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A B S T R A C T   

A strong association between perinatal viral infections and neurodevelopmental disorders has been established. 
Both the direct contact of the virus with the developing brain and the strong maternal immune response orig-
inated by viral infections can impair proper neurodevelopment. Coronavirus disease 2019 (COVID-19), caused by 
the highly-infectious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is currently responsible for 
a large global outbreak and is a major public health issue. While initial studies focused on the viral impact on the 
respiratory system, increasing evidence suggest that SARS-CoV-2 infects other organs and tissues including the 
mature brain. While studies continue to determine the neuropathology associated to COVID-19, the conse-
quences of SARS-CoV-2 infection to the developing brain remain largely unexplored. The present review dis-
cusses evidence suggesting that SARS-CoV-2 infection may have persistent effects on the course of pregnancy and 
on brain development. Studies have shown that several proinflammatory mediators which are increased in the 
SARS-CoV-2-associated cytokine storm, are also modified in other viral infections known to increase the risk of 
neurodevelopmental disorders. In this sense, further studies should assess the genuine effects of SARS-CoV-2 
infection during pregnancy and delivery along with an extended follow-up of the offspring, including neuro-
cognitive, neuroimaging, and electrophysiological examination. It also remains to be determined whether and by 
which mechanisms SARS-CoV-2 intrauterine and early life infection could lead to an increased risk of developing 
neuropsychiatric disorders, such as autism (ASD) and schizophrenia (SZ), in the offspring. 

This article is part of the special Issue on ‘Cross Talk between Periphery and the Brain’.   

1. Introduction 

Coronavirus disease 2019 (COVID-19), caused by the highly- 
infectious severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), is currently responsible for a large global outbreak and is a 
major public health issue, having caused the death of millions of people 
worldwide. Even though the main risk factors for COVID-19-related 
poor outcomes include older age, male gender, cardiovascular condi-
tions, hypertension and diabetes (Williamson et al., 2020), the disease is 
associated with unpredictable and variable outcomes independently of 
patient profile. In addition, the worrying emergence of new viral vari-
ants is leading to increased complications in patients outside the main 
risk groups. Clearly, there is an urgent need for studies to unravel the 
pathophysiology of the diverse disease symptoms and the possible late 
consequences associated with infection. Initial studies focused on the 

viral impact on the respiratory system, but increasing evidence suggest 
that SARS-CoV-2 infects other organs and tissues. In particular, the brain 
was recently shown to be targeted by the virus (Song et al., 2021), and 
neurological manifestations were shown to affect over 30% of patients 
(Mao et al., 2020). 

Although the clinical studies performed to this date have focused 
mainly on the neurological consequences of SARS-CoV-2 infection in 
non-pregnant adults, it is expected that only in the United States 
approximately 120.000 pregnant women have been infected with SARS- 
CoV-2 until October 2021 (CDC, 2020). This number is probably even 
bigger, since many patients experience only mild symptoms and others 
may even not have themselves tested. Despite initial studies suggested 
that COVID-19 is associated with low birth-weight infants and increased 
risk of preterm deliveries (Lokken, Huebner, et al., 2021; Lokken, Tay-
lor, et al., 2021; Zambrano et al., 2020), whether SARS-CoV-2 infection 
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has the potential to negatively affect intrauterine development remains 
controversial. Several studies suggest that mother-to-child transmission 
of SARS-CoV-2 can occur in utero, intrapartum, or early in the postnatal 
period (Fenizia et al., 2020; Hosier et al., 2020; Patanè et al., 2020; 
Sukhikh et al., 2021). Although most neonates testing positive for the 
virus do not develop severe respiratory symptoms (Raschetti et al., 
2020), studies addressing the consequences of this infection to the 
developing brain are lacking. Importantly, due to the short timeframe 
available for patient follow-up and to the lack of studies in animal 
models, the true long-term impacts to the brains of infants born from 
SARS-CoV-2-infected mothers are still unknown. 

Here, we review evidence suggesting that SARS-CoV-2 infection may 
influence the outcome of pregnancies and interfere with the developing 
fetus. Most importantly, we discuss the possibility that either the direct 
exposure of the offspring to SARS-CoV-2 or the maternal immune 
response originated by the virus, in cases of infections during pregnancy, 
may have persistent effects on the immature brain. Since neuro-
developmental disorders do not manifest until late childhood or 
adolescence, further studies are warranted to determine whether this 
pandemic will result in an increased diagnosis for these diseases (see 
Fig. 1). We suggest that, while further studies are performed in this area 
of research, post-pandemic infants born from mothers diagnosed with 
COVID-19 are carefully followed by healthcare workers. 

