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A B S T R A C T   

Whether or not SARS-CoV-2 can cross from mother to fetus during a prenatal infection has been controversial; 
however, recent evidence such as viral RNA detection in umbilical cord blood and amniotic fluid, as well as the 
discovery of additional entry receptors in fetal tissues suggests a potential for viral transmission to and infection 
of the fetus. Furthermore, neonates exposed to maternal COVID-19 during later development have displayed 
neurodevelopmental and motor skill deficiencies, suggesting the potential for consequential neurological 
infection or inflammation in utero. Thus, we investigated transmission potential of SARS-CoV-2 and the conse
quences of infection on the developing brain using human ACE2 knock-in mice. In this model, we found that viral 
transmission to the fetal tissues, including the brain, occurred at later developmental stages, and that infection 
primarily targeted male fetuses. In the brain, SARS-CoV-2 infection largely occurred within the vasculature, but 
also within other cells such as neurons, glia, and choroid plexus cells; however, viral replication and increased 
cell death were not observed in fetal tissues. Interestingly, early gross developmental differences were observed 
between infected and mock-infected offspring, and high levels of gliosis were seen in the infected brains 7 days 
post initial infection despite viral clearance at this time point. In the pregnant mice, we also observed more 
severe COVID-19 infections, with greater weight loss and viral dissemination to the brain, compared to non- 
pregnant mice. Surprisingly, we did not observe an increase in maternal inflammation or the antiviral IFN 
response in these infected mice, despite showing clinical signs of disease. Overall, these findings have concerning 
implications regarding neurodevelopment and pregnancy complications of the mother following prenatal 
COVID-19 exposure.   

1. Introduction 

Early into the pandemic, neurological symptoms began manifesting 
in COVID-19 patients, with over 30% of infected individuals having 
developed these complications, and up to 80% in those hospitalized 
(Mao et al. 2020; Poyiadji et al. 2020; Taherifard and Taherifard 2020; 
Helms et al. 2020). These complications range from mild to severe, with 
mild symptoms including but not limited to confusion, headache, 
anosmia, and ageusia, and more severe symptoms including seizure 
development, stroke, Guillain-Barre syndrome, and more (Mao et al. 
2020; Arbour et al. 2000; Baig et al. 2020; Conde Cardona et al. 2020). 

In addition, more than 1/3 of patients have developed “long-COVID” 
accompanied by neurological complications such as brain fog, disorders 
with sleep, mood, or senses, myalgias, and sensorimotor deficits (Ste
fanou et al. 2022; Moghimi et al. 2021). These symptoms are suggestive 
of a viral neurotropism, but furthermore, SARS-CoV-2 has been detected 
in brain biopsies from fatal cases of COVID-19 with viral detection being 
seen in cortical neurons, glia, and choroid plexus cells (Crunfli et al. 
2022; Song et al. 2021; Martin et al. 2022; Gomes et al. 2021; Reagan- 
Steiner et al. 2022). It has also been shown that many previous coro
naviruses easily invade cells of the CNS (Arbour et al. 2000; Helms et al. 
2020; Taherifard and Taherifard 2020; Poyiadji et al. 2020). 

Abbreviations: COVID-19, coronavirus disease of 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE-2, angiotensin-converting enzyme 2; 
IFN, interferon; ABSL-3, Animal Biological Safety Level 3; MAP2, microtubule associated protein 2; TUJ1, beta-III Tubulin; 5HT2C, 5-hydroxytryptamin 2C; ChP, 
choroid plexus cells; ALDH1L1, aldehyde dehydrogenase 1 family member L1; SOX9, SRY-Box Transcription Factor 9; HSV, herpes simplex virus; HIV, human 
immunodeficiency virus; ESC, embryonic stem cell; FFU, focus-forming units; hpi, hours post infection; dpi, days post infection; TMPRSS2, transmembrane protease 
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As the pandemic progressed, exposure to COVID-19 infection has 
increased exponentially. One of the more highly susceptible groups is 
that of pregnant women, with evidence showing a higher risk for severe 
infection development, as well as increased rates of pregnancy compli
cations following a maternal case of COVID-19 (Jamieson and Ras
mussen 2022; Zambrano et al. 2020; Reagan-Steiner et al. 2022). These 
reports have shown increased rates of preeclampsia, pre-term birth, 
miscarriages, and neurological complications such as developmental 
and motor skill deficits in neonates following maternal infection. A very 
recent study reported on severe neurological complications such as 
seizures, acquired microcephaly, and developmental delay after being 
exposed to maternal COVID-19 infections in utero (Benny et al. 2023). 
Additionally, SARS-CoV-2 has been detected in amniotic fluid and um
bilical cord blood, with recent studies suggesting a potential for SARS- 
CoV-2 to infect the placenta and various tissues of the fetus (Baig 
et al. 2020; Aldrete-Cortez et al. 2022; Archuleta et al. 2022; Mesci et al. 
2020; Varma et al. 2020; Reagan-Steiner et al. 2022). Importantly, many 
of these receptors are expressed in the fetal brain, and viral infection 
during pregnancy has long been associated with neuropsychiatric dis
order development later in life, such as autism spectrum disorder, 
schizophrenia, bipolar disorder, and anxiety disorders (Al-Haddad et al. 
2019; Baron-Cohen et al. 1999; Barry and Bary 1961; Burd, Balak
rishnan, and Kannan 2012; Van Campen et al. 2020). Although direct 
infection of the viral pathogen may lead to the development of such 
disorders following prenatal exposure, maternal inflammation during 
pregnancy as a result of viral infection may also have detrimental con
sequences on neurodevelopment (Carlezon et al. 2019; Flaherman et al. 
2020; Hava et al. 2006; Shi et al. 2003). With the higher risk of prenatal 
infection, the potential for SARS-CoV-2 to invade human brain tissue, 
and the implications of a COVID-19 infection and the resulting inflam
mation still poorly understood, a better understanding of the conse
quences of prenatal COVID-19 exposure on neurodevelopment is 
imperative. 

Our previous studies on SARS-CoV-2 infection of the brain using in 
vitro models failed to fully replicate the intact system (McMahon et al. 
2021). Thus, in an attempt to reveal some insight into this important 
topic, such as vertical transmission potential and offspring pathology, 
we used humanized mice which expressed human ACE2 in place of the 
endogenously expressed mouse ACE2 to replicate the effects of prenatal 
COVID-19 infection on the developing fetal brain. Here, we showed that 
viral transmission to the fetus was not only possible, but occurred at 
significant levels at later stages in development. We also demonstrated a 
tropism for various cells of the brain, such as neurons, glial cells, and 
barrier cells such as those of the choroid plexus, as well as endothelial 
cells of the blood vessels. Although we did not see increased cell death in 
the brain tissue, we did find concerning levels of gliosis in the pups 7 dpi 
and early gross developmental differences. These findings highlight the 
importance of preventative measures against COVID-19 during 
pregnancy. 

2. Methods 

2.1. Mouse strains and breeding 

8-week old specific-pathogen-free male and female B6.129S2(Cg)- 
Ace2 < tm1(ACE2)Dwnt>/J (stock no. 035000) hACE2-KI (Zhou et al. 
2021) and C57BL/6J (stock no. 000664) mice were purchased from The 
Jackson Laboratory (Bar Harbor, ME) and crossed to produce hetero
zygous hACE2-KI females, and hemizygous hACE2-KI and homozygous- 
wild type males. All experimental procedures were conducted following 
the National Institute of Health guidelines and were approved by the 
Institutional Animal Care and Use Committee (IACUC) at the University 
of Texas at San Antonio. 

