGs) in ZIKV-exposed versus MOCK-exposed 
organoids at 12 days post-infection (dpi, A) and in HSV-1-exposed versus MOCK-exposed 
organoids at 8 dpi (B).



Table S4. Primer sequences used for RT-qPCR (related to STAR Methods) 
 

Target and sequences SOURCE IDENTIFIER 

Primers TBP:  
forward 5->3 GGGCACCACTCCACTGTATC 
reverse 5->3 CGAAGTGCAATGGTCTTTAGG 

This study N/A 

Primers IFNA:  
Forward 5->3 CGATGGCCTCGCCCTTTGCTTTA 
Reverse 5->3 GGGTCTCAGGGAGATCACAGCCC 

(Paijo et al., 2016) N/A 

Primers IFNB1:  
Forward 5->3 TGTGGCAATTGAATGGGAGGCTTGA 
Reverse 5->3 TCAATGCGGCGTCCTCCTTCTG 

(Paijo et al., 2016) N/A 

Primers ISG15:  
Forward 5->3 TGTCGGTGTCAGAGCTGAAG 
Reverse 5->3 AGAGGTTCGTCGCATTTGTC 

This study N/A 

Primers IFIT2:  
Forward 5->3 CAGCTGAGAATTGCACTGCAA 
Reverse 5->3 CGTAGGCTGCTCTCCAAGGA 

This study N/A 

Primers OAS1:  
Forward 5->3 TGACTGGCGGCTATAAACC  
Reverse 5->3 TGGGCTGTGTTGAAATGTGT 

This study N/A 

Primers RIG-I:  
Forward 5->3 AGTGAGCATGCACGAATGAA  
Reverse 5->3 GGGATCCCTGGAAACACTTT 

(Hamel et al., 2015) N/A 

Primers IFIH1:  
Forward 5->3 GCCATTGCAGATGCAACCAG 
Reverse 5->3 TTGCGATTTCCTTCTTTTGCAG 

(Hamel et al., 2015) N/A 

Primers DHX58:  
Forward 5->3 GCCCTCGGGGTATCATCTTC 
Reverse 5->3 CCCGGATGTCCACAGTCTG 

Primer Bank   149408121c3 

Primers TLR3:  
Forward 5->3 TTGCCTTGTATCTACTTTTGGGG 
Reverse 5->3 TCAACACTGTTATGTTTGTGGGT 

Primer Bank   19718735c1 

Primers TLR7:  
Forward 5->3 TCCTTGGGGCTAGATGGTTTC 
Reverse 5->3 TCCACGATCACATGGTTCTTTG 

Primer Bank   67944638c1 

Primers cGAS:  
Forward 5->3 CCCAAGCATGCAAAGGAAGG 
Reverse 5->3 ACAATCTTTCCTGCAACATTTCT 

(Paijo et al., 2016) N/A 

Primers STING:  
Forward 5->3 CACCTGTGTCCTGGAGTACG 
Reverse 5->3 CATCTGCAGGTTCCTGGTAGG 

(Paijo et al., 2016) N/A 

Primers TK:  
Forward 5->3 ACCCGCTTAACAGCGTCAACA 
Reverse 5->3 CCAAAGAGGTGCGGGAGTTT 

(Ferenczy and DeLuca, 2009) N/A 

Primers ACTIN: 
Forward 5->3 AAATCTGGCACCACACCTTC  
Reverse 5->3 AGAGGCGTACAGGGATAGCA 

(Lancaster et al., 2013) N/A 

Primers SNAI1: 
Forward 5->3 TCGGAAGCCTAACTACAGCGA 
 Reverse 5->3 AGATGAGCATTGGCAGCGAG 

Primer Bank   301336132c1 
 

Primers MIXL1: 
Forward 5->3 GGCGTCAGAGTGGGAAATCC 
Reverse 5->3 GGCAGGCAGTTCACATCTACC 

Primer Bank   13994334c1 
 

Primers LHX1: 
Forward 5->3 CCTGGACCGCTTTCTCTTGAA 
Reverse 5->3 ACCGAAACACCGGAAGAAGTC 

Primer Bank   314122156c1 
 

Primers ZIKV: 
ZIKA835 5->3 TTGGTCATGATACTGCTGATTGC  
ZIKA911c 5->3 CCTTCCACAAAGTCCCTATTGC 

(Lanciotti et al., 2008) N/A 
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