2. Clinical outcomes of SARS-CoV-2 during pregnancy and 
evidence of vertical transmission 

Pregnancy is characterized by physiological immunosuppression and 
increased susceptibility to respiratory infections (Parker et al., 2016). 
The first report of poor clinical outcome in pregnant women infected 
with SARS occurred nearly two decades ago (Wong et al., 2004), but the 
control of viral spread and the limited number of cases (Chowell et al., 
2004) precluded the performance of long-term prospective studies to 

evaluate whether neurodevelopment damages were associated to 
infection. Since the worldwide outbreak of the novel coronavirus, the 
genuine effects of SARS-CoV-2 infection on pregnant women and 
offspring remain unclear. Concerning the influence of infection on the 
course of pregnancy, an increased risk of preterm delivery during the 
acute course of COVID-19 disease was reported (Pierce-Williams et al., 
2020; Woodworth et al., 2020; Zambrano et al., 2020). A small cohort 
study performed in women infected during late pregnancy found that 
known risk factors for COVID-19 severity in the general population, such 
as obesity, increased the need of a premature C-section to alleviate 
respiratory difficulty (Lokken et al., 2020). Fetal growth restrictions 
(Sukhikh et al., 2021), low birth weight of at-term babies (Patanè et al., 
2020) and occasional miscarriages and stillbirths have also been re-
ported following COVID-19 diagnosis in pregnant patients (Baud et al., 
2020; Sukhikh et al., 2021). However, in other cohorts no increased risk 
of premature delivery or impaired fetal growth were described (Santana 
and Luis, 2021). These findings suggest that preexisting health condi-
tions among other still unknown factors can influence the outcome of 
COVID-19 in pregnant patients and their offspring (Jamieson and Ras-
mussen, 2021). 

The transplacental transmission of SARS-CoV-2 is a matter of debate. 
Recent reports have shown that the two known receptors for SARS-CoV- 
2, angiotensin-converting enzyme (ACE2) and transmembrane protease 
serine 2, are widely expressed in the placenta and in the maternal-fetal 
interface (M. Li et al., 2020), suggesting that, as with any respiratory 
virus, mother-to-child transmission of SARS-CoV-2 could occur. 
Accordingly, some case studies have demonstrated the presence of 
SARS-CoV-2 genome in placentas from women infected during the sec-
ond and third trimester of pregnancy (Hosier et al., 2020; Patanè et al., 
2020; Sukhikh et al., 2021), with increased placental infiltration of in-
flammatory cells, mostly phagocytic cells (Kirtsman et al., 2020; 
Schoenmakers et al., 2020). In one of these cases, an uneventful and 
healthy pregnancy was complicated immediately after the patient 

Fig. 1. Possible mechanisms associated with 
deleterious consequences of SARS-CoV-2 infec-
tion during pregnancy. As previously shown for 
other viral infections, the direct infection of the 
fetal brain (A) or maternal immune response asso-
ciated with infection (B) may have persistent effects 
on the developing brain (C). Cytokine storm syn-
drome, characterized by high levels of proin-
flammatory mediators is experienced by COVID-19 
patients. Several proinflammatory markers associ-
ated with the cytokine storm were shown to influ-
ence synapse pruning and susceptibility of 
neurodevelopmental disorders, including autism 
spectrum disorder (ASD) and schizophrenia (SZ).   
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acquired COVID-19 at 21 weeks of pregnancy. Combined analysis of 
placental tissue, umbilical cord blood and child blood indicated the 
occurrence of vertical viral transmission, possibly causing maternal 
vascular malperfusion, which led to premature birth (26th week) and 
child death (Sukhikh et al., 2021). In another study, viral genome has 
been detected not only in some of the analyzed at-term placentas but 
also in umbilical cords as well as in vaginal mucosa and milk specimens 
(Fenizia et al., 2020). Importantly, a case report of vertical transmission 
showed placental infection at high viral loads as well as viremia and 
neurological symptoms in the newborn (Vivanti et al., 2020). These 
findings contrast with one initial study performed in Wuhan with two 
pregnant subjects, showing no evidence of SARS-CoV-2 infection in all 
products of conception and in newborns (Fan et al., 2021), and a 29 
pregnant women cohort study, in which no evidence of viral proteins or 
RNA or morphological alterations were found in the placenta and 
nasopharyngeal swabs from neonates (Santana and Luis, 2021). In 
addition, a systematic review of 51 studies involving a total of 336 
newborns, found positive throat swabs in ~5% of babies with 
SARS-CoV-2 being detected in only a small percentage of tissues in the 
maternal-fetus interface. These findings suggest that the transmission 
could have occurred during or shortly after labour (Tolu, Ezeh, and 
Feyissa, 2021). 