2.2. Mouse infections and sample processing 

For the morbidity and mortality study and to determine viral titer, a 
total of 9 hACE2-KI female heterozygous mice were randomly assigned 
to one of 4 treatment groups (3 mice per group): mock infection or one of 
three viral titers. The female mice were bred with hemizygous hACE2-KI 
males or wild type C57BL/6J males overnight to produce litters with 
mixed genotypes, then transferred to the ABSL3 and housed in micro
isolator cages with sterile water and chow ad libitum. Mice were infected 
intranasally (i.n.) with either mock (PBS) or with 10, 103, or 105 FFU of 
delta variant SARS-CoV-2, isolate hCoV-19/USA/PHC658/2021 (Line
age B.1.617.2) in a final volume of 60 µl following isoflurane sedation. 
After viral infection, mice were monitored daily for 4 dpi for morbidity 
(body weight loss) and mortality (survival). No mice lost more than 20% 
of their initial body weight, but were euthanized at 4 dpi. Lung, spleen, 
and brain tissues were harvested and homogenized in 2 mL of PBS. 
Tissue homogenates were centrifuged at 3,900 rpm for 15 min and su
pernatants were collected for genomic RNA and subgenomic mRNA RT- 
qPCR analysis. 

For prenatal infection studies, 8–12-week old heterozygous hACE2- 
KI females were bred with hemizygous hACE2-KI males or wild type 
C57BL/6J males overnight to produce litters with mixed genotypes. 
Pregnant mice were then transferred to the ABSL3 at E12 or E16.5 and 
housed in microisolator cages with sterile water and chow ad libitum. 
Mice were randomly assigned to treatment groups and immediately 
infected intranasally (i.n.) at either E12.5 or E16.5 with mock (PBS) or 
with 105 FFU of delta variant SARS-CoV-2, isolate hCoV-19/USA/ 
PHC658/2021 (Lineage B.1.617.2) in a final volume of 60 µl following 
isoflurane sedation. After viral infection, mice were monitored daily for 
morbidity (body weight loss) and euthanized at 48 hpi based on the 
previous morbidity and viral titer study. In some experiments, pregnant 
mice were infected at E16.5 with mock (PBS) or 105 FFU of delta variant 
SARS-CoV-2 and the pups were euthanized at 7 dpi. Mice were perfused 
with PBS, then the lung, spleen, and brain tissues were harvested from 
the dam. The uterus was also harvested to collect the placentas, fetal 
brains, thoracic, cardiac, and abdominal tissues. For RT-qPCR analyses, 
all tissues were homogenized in 2 mL of PBS, then tissue homogenates 
were centrifuged at 3,900 rpm for 15 min and supernatants were 
collected for genomic RNA and subgenomic mRNA RT-qPCR analysis. 
Fetal tails were collected for genotyping and sexing. For other analyses, 
pregnant dams were anesthetized using isoflurane, then cheek blood 
was collected for serum harvesting. The dams were then perfused using 
sterile PBS and 4% PFA. Following PBS perfusion, the lungs were 
collected from the dams and homogenized in TRIzol for RT-qPCR to 
confirm infection. Following PFA perfusion, the brain of the dam, the 
placentas, and the fetuses were collected and placed in 10% neutral 
buffered formalin for 72 h in order to conduct IHC. 

2.3. RNA isolation 

Virus-infected tissues were inactivated by mixing homogenized 
samples with TRIzol Reagent (Life Technologies) in clean screw-top 
micro-centrifuge tubes. Viral RNAs were extracted from the inacti
vated samples using an EpMotion M5073c Liquid Handler (Eppendorf) 
and the NucleoMag Pathogen kit (Macherey-Nagel). Briefly, 10µg yeast 
tRNA and 1 × 103 pfu of MS2 phage were added to each sample. After 
centrifugation, the aqueous phase was transferred to a new tube con
taining NucleoMag B-Beads and binding buffer, and the samples were 
mixed for 10 min at room temperature. RNA extraction was completed 
on the liquid handler according to the NucleoMag Pathogen kit protocol. 
The isolated RNAs were quantified using a NanoDrop One spectropho
tometer (Thermo Fischer Scientific). 
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2.4. Quantitative Real-Time PCR analysis for quantification of SARS- 
CoV-2 Genome Equivalents per mL 

RT-qPCR was performed on a QuantStudio 3 instrument (Applied 
Biosystems) using the TaqPath™ 1-Step RT-qPCR Master Mix, CG 
(Thermo Fisher) and the following cycling parameters: Hold stage 2 min 
at 25 ◦C, 15 min at 50 ◦C, 2 min at 95 ◦C; PCR stage 45 cycles of 3 s at 
95◦Cm 30 s at 60 ◦C The CDC-developed 2019-nCoV_N1 assay was used 
to measure the quantity of Genome Equivalents (GE). Standard curve 
method was used for GE number calculations. The cut-off for positivity 
(limit of detection, LOD) was established at 10 GE per reaction (800 GE/ 
mL). Samples were tested in duplicate. 

2.5. Subgenomic qPCR analysis 

RT-qPCR was also performed to measure subgenomic RNA of E re
gion (Envelope). The assay was designed as described in Wolfel et al., 
2020 (Wölfel et al. 2020). The same instrument, reaction master mix, 
and cycling parameters as for the genomic RNA quantification were 
used. LOD was set as 13.98 copies per reaction (800 copies/mL). Sam
ples were tested in duplicate. 

2.6. Imaging flow cytometry 

Whole infected fetal brains were harvested and dissociated in a 10 
mg/mL collagenase solution with 10% FBS for 1 hr. Cells were then 
stained with a viability dye (Zombie Aqua™, BioLegend, 423,101 or 
Zombie Yellow™, BioLegend, 423103) for 15 mins then fixed in 4% PFA 
for 1 hr. After incubation, cells were blocked and permeabilized using 
Ebioscience™ Intracellular Fixation & Permeabilization Buffer Set 
(Thermo, 88–8824-00) then incubated for 30 min at 4 ◦C with the 
following primary antibodies: human anti-SARS-CoV-2 spike protein 
conjugated with Alexa Fluor™ 647 (Thermo, 51–6490-82), rabbit anti- 
SOX9 (Thermo, MA5-41174), goat anti-hACE2 (R&D Systems, AF933), 
rabbit anti-beta-3 tubulin (Thermo, PA5-52655), chicken anti-MAP2 
(Thermo Fisher, PA1-10005), rabbit anti-Nestin (Thermo Fisher, PA5- 
82905), rat anti-GFAP (Thermo Fisher, 13–0300), rabbit anti-Iba1 
(Wako Chemicals, HNM3505),rabbit anti-Iba1 (Wako Chemicals, 
019–19741), and rabbit anti-5HT2C (Abcam, ab133570). DAPI was 
added following secondary incubation at RT for 30 min in the dark with 
the following secondary antibodies at 1:1000: Alexa Fluor™ 488, and 
Cy3. Samples were then fixed for 72 hr with 4% PFA and analyzed with 
an ImageStreamX MKII (Millipore, Burlington, MA) image flow cytom
eter with a 7-μm core at low flow rate and high sensitivity using INSPIRE 
software. 50,000 single cells were randomly sampled from whole fetal 
brain dissociations. Fluorochromes were excited with 405, 488, 561, 
and 633 nm lasers and image data were collected through a 60 ×
objective in appropriate channels. Single-color reference samples for 
each fluorochrome were generated by inclusion of cells that are incu
bated with each fluorochrome separately. Images were analyzed using 
IDEAS® software version 6.2 (Millipore, Burlington, MA). A compen
sation matrix was built with the data from single-color reference samples 
to allow removal of spectral spillover to adjacent channels from each 
detection channel. 

2.7. ELISA assays 

Concentrations of cytokines from serum harvested from mock and 
infected dams were measured by ELISA using commercial kits specific 
for mouse cytokines (Signosis, EA-4003), mouse IFN-alpha/beta RD 
(Thermo, EM39RB), and mouse IFN gamma (Thermo, BMS606-2) ac
cording to the manufacturer’s protocols. Briefly, samples were mixed 
with a diluent and were aliquoted in duplicate into microtiter strip wells 
coated with respective biotin-conjugated antibodies. Antibodies labeled 
with streptavidin-horseradish peroxidase were then added to the wells 
and incubated for 1 h at room temperature. After the incubation, wells 

were washed three times before addition of enzyme substrate. Samples 
were then incubated for 30 min. The resulting yellow acid dye at 450 nm 
with a reference filter of 620 nm was measured by a plate reader. 

2.8. Immunofluorescence and confocal microscopy 

Fetal mouse samples were fixed for 72 hr in 10% neutral buffered 
formalin, then transferred to 30% sucrose solution at 4 ◦C for 5 d. The 
tissues were then embedded in OCT Compound (Thermo Fischer Sci
entific) and sectioned at 20 µm on a standard cryostat using Fish
erbrand™ Superfrost™ Plus Microscope Slides to collect sections. 
Sections were blocked and permeabilized for 1 hr at RT using 0.3% 
Triton and 1% donkey serum buffer, then incubated overnight at 4 ◦C 
with the following primary antibodies: human anti-SARS-CoV-2 spike 
protein conjugated with Alexa Fluor™ 647 (1:200, Thermo, 51–6490- 
82), human anti-igG1 isotype control conjugated with Alexa Fluor™ 647 
(1:200, Novus Biologicals, DDXCH01A647-100), goat anti-CD31 (1:300, 
R&D Systems, AF3628), rabbit anti-ALDH1L1 (1:750, Abcam, 
ab177463), goat anti-hACE2 (1:50, R&D Systems, AF933), rabbit anti- 
beta-3 tubulin (1:50, Thermo, PA5-52655), chicken anti-MAP2 
(1:2000, Thermo Fisher, PA1-10005), rabbit anti-Iba1 (1:1000, Wako 
Chemicals, HNM3505), and rabbit anti-5HT2C (1:500, Abcam, 
ab133570). DAPI was added following secondary incubation at RT for 
30 min in the dark with the following secondary antibodies at 1:1000: 
Alexa Fluor™ 488, and Cy3. Slides were washed in TBS in between each 
incubation. Images from the cortical and hippocampal regions of the 
fetal brain were acquired using a Zeiss LSM 710 Confocal Microscope 
equipped with four laser lines (405, 488, 561, and 633 nm) under 20X 
and 40X objective lenses, and Zen 2011 software. Serial Z-stack images 
were collapsed to obtain a maximum intensity projection of lines after 
acquisition. Compared samples were processed in parallel, and the same 
settings and laser power were used for confocal microscopy. 

2.9. Statistical analysis 

SigmaPlot power analysis of previous work was used to determine 
sample size for each experiment (Lodge and Grace 2007; Elam et al. 
2022). All data reported as mean ± standard error of the mean (SEM) 
unless otherwise indicated. Differences were considered statistically 
significant when p < 0.05 and are signified by *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001, and not statistically significant when 
p greater than 0.05, signified by n.s. In all cases, the stated n value 
represents individual mice. For IHC, compared samples were processed 
in parallel, and the same settings and laser power were used for confocal 
microscopy. Outliers were defined by performing Grubb’s test. Student 
t-tests and repeated measures one-way ANOVA were used to evaluate 
statistical significance, using Bartlett’s test to verify sphericity in 
multivariate analyses. All statistical analyses were conducted using 
GraphPad Prism software (version 9.3.1). 

3. Results 

3.1. Heterozygous hACE2 mice are susceptible to SARS-CoV-2 infection 

Many previous studies of SARS-CoV-2 have utilized homozygous 
hACE2-KI mice, with few conducting infections in heterozygous mice 
(Winkler et al. 2022; Rathnasinghe et al. 2020; Zhou et al. 2021; Moreau 
et al. 2020; Zhang et al. 2022). In our studies, we aimed to evaluate the 
effects of fetal viral infection as well as maternal inflammation inde
pendent of fetal viral infection on the developing brain, thus we utilized 
heterozygous female hACE2-KI mice (Zhou et al. 2021) in order to 
generate litters containing both SARS-CoV-2-susceptible (hACE2+) and 
SARS-CoV-2-resistant (hACE2-) fetal genotypes. To validate our het
erozygous hACE2-KI mice as a model for prenatal COVID-19 infection, 
we first conducted a titer-dependency assay to determine optimal viral 
titer for infection and a time line of peak viral infection. 12-week old 
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nonpregnant heterozygous hACE2-KI female mice were intranasally 
infected with PBS as a mock infection, or a maximum viral titer of 105 

focus forming units (FFU) based on previous literature (Ye et al. 2021; 
An et al. 2021; Winkler et al. 2022). Two viral titers below this 
maximum titer (10 and 103 FFU) were additionally chosen to optimize 
infection while minimizing dose-related side effects. Weight and clinical 
signs of disease were monitored daily until mice reached 100% of their 
pre-infection body weight (4 dpi), and then the lungs, spleen, and brain 
were harvested for RT-qPCR analysis of viral load (Fig. S1A). 

Mice in the mock infection and experimental groups 10 and 103 FFU 
did not display any weight loss or signs of disease, though mice in the 
105 FFU group lost 20% of their pre-infection body weight within 48 hpi 
and displayed signs of disease including appetite loss, hunched posture, 
and ruffled fur. Interestingly, these mice displayed 100% body weight 
recovery at 72 hpi, which may be attributed to less hACE2 expression as 
a result of their heterozygous phenotype (Fig. S1B). RT-qPCR analysis of 
harvested tissues at 4 dpi showed infection in the lungs at 103 and 105 

FFU, with a significant increase in viral load at 105 FFU. Infection was 
only observed in the spleen at 105 FFU, indicating that viral dissemi
nation occurred at this viral titer, but no infection was observed in the 

brain (Fig. S1C). Subgenomic mRNA analysis showed that viral tran
scription (an indicator of viral replication) only occurred in the lungs of 
mice in the 105 FFU group (Fig. S1D). Comparable to infections seen in 
studies using homozygous hACE2-KI mice (Winkler et al. 2022; Rath
nasinghe et al. 2020), these data validated our heterozygous hACE2-KI 
mice as a model for infection, and allowed us to identify 48 hpi as the 
peak infection time, and 105 FFU as optimal viral titer for subsequent 
experiments. 