In conclusion, the findings accumulated so far suggest that the risk of 
in utero SARS-CoV-2 transmission is low but possible, and may be 
influenced by other factors, such as the stage of pregnancy when 
infection occurs (first, second or third trimester), preexistence of other 
risk factors or placental vulnerability, maternal viremia, infection by 
different viral variants, among others. Indeed, a large systematic review 
found a 2–3.7% probability of SARS-CoV2 vertical transmission for in-
fections during the third trimester (Kotlyar et al., 2021). It is important 
to note that most studies involved patients in the final stages of preg-
nancy (third trimester), and thus no assessment can be made regarding 
the rates and consequences of vertical transmission in early pregnancy 
and potential risk for fetal morbidity and mortality. 

3. Viral infections and neurodevelopmental disorders 

The immature brain is extremely sensitive to external and internal 
environmental signals, and a developmental origin has been proposed 
for several different neurological and neuropsychiatric disorders (Bale 
et al., 2010; Estes and McAllister, 2016; Ozaki et al., 2020). Although 
conditions such as major depressive and bipolar disorders have already 
been associated with early life infections in humans (Agid et al., 1999; 
Clair and Michelle, 2015), autistic spectrum disorders (ASD) and 
schizophrenia (SZ) are the diseases that show a most tight link to in-
trauterine and/or early-life stress (Brown, 2012; Parboosing et al., 2013; 
Simanek and Meier, 2015). Both ASD and SZ are usually only diagnosed 
several years after birth and appear to be influenced by the cumulative 
impact of genetic and environmental factors, such as maternal infections 
(Estes and McAllister, 2016; van Loo and Martens, 2007). Although it 
remains unknown how the transient inflammatory milieu associated 
with viral infections could elicit such persistent and deleterious effects 
on brain functioning, some potential mechanisms have been proposed, 
such as: 1) functional reprogramming of innate immune cells, a process 
called innate immune memory in the fetal brain; 2) epigenetic changes 
in key genes for brain development; and 3) permanent impairments to 
the process of synaptic refinement, known as synaptic pruning, which is 
mainly performed by microglial cells and is crucial for proper brain 
maturation and network wiring. Whether SARS-CoV-2 is deleterious to 
the brain during development by interfering with any of these processes 
remains to be established. 

3.1. Possible mechanisms linking SARS-CoV-2 to ASD development 

ASD are a range of conditions characterized by impaired social and 
communication abilities as well as repetitive and stereotyped behaviors. 

The first evidence linking infectious agents to ASD development arose 
decades ago and involved congenital rubella infection. Since then, 
several other pathogens, especially viruses, were shown to cause a 
similar outcome (Meltzer and Van de Water, 2017). These viruses have 
been proposed to trigger ASD either due to direct infection of the fetal 
brain after they cross the placental barrier, or indirectly, by modulating 
maternal immune response, which could affect the fetus (Libbey et al., 
2005). 

Studies have reported that IL-1β, IL-6 and IL-17 are key molecules for 
infection-induced ASD (Al-Ayadhi and Mostafa, 2012; Ashwood et al. 
2011a, 2011b; Shuid et al., 2021), being the injection of either of these 
cytokines in animal models sufficient to trigger ASD-like behavior 
(Favrais et al., 2011; T. Smith et al., 2007). Concerning the SARS-CoV-2 
infection, one recent study found a concordant profile of inflammatory 
markers, particularly IL-6, IL-17 and tumor necrosis factor alpha 
(TNF-α), in peripheral blood of pregnant women as well as in the um-
bilical cord blood (Fenizia et al., 2020). Additionally, upregulation of 
IL-6 and TNF-α expression was found in SARS-CoV-2-positive placentas 
compared to control. Accordingly, other reports showed increased 
serum levels of IL-6, IL-10, and TNF-α in SARS-CoV-2-negative neonates 
born from infected mothers (Dong et al., 2020; Fenizia et al., 2020; Liu 
et al., 2020). One attractive hypothesis for the mechanism by which 
exposure to inflammatory mediators induces ASD is through the acti-
vation of microglia. 