3.2. Pregnant mice demonstrate more severe SARS-CoV-2 infection than 
nonpregnant mice, and viral infection was detected in the brains of 
pregnant mice 

For prenatal COVID-19 exposure studies, 8–12-week-old female 
heterozygous hACE2-KI mice were crossed to either hemizygous hACE-2 
KI males or WT males in order to achieve desired fetal genotypes within 
each litter (Fig. S2). Desired fetal genotypes within each litter included 
both hACE2+ and hACE2- fetuses in order to evaluate the effects of fetal 
viral infection or maternal inflammation without fetal viral infection, 
respectively. Timed pregnancies were used to determine the 

Fig. 1. SARS-CoV-2 infection occurs in the brain of 
pregnant mice. (A) Experimental schematic. (B-C) 
RT-qPCR data showing viral load of SARS-CoV-2 in 
the brain shows significant infection in infected 
pregnant mice compared to mock at E14.5 and E18.5, 
respectively. n = 3–4. (D) Viral detection is seen in 
fetal brains at the later time point of E18.5, and is 
significantly higher in male fetuses than females. n =
6–10. (E) Significant S protein is detected in whole 
fetal brains via imaging flow cytometry data at E18.5.   
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developmental stage in pregnant mice, which were infected at one of 
two time points (Fig. 1A). In order to determine if astrocyte emergence 
affected infection levels in the fetal brain, as hypothesized due to data 
from our previous study (McMahon et al. 2021), the first time point was 
at the mid-gestational stage of E12.5, which occurred following the 
initiation of ACE2/TMPRSS2 expression and prior to astrogliogenesis. 
This time point approximately matches the end of the first trimester and 
start of the second trimester in humans. The second time point was a late 
gestational stage that occurred post-astrogliogenesis and approximately 
matched early third trimester in humans. Both time points occur after 
placental formation, with fetal and maternal tissue harvesting at 48 hpi 
for analysis. Body weights of pregnant mice were used as a clinical sign 
of disease and were monitored post infection at both time points 
(Fig. S3). Infection at E12.5 resulted in a gain of 3.25 g (g) less than 
mock-infected mice on average, while infection at E16.5 resulted in a 
gain of 3.25 to 6 compared to mock-infected mice, despite rapid fetal 
growth at this gestational point. Additionally, infected mice displayed 

increased fur ruffling and hunched posture compared to mock-infected 
mice. 

RT-qPCR analysis of the maternal lung at both time points showed 
similar levels of viral infection and replication in both pregnant and 
nonpregnant mice (Fig. S4). Genomic viral RNA was used to determine 
overall viral load in the lungs (Fig. S4A-B) and subgenomic viral mRNA 
levels, which indicate active transcription, was used as an indicator for 
viral replication (Fig. S4C, D). There were also similar viral loads 
detected in the spleens of both pregnant and nonpregnant mice at both 
time points, but no viral replication was observed in this tissue (Fig. S5). 
Interestingly, viral infection was detected at significant levels in the 
brains of pregnant mice at both time points, while none was detected in 
the brains of nonpregnant mice (Fig. 1B, C). Viral replication was not 
observed in the brains however (Fig. S6). The increased viral dissemi
nation from the lungs to the brain, as well as increased weight loss 
suggests that pregnancy facilitates more invasive viral infection than in 
nonpregnant mice. 

Fig. 2. hACE2 is seen in hACE2þ fetal mouse 
brains at both time points. (A) Allen brain atlas 
images of E15.5 and E18.5 fetal brains showing re
gions imaged for IHC (blue box). (B) hACE2 is 
detected in imaged regions of both E14.5 and E18.5 
hACE2+ fetal brains. (C) Imaging flow cytometry of 
hACE2 expression in DAPI+ cells of mock-infected 
and infected fetal brains. (D) Imaging flow cytom
etry of S protein detection in hACE2+ cells. n = 4. (E) 
Representative images from imaging flow cytometry. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the web version 
of this article.)   
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3.3. SARS-CoV-2 infection occurs in hACE2 + but not hACE2- fetal 
tissues, including the fetal brain 

RT-qPCR was conducted to evaluate viral load in infected hACE2+
and hACE2- fetal tissues at E14.5 and E18.5. At E14.5, only 22% of 
hACE2+ fetuses had positive detection for SARS-CoV-2 in abdominal, 
thoracic, and cardiac tissues (Fig. S7A), while over 60% of hACE2+
fetuses had positive detection in these tissues at E18.5 (Fig. S7B). 

Interestingly, of the 60% showing positive SARS-CoV-2 detection, 62% 
were males. Notably, there was no increase in infection amongst ho
mozygous female fetuses compared to heterozygous fetuses. In the 
hACE2+ fetal brains, only 5% of fetuses had viral detection at E14.5 
(Fig. S7C), and 58% had detection at E18.5 (Fig. 1D). Again, detection 
occurred primarily in males in the fetal brain at E18.5. Viral replication 
was not detected in any fetal tissues at either time point, however. Virus 
was also not detected in any tissues of the hACE2- fetuses (Fig. S8A–D). 

Fig. 3. SARS-CoV-2 infects endothelial cells in the 
fetal brain. (A) Allen brain atlas images showing re
gions of the brain analyzed for IHC (red box) and re
gion shown in representative confocal image (purple 
box). (B) Representative image of CD31+ blood ves
sels in the mock-infected fetal brain. (C) Representa
tive image of CD31+ and S protein+ blood vessels in 
the infected fetal brain. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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Along with RT-qPCR quantification, relative infection rates and distri
bution of infection were further analyzed through imaging flow 
cytometry. As shown by imaging flow cytometry data in Fig. 1E, 12–27% 
of cells from whole hACE2+ fetal brains had positive detection of SARS- 
CoV-2 S protein. Similar to the RT-qPCR data of whole fetal brains in 
Fig. 1D, there are two distinct populations of cells from infected fetuses. 

Since SARS-CoV-2 was detected in the fetal brains, human ACE2 
expression was evaluated in the brains at E14.5 and E18.5, the 

equivalent of 48 hpi in infection studies (Fig. 2). Immunohistochemistry 
of sagittal sections of the cortical and hippocampal regions of hACE2+
fetal brains showed hACE2 expression at both time points (Fig. 2A, B). 
To validate the antibody and confirm that non-specific binding was not 
occurring, IHC was conducted in hACE2- fetal tissues at E18.5 to confirm 
that hACE2 was not detected (Fig. S8E). Imaging flow cytometry was 
conducted by randomly sampling 50,000 dissociated cells from whole 
mock-infected and infected fetal brains (Fig. 2C–E). This data showed 

Fig. 4. SARS-CoV-2 infection surrounds neurons in 
vivo. (A) Allen brain atlas images showing regions of 
the brain analyzed for IHC (red box) and region 
shown in representative confocal image (purple box). 
(B) Representative confocal image of immature 
neuron marker TUJ1, and mature neuron marker 
MAP2 in the mock-infected fetal brain. (C) Repre
sentative images of SARS-CoV-2 S protein, immature 
neurons, and mature neurons in the infected fetal 
brain. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web 
version of this article.)   
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that hACE2 expression was detected in ~ 40% of total sampled cells 
from mock-infected fetal brains, but in ~ 65% of cells from infected fetal 
brains (Fig. 2C). This supports data from our previous studies in orga
noids showing that ACE2 expression increases in neural tissue following 
SARS-CoV-2 infection (McMahon et al. 2021). Interestingly, several re
ports have found increased ACE2 levels in COVID-19 patients, specu
lating that circulating ACE2 ectodomain may assist in clearing or 
preventing infection spread by acting as a soluble decoy or limiting 
inflammation (Ciaglia, Vecchione, and Puca 2020; Nagy et al. 2021; 
Patel et al. 2021; Gutiérrez-Chamorro et al. 2021). Of the cells 
expressing hACE2 in infected fetal brains, ~50% of these also showed 
positive SARS-CoV-2 S protein detection, while there was no detection of 
S protein in the mock-infected fetal brains (Fig. 2D, E). Furthermore, 
SARS-CoV-2 S protein was not detected in hACE2- fetal brains through 
IHC (Fig. S8E). These data indicate that hACE2 is the receptor 

facilitating SARS-CoV-2 infection in this model system. 

3.4. SARS-CoV-2 targets various cell types of the fetal brain at 48 hpi 

Because of the significant viral detection in the fetal brains at E18.5, 
we conducted subsequent analyses at this time point. In order to 
determine the tropism of SARS-CoV-2 in the brain, we first conducted 
IHC to identify SARS-CoV-2 localization. Using the S protein as a marker 
for viral infection, we performed confocal imaging of the cortical and 
hippocampal regions of the fetal brain (Fig. 3A) and observed that the S 
protein appeared to be localizing within blood vessels of the brain. To 
ensure that the detected S protein signal was not due to auto
fluorescence, IHC was conducted for S protein detection in hACE2- fetal 
brains from infection groups (Fig. S8E) and in mock infected fetal brains 
(Fig. S9). No S protein detection was observed in these fetuses. For all 

Fig. 5. SARS-CoV-2 infects ChP cells. (A) Region shown in representative confocal image (purple box). (B) Representative image of ChP marker 5HT2C in the 
mock-infected fetal brain. (C) SARS-CoV-2 S protein+ and 5HT2C+ ChP cells in infected fetal brain. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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subsequent IHC, mock-infected brains were stained for S protein and the 
respective cell type marker. To confirm blood vessel infection, we used 
CD31 to stain for endothelial cells in the brain and found co-localization 
of S protein with CD31 (Fig. 3B, C). The S protein was also detected in 
clusters within the blood vessels. Together, these data may suggest that 
SARS-CoV-2 enters the fetal brain through the circulatory system, also 
offering a method of viral transmission from mother to fetus. Next, we 
evaluated whether SARS-CoV-2 infection was found in other cells of the 
brain. As a marker for immature neurons, beta-3 tubulin (TUJ1) was 
used, and as a marker for mature neurons, MAP2 was used. We did not 
observe co-localization of S protein with TUJ1 or MAP2 in confocal 
images of sagittal sections of the fetal brain (Fig. 4C), which may be 
attributed to imaging only a few thin sections of a small region of the 

fetal brain (the cortex). To corroborate data from ours (McMahon et al. 
2021) and other previous studies, we used 5HT2C as a marker for ChP 
cells. IHC showed co-localization with 5HT2C (Fig. 5A–C), suggesting 
that SARS-CoV-2 infects ChP cells in the fetal brain. Our previous data 
also found that SARS-CoV-2 infects astrocytes in human cortical orga
noids, and so we used ALDH1L1 as a marker for astrocytes (Fig. 6C). IHC 
data showed co-localization of ALDH1L1+ cells with S protein signal, 
suggesting infection of astrocytes. These data are in support of our 
previous findings in organoids. Furthermore, we evaluated infection in 
microglia, a cell type not present in our organoid model, and our data 
shows co-localization of microglial marker Iba1 with S protein (Fig. 7), 
indicating that infection of microglia also occurred in the fetal brains. 
Overall, IHC showed that SARS-CoV-2 does infect various cell types of 

Fig. 6. SARS-CoV-2 infects astrocytes. (A) Regions of the brain analyzed for IHC (red box) and region shown in representative confocal image (purple box). (B) 
Representative image of astrocyte marker ALDH1L1 in the mock-infected fetal brain. (C) SARS-CoV-2 S protein+ and ALDH1L1+ astrocytes in the infected fetal 
brain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the fetal brain within 48 hpi. 
Due to the inconclusive IHC data regarding neuronal infection by 

SARS-CoV-2, and to confirm the infection of other cell types in our IHC, 
we then used imaging flow cytometry (IFC) as a more sensitive method 
in order to closer evaluate infection at an individual cell level (Fig. 8). 
This also allowed us to obtain quantitative viral tropism data. To do this, 
we dissociated whole brains from both mock-infected and infected 

fetuses, then gated on single cells for mock-infected fetuses, or single 
cells that contained virus for samples from infected fetuses (Fig. 8A). We 
randomly obtained 50,000 cells from each sample, and then determined 
the percentage of S protein+ cells that were also positive for each 
respective cell type marker. Interestingly, we found that amongst S 
protein+ cells, ~19% were TUJ1+ and ~ 13% were MAP2+, indicating 
that SARS-CoV-2 does infect neurons in the fetal brain (Fig. 8B, C). 

Fig. 7. SARS-CoV-2 infects microglia. (A) Regions of the brain analyzed for IHC (red box) and region shown in representative confocal image (purple box). (B) 
Representative image of microglia marker Iba1 in the mock-infected fetal brain. (C) SARS-CoV-2 S protein+ and Iba1+ microglia in the infected fetal brain. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Confirming our IHC data and findings from previous studies, we found 
ChP marker, 5HT2C, detection in ~ 31% of infected cells. Using SOX9 as 
a marker for astrocytes in IFC, we confirmed that ~ 28% of infected cells 
were SOX9+, and found that approximately 27% of infected cells were 
also positive for our microglial marker, Iba1, further demonstrating that 
SARS-CoV-2 targets glial cells. Fig. S10 shows that S protein was not 
detected in mock-infected cells stained for each marker. Of note, per
centages do not sum to 100% due to overlap of several markers in a 
portion of cells, such as TUJ1 and MAP2, and SOX9 and 5HT2C cells 
(Fig. 8B). Only co-localization of MAP2 with S protein was decreased 
compared to other cell types, however, there was less MAP2 expression 
in the fetal brain sections overall due to the early developmental time 
point of the fetal brain at E18.5 compared to later postnatal stages. 
Infection of neurons by SARS-CoV-2 is contrary to our previous findings, 
which were that SARS-CoV-2 only infects glial and ChP cells in human 
cortical organoids. Overall, our IFC data shows that SARS-CoV-2 can 
infect the various cell types of the fetal brain at similar levels within 48 
h, suggesting that the fetal brain may be more susceptible to SARS-CoV- 
2 infection than previously thought. 

3.5. SARS-CoV-2 does not cause changes in cell death levels at 48 hpi but 
promotes reactive gliosis at 7 dpi 

We next investigated whether SARS-CoV-2 infection in these cells 
resulted in cell death at 48 hpi. We first conducted IHC using cleaved 
caspase-3 (aCasp3) as a marker for apoptotic cell death, and found no 
expression. We then conducted IFC using methods similar to the IFC in 
Fig. 8, and used Zombie aqua as an indicator for cell death. This data 
showed that cell death levels in infected fetal brains were comparable to 
levels from mock infection groups at 48 hpi (Fig. 9B). We hypothesized 
that increased cell death may instead occur at longer time points 
following infection, and we repeated IHC and imaging flow cytometry at 
7 dpi. Again we found no expression of aCasp3 in IHC, and similarly 
found comparable cell death levels between mock and infected brains 
using Zombie yellow in IFC (Fig. 9D, E). 