Microglia are the main brain-resident phagocytic cells involved in 
the communication of systemic inflammation to the brain. These cells 
seem to play a key role in ASD development since the pharmacological 
inhibition of microglial activation in infected pregnant mice prevented 
the development of ASD-like behavior in the offspring (Chu et al., 2010; 
Zhan et al., 2014). So far, the impact of SARS-CoV-2 on microglial 
activation is practically unknown. Microglial activation has already 
been found in SARS-CoV-2-infected adult patients (Matschke et al., 
2020), and recently a case study found gliosis in periventricular and 
subcortical areas in brain images from a SARS-CoV-2-positive newborn 
(Vivanti et al., 2020). It is important to highlight that innate immune 
memory in the brain is possibly associated with epigenetic modulation. 
Interestingly, genes of pathogen-response pathways, known to control 
microglial activation, such as TNF-α, IL-6 and interferon regulatory 
factor 8 (IRF8), were shown to be epigenetically modulated in both ASD 
patients and animal models (Gilmore et al., 2005; Matcovitch-Natan 
et al., 2016; Pratt et al., 2013). Then, it is possible that the transient 
inflammatory response to which fetus’ brains are exposed in utero 
during maternal infection with SARS-CoV-2 (as well as with other in-
fectious agents) leads to the development of innate immune memory. 
However, whether SARS-CoV-2 itself and/or maternal inflammatory 
mediators cross the placental barrier and act directly on the fetal brain 
remains unknown. 

Microglia have a central role both in physiological and pathological 
synaptic refinement (Paolicelli and Ferretti, 2017). Studies in animal 
models of ASD and post-mortem analysis of ASD brains have shown an 
overabundance of cortical neurons and connections, which was associ-
ated with abnormal synapse pruning impairments during the first stages 
of postnatal brain development (Hutsler and Zhang, 2010; Marchetto 
et al., 2017; Tang et al., 2014). Also, it has already been shown that a 
transient reduction in microglial cells during early postnatal stages leads 
to increased synapse number and development of ASD-like behavior in 
adult rodents (Chen et al., 2010; Zhan et al., 2014). Since microglial cells 
may assume different phenotypes, each of them associated to specific 
responses and cytokine profiles (Wolf et al., 2017), it is possible that 
infection induces an inflammatory amoeboid phenotype, which fails to 
perform its physiological role of synapse engulfment and elimination. 

Evidence that environmental pathogens could interfere with synapse 
pruning to induce ASD symptoms come from genetic studies, which 
showed that ASD patients show decreased DNA methylation in genes 
coding for complement system proteins (Nardone et al., 2014), involved 
both in the immune response and in synapse pruning (Perry and 
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O’Connor, 2008). Based on the relationship between the maternal in-
flammatory response to viral infections during pregnancy and possible 
brain injury, it remains possible that SARS-CoV-2 infection during crit-
ical stages of fetuses’ neurodevelopment contributes to the development 
of ASD later in life. 

3.2. Possible mechanisms linking SARS-CoV-2 to SZ development 

SZ is a neuropsychiatric disorder that manifests during adolescence 
or early adulthood, and in most patients is associated with hallucina-
tions, disorganized speech, poor social interaction and cognitive im-
pairments. Epidemiological studies suggest that early-life exposure to 
infectious agents and systemic inflammation are associated to SZ 
development later in life (Brown and Derkits, 2010; G M Khandaker 
et al., 2013; Golam M Khandaker et al., 2012; Miller et al., 2011). An-
imal models of infection and maternal immune activation inspired by 
these clinical studies have recapitulated several behavioral and neuro-
chemical abnormalities observed in SZ patients (Patterson, 2009). 
Post-mortem analysis of SZ patients’ brains revealed intense micro-
gliosis (Bayer et al., 1999; Doorduin et al., 2009) and there is consid-
erable evidence of upregulation in genes involved with inflammatory 
response, in both SZ animal models and patients (Calabrò et al., 2015; 
Cocchi et al., 2016; Inta et al., 2017). Soluble molecular markers that 
positively correlate to the birth of SZ-patients include IL-8, TNF-α (Buka 
et al., 2001; Buka et al., 2001), and IL-6 (Misiak et al., 2021; Zhou et al., 
2021), whereas IL-1β levels was not associated with increased risk of 
psychosis (Buka et al., 2001; Buka et al., 2001). Studies in animal models 
of maternal immune activation showed that a single injection of IL-6 on 
day 12.5 of mouse pregnancy causes SZ-like behavior in the offspring (S. 
E. P. Smith et al., 2007). In the case of SARS-CoV-2 infection, potential 
risk for neurodevelopmental disorders in neonates is supported by 
recent reports showing that infected pregnant women had higher levels 
of IL-6, IL-8 and TNF-α in the materno-fetal interface (Fenizia et al., 
2020), and gliosis in fetal brain (Vivanti et al., 2020). The cellular and 
molecular mechanisms by which in utero or neonatal exposure to 
infection contributes to SZ risk are still unknown. Of note, olfactory 
function is altered in SZ patients, correlating with the intensity of 
negative symptoms and with a worse prognosis (Cohen et al., 2012; Z.-T. 
Li et al., 2020). Expression of ACE2 and TMPRSS2 has been reported in 
the nasal epithelium of human fetuses at gestation weeks 11 and 14 
(Nampoothiri et al., 2020), and the loss of sense of smell is one 
well-known early symptom of COVID-19. Whether SARS-CoV-2 is 
capable of causing long-lasting effect on the developing brain and/or 
sensory system, increasing the risk of SZ development, as well as the 
associated cellular and molecular mechanisms remains to be 
established. 