Because of this lack of change in cell death at both time points, we 
further investigated the consequences of infection on neurodevelopment 
by evaluating gliosis levels in the cortex and hippocampus at 7 dpi. 
GFAP and Iba1 expression were used as indicators for gliosis levels, and 
interestingly, both GFAP and Iba1 levels increased significantly in the 

Fig. 8. SARS-CoV-2 infects various cells of the CNS. (A) Gating strategy to identify virus+ and marker+/virus+ cells for imaging flow cytometry. (B) Flow 
cytometry quantification of respective cell markers in S protein+ cells. n = 4. (C) Representative imaging flow cytometry images of infected cells from the fetal brain. 
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brains of infected pups compared to mock-infected pups (Fig. 10A, B). 
GFAP-expressing astrocytes showed morphology typical of astrogliosis, 
with hypertrophic thicker processes and larger cell bodies, while 
microglia also developed “bushy” morphology with larger cell bodies, 
typical of reactive states (Fig. 10D, E). Of note, S protein was not 

detected at this time point, indicating that SARS-CoV-2 infection has 
cleared. Despite the lack of increased cell death and presence of virus, 
the finding and implications of increased gliosis as a result of infection 
during a critical point of neurodevelopment are of significant concern. 

Fig. 9. Cell death levels are similar in mock and infected fetal brains at 48 hpi. (A) Gating schematic for imaging flow cytometry. (B) Flow cytometry 
quantification of cell death levels in whole mock-infected and infected fetal brains using Zombie aqua. n = 3–6 groups of 3 pooled samples (C) Representative 
imaging flow cytometry images. (D) Flow cytometry quantification of cell death levels in whole mock-infected and infected fetal brains at 7 dpi using Zombie yellow. 
n = 3 samples (E) Representative imaging flow cytometry images. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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3.6. Maternal inflammation is not detected at 48 hpi, despite showing 
signs of disease 

Because it is well established that the maternal immune response 
alone can cause neurodevelopmental effects in prenatally exposed 
offspring, we conducted ELISA assays to investigate whether maternal 
inflammation or the antiviral IFN response occurred following infection 
with SARS-CoV-2 (Fig. S11). We collected serum from both mock 
infection and experimental groups at 48 hpi. Interestingly, our data 

showed no change in inflammation at this time point in the infected 
groups compared to the mock infection groups (Fig. S11A, B), despite 
increased viral dissemination and significant weight loss in pregnant 
dams. Although we expected an increased IFN response after viral 
infection, we observed no difference in this viral-specific immune 
response amongst the groups (Fig. S11C, D). 

Fig. 10. Gliosis occurs in infected pups 7 dpi. (A) Quantification of the percent of GFAP expression over the percent of DAPI expression in 1 mm × 1 mm regions of 
fetal brain sections at 7 dpi. (B) Quantification of the percent of Iba1 expression over the percent of DAPI expression in 1 mm × 1 mm regions of fetal brain sections at 
7 dpi. n = 6. (C) Regions of the brain shown in representative confocal image (red boxes). (D) Representative confocal images from the cortex of mock and infected P5 
pups. (E) Representative confocal images from the hippocampus of mock and infected P5 pups. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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3.7. Pre-term birth and early gross developmental differences are seen in 
infected compared to mock-infected litters 

To further investigate the potential clinical significance of in utero 
SARS-CoV-2 exposure, we then evaluated the effects of infection on 
early gross development of the offspring. To do so, pregnant dams were 
infected at our later developmental time point of E16.5, then measure
ments of length and weight were conducted on separate groups of mock- 
infected and infected fetuses at E18.5 and neonates at P1 (Fig. S13). 
Notably, we observed pre-term birth in approximately 45% of infected 
litters. Neonates born before E19.5 were excluded from length and 
weight measurements for this experiment. At both time points, the 
infected group was significantly greater in length (Fig. S13A, B) and 
weight (Fig. S13C, D) than the mock-infected group. Together, this data 
suggests that in utero SARS-CoV-2 infection has consequences on early 
developmental of the body, and may persist later in life as a result of pre- 
term birth. 

4. Discussion 

Until recently, it was widely believed that SARS-CoV-2 did not cross 
from the mother to the developing fetus during a maternal case of 
COVID-19; however, evidence of neurodevelopmental deficits in neo
nates exposed in utero (de Medeiros et al. 2022; Jamieson and Ras
mussen 2022; Rasmussen and Jamieson 2022; Liu et al. 2021; Archuleta 
et al. 2022; Aldrete-Cortez et al. 2022) and a more recent study looking 
at SARS-CoV-2 RNA in neonatal autopsy tissues (Reagan-Steiner et al. 
2022) now suggests otherwise. One study in particular found that neo
nates exposed during the late second trimester to maternal COVID-19 
had high levels of SARS-CoV-2 antibodies and displayed severe neuro
logical complications, but did not test positive at birth via PCR for active 
COVID-19 infections (Benny et al. 2023). Furthermore, SARS-CoV-2 
proteins were found in the placentas from these mothers, and after the 
sudden death of one of the infants at 13 months of age, SARS-CoV-2 
detection was found in the brain. This suggests that vertical trans
mission of SARS-CoV-2 in humans can occur, and that direct infection of 
the brain can lead to ongoing neurological complications. Many viral 
pathogens such as Zika virus, HSV, HIV, and more are able to cross the 
placenta and infect fetal tissues, resulting in mild to severe neurological 
complications (Xu et al. 2020; Shapiro-Mendoza et al. 2017; Meertens 
et al. 2017; Coelho and Crovella 2017; Muldoon et al. 2020). A previous 
study that we conducted using human ESC-derived brain organoids 
demonstrated the infection capability of SARS-CoV-2 in developing 
brain tissue (McMahon et al. 2021), thus, we investigated the potential 
for SARS-CoV-2 transmission from mother to fetus at two different time 
points of development, as well as the tropism in the fetal brain in 
particular. 

In this study, we confirmed that SARS-CoV-2 could be transmitted to 
the fetus at time points matching the second and third trimesters of 
human pregnancy using hACE2-KI mice (E12.5–14.5 and E16.5–18.5). 
Infection levels were much lower at a time point equivalent to the sec
ond trimester in humans, E12.5–14.5, but significant infection levels 
were observed at the third-trimester equivalent time point of 
E16.5–18.5. At this later time point, two distinct populations from 
infected fetal tissues were detected. While a lower population of infected 
cells was also detected using imaging flow cytometry, RT-qPCR data 
showed fetal brains without SARS-CoV-2 RNA. This discrepancy, as well 
as the lower infection levels at E14.5, may be due to deceased dissem
ination in some infected dams, as shown in Fig. S12. In addition, hACE2 
expression levels were similar at both time points, further suggesting 
that this may be attributed to decreased viral dissemination in the 
mothers. 

Interestingly, viral infection rates and levels were higher in males 
than in female fetuses. Further studies can be done to elucidate the role 
of sex in infection differences, as there are several possible explanations 
for our observations. For example, estrogen has been shown to act as a 

protective factor against various viral pathogens including SARS-CoV-2, 
while androgens have been correlated with increased vulnerability to 
SARS-CoV-2 infection (Mateus et al. 2022; Stárka and Dušková 2021; 
Magri et al. 2017; Wambier and Goren 2020; Al-Kuraishy et al. 2021). A 
proposed mechanism for this is that androgen receptor activation is 
necessary for TMPRSS2 transcription to occur and the gene loci for both 
ACE2 and androgen receptor is located on the X-chromosome, thus 
increased X-linked inheritance may lead to increased susceptibility to 
SARS-CoV-2 infection (Wambier and Goren 2020). 

We also confirmed that in our model, hACE2 expression was neces
sary for SARS-CoV-2 infection. WT mice are typically not susceptible to 
SARS-CoV-2 binding and infection due to conformational differences in 
their ACE2 receptors compared to human ACE2, with one pre-print 
demonstrating a rare exception (Joyce et al. 2022). In humans, there 
are numerous receptors that have been found to bind SARS-CoV-2 and 
allow for productive infection (Gusev et al. 2022; Varma et al. 2020), 
and so ours is a conservative model for infection potential. 

We then looked at the method of SARS-CoV-2 entry into the brain 
and SARS-CoV-2 tropism in neural tissue. We found that SARS-CoV-2 
was primarily localized in blood vessels of the brain, indicating a po
tential transmission mechanism from mother to fetus via the circulatory 
system. This is consistent with studies from patient samples, in which 
systemic circulation as a primary means for SARS-CoV-2 transmission to 
the brain has been established in (Batta et al. 2021; Pillai et al. 2021). 
Infection of the endothelial cells is consistent with several in vivo studies 
which have found high ACE2 expression in this cell type, along with 
infection-induced damage of the vasculature (Batta et al. 2021; Varga 
et al. 2020; Ackermann et al. 2020). Of note, ACE2 expression within 
this cell type has been shown to differ in one study, which may be 
attributed to differences amongst in vivo and in vitro models between 
studies (McCracken et al. 2021). Furthermore, infection in additional 
cell types of the fetal brain such as neurons, glial cells, and ChP cells was 
observed in our mouse model within 48 h of infection, concordant with 
reports in human tissue (Gomes et al. 2021; Pellegrini et al. 2020; Jacob 
et al. 2020; Zhang et al. 2020; Andrews et al. 2022). Notably, neuronal 
infection was contrary to our previous studies using ESC-derived human 
neural organoids. This discrepancy may be due to limitations of our in 
vitro organoid model however, such as a lack of relevant cell types, re
ceptors, and inflammatory pathways expressed. 

Interestingly, we found a lack of viral replication in this study, 
despite the observed widespread infection amongst fetal brain cells. 
While inconclusive in our study, this may occur as a result of damage to 
the infected blood vessels by viral infection, as vascular damage has 
been widely reported in COVID-19 patients (Batta et al. 2021; Acker
mann et al. 2020; Østergaard 2021), causing ruptures and leakage of 
viral particles via hemorrhagic dissemination from the mother’s system. 
Future studies to investigate this further can be done by using dextran 
and a fluorophore-tagged SARS-CoV-2 variant to visualize leakage from 
the blood vessels and subsequent viral spreading, similar to studies done 
by Gibson et al. (Gibson et al. 2022). Furthermore, clustering of viral 
infected endothelial cells, as seen in our current data, can be used as 
evidence to exclude the possibility of spreading via passive viral trans
port through the blood, as this indicates a region of cellular infection and 
subsequent damage. To enhance visualization of viral clustering within 
blood vessels, whole mount staining enabling more 3D imaging of intact 
vessels can also be done. 

Another enigmatic finding in our study was that cell death levels 
were comparable in the brains of both mock-infected and infected fe
tuses through IHC and imaging flow cytometry evaluation. A possible 
explanation was that our initial time point for tissue harvesting and 
analysis occurred at 48 hpi, which may not have been enough time for 
this process to occur at detectable levels. Thus, to further investigate 
this, experiments with longer end points were conducted to determine if 
cell death changes happen at 7 dpi; however, we also found similar 
levels of cell death in mock and infected brains at this time point. A 
possible explanation for the lack of increased cleaved caspase-3 
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detection in infected brains at both time points is that several studies 
have found that SARS-CoV-2 primarily induces the caspase 1-dependent 
cell death pathway of pyroptosis (Wang et al. 2022; Ferreira et al. 2021; 
Bittner et al. 2022; Sun et al. 2022). Pyroptosis may also explain the lack 
of increased cell death detection via IFC. Another possible explanation is 
that immune cell clearance of lysed cells may occur after 48 hpi but 
before 7 dpi, explaining the lack of viral detection at 7 dpi. Additionally, 
pyroptotic cells generate very low positive signals in cell death assays 
due to low levels of DNA fragmentation and integral nuclei (Yu et al. 
2021; Wang et al. 2021). 

Because pyroptosis is an inflammatory cell death mechanism 
(Bergsbaken, Fink, and Cookson 2009; Hsu et al. 2021), we then looked 
for alternate consequences of infection on neurodevelopment by eval
uating gliosis via astrocyte and microglial activation. In the cortex and 
hippocampal regions of infected brains at 7 dpi, GFAP levels were 
significantly increased in astrocytes, which also displayed hypertrophic 
reactive morphology. Increased GFAP levels, as well as other indicators 
for astrogliosis, have been observed in the plasma and brain in post- 
mortem patient samples after COVID-19 and other viral infections 
(Tremblay et al. 2020; Issa et al. 2020; Li et al. 2018; Sahin et al. 2022) 
and following traumatic brain injuries (TBIs), making GFAP a reliable 
biomarker for brain injury and dysfunction (Bazarian et al. 2018; 
Moseby-Knappe et al. 2021; Yue et al. 2020). Previous literature has also 
reported high expression of GFAP in the brains of individuals with 
Autism Spectrum Disorder (ASD) compared to healthy controls, sug
gesting that some effects of gliosis during early development may even 
persist later in life (Abdelli, Samsam, and Naser 2019). 

Similarly, when evaluating microglial activation in these regions, we 
found increased Iba1 levels with bushy, reactive morphology. Sustained 
or chronic microglial activation, or even activation during critical 
developmental stages in the brain can lead to lasting damage such as 
impaired memory and altered neuronal plasticity (Muzio, Viotti, and 
Martino 2021; Gogoleva, Drutskaya, and Atretkhany 2019), with viral 
infection at any stage of life being a major cause of gliosis (Bilbo et al. 
2018; Ashraf et al. 2021; Fatemi et al. 2002). While gliosis is an essential 
protective process in the brain, it can lead to damaging levels of neu
roinflammation when it occurs during crucial stages of early neuro
development, such as the P5 brain. As a result, neural structure and 
connectivity can be can be altered, leading to cognitive and behavioral 
deficits later in life (Abdelli, Samsam, and Naser 2019; Rhodes et al. 
2004; Cardoso et al. 2015). 