As for ASD development, abnormal synaptic pruning has emerged as 
an important event in SZ pathophysiology (Neniskyte and Gross, 2017), 
but in case of SZ, an increased synaptic pruning instead of a deficit in this 
process seems to be involved. C1q, a complement system protein, is 
implicated in the tagging of synapses that will be later engulfed by 
microglial cells (Severance et al., 2014). Complement activation was 
seen in plasma of critically ill patients with COVID-19. Pfister and col-
leagues (2021) detected the deposition of C1q, C3 and C5b-9 comple-
ment proteins in human renal tissue, the second organ most commonly 
affected by COVID-19 (Pfister et al., 2020). In this line, a study found 
that SZ patients’ mothers also showed significantly elevated serum 
levels of C1q, and IgG directed against several infectious disease agents 
(Severance et al., 2014), suggesting that SARS-CoV-2 infection could 
ultimately lead to increased synapse pruning mediators, potentially fa-
voring SZ development. 

The human brain continues to develop throughout childhood and 
well into early adulthood (de Graaf-Peters and Hadders-Algra, 2006). 
The onset of SZ symptoms typically occurs between the ages of 15 and 
25, a critical age where intense synaptic pruning is taking place in the 
adolescent prefrontal cortex (PFC). This late stage of synapse refinement 

is thought to be required for impulse control necessary for adult social 
and cognitive behavior (Casey et al., 2008). Since SZ is associated with 
reduced grey-matter volume (Cannon et al., 2002) and reduced number 
of synaptic structures on neurons in the PFC (Garey et al., 1998; Glantz 
and Lewis, 2000), the development of this disorder has been linked to 
excessive synapse pruning in this brain region. In addition, the effects of 
infection in increasing the risk for SZ development are not confined to 
the perinatal period, since infections by neurotropic viruses during 
childhood were also shown to influence susceptibility to this disease 
(Golam M Khandaker et al., 2012, 2014). Of note, children with in-
flammatory multisystem syndrome temporally associated with 
SARS-CoV-2, as well as infected adults, showed neurologic manifesta-
tions and neuroimaging alterations (Abdel-Mannan et al., 2020; 
Riphagen et al., 2020; Whittaker et al., 2020). These findings demon-
strate that epidemiological studies evaluating both the offspring from 
women infected during pregnancy as well as SARS-CoV-2-infected 
children must be followed to assess whether the virus can influence 
future neuropsychiatric outcomes. 

4. Concluding remarks 

A strong association between neurodevelopmental disorders and 
intrauterine and/or early life viral infections has been established. 
Emerging findings support the capacity of SARS-CoV-2 neuroinvasion 
and its association with the development of neurological complications. 
While studies continue to unravel the mechanisms of SARS-CoV-2 
neuropathology and late consequences of infection in adult patients, 
the possible consequences of infection during pregnancy should not be 
ignored or left aside. Currently, only studies performed in small cohorts 
have assessed the outcomes of SARS-CoV-2 infection to the course of 
pregnancy and fetal development, and most studies are limited to pa-
tients infected during late stages of gestation. 

The pandemic dimension is an unrivaled opportunity to extend our 
understanding about the effect of maternal infection on neuro-
development. While worldwide vaccination and social isolation will 
contribute to block viral dissemination, millions of newborn infants 
have already been exposed to a virus with unknown consequences. In 
this sense, further studies should assess the genuine effects of SARS-CoV- 
2 infection during pregnancy and delivery along with an extended 
follow-up of the offspring, including neurocognitive, neuroimaging, and 
electrophysiological examination. In addition, it remains to be deter-
mined whether and by which mechanism SARS-CoV-2 intrauterine and 
early life infections could lead to an increased risk of developing ASD, SZ 
and/or other neuropsychiatric disorders in the offspring. 

Acknowledgements 

This work was supported by grants from Brazilian funding agencies: 
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