The findings of this study have vital implications for neuro
development. Infection-induced damage to the blood vessels can result 
in narrowing, ruptures, or leaks, which can lead to stroke or hemorrhage 
in the young or adult brain later in life (Østergaard 2021; Ackermann 
et al. 2020; Batta et al. 2021). In clinical studies, SARS-CoV-2 infection 
of the vasculature has been found to result in severe endothelial damage 
due to vascular thrombosis and weakening of endothelial cell mem
branes, as well as microangiopathy, leading to patient death (Acker
mann et al. 2020). As previously mentioned, SARS-CoV-2 also infects 
other cells of the CNS, which can have significant implications for 
neurodevelopment as well. Other than neurons, glial and ChP cells are 
crucial for regulation of brain function, development, and immune 
response. Dysfunction of the choroid plexus has been associated with a 
variety of neurological disorders, to include aberrant development, 
neurodegeneration, and even autoimmune diseases (Mihaljevic et al. 
2021). Glial cell dysfunction and gliosis have also been associated with a 
number of complications and disorders of the brain (Gao and Hernandes 
2021; Vandenbark et al. 2021; Zhao et al. 2021). Our findings in this 
study give rise to the question of what functional effects, such as 
behavioral and cognitive alterations, does infection of the developing 
brain have later in life. 

Three years into the pandemic, reports are now being made of neu
rodevelopmental deficits in babies exposed to COVID-19 during devel
opment (Aldrete-Cortez et al. 2022; Liu et al. 2021). Our findings may 
explain these clinical observations. Since it is well established that 

prenatal viral infection and inflammation exposure is strongly associ
ated with behavioral abnormalities later in life (Tomonaga 2004; Tarr 
et al. 2012; Shi et al. 2003; Ronovsky et al. 2017; Hava et al. 2006; 
Fernández de Cossío et al. 2017; Carlezon et al. 2019; Baharnoori, 
Bhardwaj, and Srivastava 2012), and we have shown here that viral 
infection can quickly and efficiently disseminate to fetal tissues from the 
infected mother, leading to gliosis in the developing brain, this suggests 
that individuals infected in utero may be pre-disposed to the develop
ment of neuropsychiatric disorders at some point in their life. Our future 
studies aim to elucidate this. Overall, this study offers novel insight into 
COVID-19 infections of the brain and infection of the fetus, and may 
explain the deficits seen in neonates currently and disorders that arise in 
infected offspring in later years. 

We also hypothesized that maternal inflammation during pregnancy 
could have effects on the development of the fetal brain, as it has been 
well noted in literature to result in neurological disorder development 
later in life (Burd, Balakrishnan, and Kannan 2012; Hava et al. 2006). To 
investigate this, we created a breeding scheme that allowed for litters 
containing both SARS-CoV-2-susceptible (hACE2+) and SARS-CoV-2- 
resistant (hACE2-) fetal genotypes. Since hACE2- fetuses were not sus
ceptible to viral infection, alterations in neurodevelopment or function 
following a maternal COVID-19 infection could be attributed to expo
sure to maternal inflammation. Our data showed that at 48 hpi, there 
was no increase in inflammation or an IFN response in infected pregnant 
mice compared to mock-infected pregnant mice. Upregulation of many 
inflammatory cytokines may take several days, however, the IFN 
response, which is the typical antiviral immune response, generally in
creases soon after infection with many viral pathogens (Krämer et al. 
2021; Sacco et al. 2022). Consistent with our findings, other reports 
from COVID-19 studies propose that SARS-CoV-2 counteracts the typical 
and initial viral detection and antiviral IFN responses (Blanco-Melo et al. 
2020; Gutiérrez-Chamorro et al. 2021; Hadjadj et al. 2020). These 
studies did find an increased inflammatory response, though these 
findings were in human patients. Interestingly, our maternal mice still 
showed clinical signs of disease, with hunched posture, ruffling of fur, 
and significant weight loss, despite the lack of an increase in inflam
mation. These mice also have high viral loads with notable viral 
dissemination. Further studies are needed to investigate this lack of 
maternal inflammation during a case of COVID-19. 

To investigate additional consequences of in utero SARS-CoV-2 
infection, we evaluated differences in early gross development of 
mock infected versus infected offspring. We found significant increases 
in both length and weight of infected E18.5 fetuses and P1 neonates born 
at term. Viral infections during pregnancy are typically associated with 
lower birthrates, which may result in gross and neurodevelopmental 
consequences later in life (Richards et al. 2013). Clinical studies have 
shown a correlation with moderate to severe COVID-19 infection and 
low birthweight, but this was not seen in cases of mild infection (Dileep, 
ZainAlAbdin, and AbuRuz 2022; Wei et al. 2021; Piekos et al. 2022). 
Alternatively, less severe COVID-19 infections during pregnancy were 
associated with fetal macrosomia, or higher birthweights (Simon et al. 
2022), similar to the observations in our study. We also observed pre- 
term birth in approximately 45% of infected dams, corroborating 
additional birth outcomes observed in women with COVID-19 infection 
during pregnancy (Piekos et al. 2022; Dileep, ZainAlAbdin, and AbuRuz 
2022). 

All together, the higher birth weights observed in infected litters, 
indicative of early gross developmental differences, and the neurological 
changes we observed are suggestive of downstream developmental ef
fects. Later studies will be conducted to investigate the persistence of 
these developmental differences into adulthood, and the consequences 
of these neurological observations on cognition and behavior. Further
more, we used the delta variant of SARS-CoV-2 in this study due to the 
high rate of neurological symptoms and infections associated with this 
variant, as well as its prevalence at the start of this study. While studies 
elucidating the effects seen following prenatal exposure to the more 
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recent and milder omicron variant are still needed, these findings are of 
great importance to those affected by the delta variant wave. 

5. Conclusion 

In the current study, our results demonstrate that a COVID-19 
infection during pregnancy causes more severe disease in the mother, 
with increased viral dissemination compared to a non-pregnant state. 
Furthermore, SARS-CoV-2 transmission from mother to fetus does occur 
during later stages of gestation, possibly through the circulatory system. 
In the fetal brain, we found that SARS-CoV-2 infects blood vessels, 
neurons, glial cells, and cells of the choroid plexus, and leads to an in
crease in gliosis even after viral clearance. Early developmental differ
ences were also observed between groups. Future studies are needed to 
evaluate why viral replication and increases in infection-induced cell 
death do not occur, however. Altogether, our findings suggest that a 
prenatal case of COVID-19 may have critical implications for neuro
development and function in the offspring. Our mouse model is con
servative, and so our findings also suggest that the consequences on 
neurodevelopment may be more severe in humans, having higher nat
ural susceptibility to SARS-CoV-2 infection than mice. 
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Gutiérrez-Chamorro, L., Riveira-Muñoz, E., Barrios, C., Palau, V., Nevot, M., Pedreño- 
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Kalna, V., Andaloussi-Mäe, M., Muhl, L., Craig, N.M., Griffiths, S.J., Haas, J.G., Tait- 
Burkard, C., Lendahl, U., Birdsey, G.M., Betsholtz, C., Noseda, M., Baker, A.H., 
Randi, A.M., 2021. Lack of evidence of angiotensin-converting enzyme 2 expression 
and replicative infection by SARS-CoV-2 in human endothelial cells. Circulation 143 
(8), 865–868. 

McMahon, C.L., Staples, H., Gazi, M., Carrion, R., Hsieh, J., 2021. SARS-CoV-2 targets 
glial cells in human cortical organoids. Stem Cell Rep. 16, 1156–1164. 

Meertens, L., Labeau, A., Dejarnac, O., Cipriani, S., Sinigaglia, L., Bonnet-Madin, L., Le 
Charpentier, T., Hafirassou, M.L., Zamborlini, A., Cao-Lormeau, V.M., Coulpier, M., 
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