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1  | INTRODUC TION

The first cases of severe pneumonia from a novel coronavirus were 
reported in Wuhan, China in December 2019.10 Since then, the virus 
has been identified as severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). SARS-CoV-2 infection causes fevers, cough, 
dyspnea, myalgias, pharyngitis, diarrhea, pneumonia, acute respira-
tory distress syndrome, multisystem organ failure, cytokine storm, 
endothelial damage, and thrombotic events.2,3,11-13 It has infected 
over 12 million people and caused over 550 000 deaths across the 
globe.1 The case fatality rate is estimated at 2.3% among the en-
tire population.14 Recent observations show that the majority of 
pregnant women are asymptomatic or have mild disease based on 
the criteria proposed by Wu et al.14-16 Nevertheless, any infection 
during pregnancy has potential risks. A recent review of obstetric 
cases found that 3% of pregnant women with SARS-CoV-2 required 
intensive care.17 There have also been cases of preterm labor and 
perinatal death in the setting of maternal SARS-CoV-2 infection. It 
is uncertain whether the virus can be vertically transmitted from 

mother to neonate. Given that SARS-CoV-2 causes inflammatory, 
coagulation, and endothelial changes, investigating placental and 
fetal involvement during infection is crucial to providing guidance 
and care to pregnant patients.

Coronaviruses are enveloped positive-sense single-stranded 
RNA viruses that infect both humans and animals.18 Human 
coronaviruses typically cause mild upper and lower respiratory 
infections, although they can present as severe pneumonia or bron-
chiolitis.7,18 Gastrointestinal symptoms can also occur with infec-
tion. Coronaviruses were believed to have little clinical significance 
until the 21st century. Since 2002, three novel coronaviruses have 
been described: SARS-CoV in 2002, Middle East respiratory syn-
drome coronavirus (MERS-CoV) in 2012, and SARS-CoV-2 in 2019. 
SARS-CoV appears to primarily target ciliated epithelial cells via the  
angiotension-converting enzyme 2 (ACE2) receptor. ACE2 is ex-
pressed in the cardiovascular system, gut tissue, adipose tissue, lungs, 
kidneys, the placenta, and fetal tissue.19-21 SARS-CoV-2 also binds to 
ACE2 in order to enter cells.19,20,22 The clinical presentation of coro-
naviruses is likely due to both direct cell injury and host response. 
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Abstract
Since December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has caused over 12 million infections and more than 550 000 deaths.1 
Morbidity and mortality appear partly due to host inflammatory response.2 Despite 
rapid, global research, the effect of SARS-CoV-2 on the developing fetus remains un-
clear. Case reports indicate that vertical transmission is uncommon; however, there 
is evidence that placental and fetal infection can occur.3-7 Placentas from infected 
patients show inflammatory, thrombotic, and vascular changes that have been found 
in other inflammatory conditions.8,9 This suggests that the inflammatory nature of 
SARS-CoV-2 infection during pregnancy could cause adverse obstetric and neonatal 
events. Exposure to intrauterine inflammation and placental changes could also po-
tentially result in long-term, multisystemic defects in exposed infants. This review will 
summarize the known literature on the placenta in SARS-CoV-2 infection, evidence 
of vertical transmission, and possible outcomes of prenatal exposure to the virus.
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Human coronavirus infections are associated with an increase in in-
terferon (IFN)-γ and interleukin (IL)-8.18 SARS-CoV and MERS-CoV 
infections increase T-helper (Th)1 cell-associated proinflammatory 
cytokines: IL-1β, IL-6, and tumor necrosis factor (TNF).2 These in-
fections also cause delayed, decreased antiviral IFN activity. SARS-
CoV-2 infection presents with similar proinflammatory changes as 
SARS-CoV and MERS-CoV infections. Increased Th2 cell-associated 
cytokines are found in SARS-CoV-2 infections as well.2,11 There is 
widespread interest and research in developing a SARS-CoV-2 vac-
cine; however, prior studies indicate that long-term immunity may 
not be achievable. In human trials, immunoglobulins IgG and IgA in-
creased about 2 weeks after infection with human coronaviruses; 
however, these antibodies quickly declined.18 Individuals who have 
been previously infected with human coronaviruses have little to no 
protection against reinfection in the subsequent season.

Maternal-fetal immunity is a rapidly expanding field of research. 
Our knowledge of the placenta as an immune organ has progressed 
significantly over recent years. The placenta is composed of fetal 
trophoblasts and decidua derived from maternal endometrium.22,23 
Trophoblasts form floating and anchoring villi that interact with the 
decidua and the intervillous space, respectively. Multinucleated syn-
cytiotrophoblasts (SYN) compose the outermost layer of the villi, 
which comes into direct contact with maternal blood. Mononuclear 
cytotrophoblasts comprise the inner layer of villi. The placenta has 
several mechanisms to prevent transmission of viral infections to the 
fetus.24 As part of the innate immune system, the SYN is a physical 
barrier to infections.25 Recent research has shown that trophoblasts 
induce autophagy during viral infection and can also induce resis-
tance to viruses in neighboring cells.26,27 The SYN contain neonatal 
FcRN receptors that transport maternal IgG to the fetus, thereby 
conferring humoral immunity.28

Viral infections during pregnancy have a broad spectrum of pla-
cental and neonatal pathology. Numerous viruses cause villitis and 
spontaneous abortion.29-31 Congenital viral infections in the neonate 
can result in lifelong disabilities, sepsis, multisystem organ damage, 
and death.32 Vertical transmission of viruses during pregnancy is in-
completely defined.24,31 Potential mechanisms of fetal infection in-
clude contact between maternal endothelium and cytotrophoblasts, 
infected maternal macrophages, ascending urogenital infections, 
and spread from maternal bloodstream to fetal capillaries. Finally, 
maternal infections can be transmitted to the neonate during labor.33

2  | RE VIE W Of SARS- CoV AND MERS- CoV

In November 2002, the first death from SARS-CoV occurred. SARS-
CoV is believed to have originated in bats. It was then transmitted 
to palm civets, and subsequently humans.34 SARS-CoV presents 
with a flu-like illness and severe pneumonia. Complications during 
pregnancy include maternal death, hypoxia, disseminated intravas-
cular coagulopathy, intrauterine fetal demise, intrauterine growth 
restriction, preterm delivery, and spontaneous abortion.35 Ng 
et al described placental pathology from seven cases of SARS-CoV 

infection during pregnancy.36 Placentas delivered from women who 
had recovered from SARS-CoV during the first trimester had normal 
pathology. Placentas delivered from women who had active SARS-
CoV infection showed increased intervillous and subchorionic fibrin, 
which the authors attributed to maternal hypoxia. Placentas deliv-
ered from two women who had recovered from SARS-CoV during 
the third trimester had extensive fetal thrombotic vasculopathy and 
areas of avascular fibrotic villi. The associated neonates both had in-
trauterine growth restriction. The authors postulated that placental 
hypoxia or increased thrombotic activity could have caused these 
pathologic findings. There have been no cases of vertical transmis-
sion during SARS-CoV infection.35

Middle East respiratory syndrome coronavirus emerged in June 
2012 on the Arabian Peninsula.37 Similar to SARS-CoV, MERS-CoV 
infects the lower respiratory tract, causing severe pneumonia. 
Current research indicates that bats infected dromedary camels 
with MERS-CoV about 30 years ago. Camels then transmitted the 
virus to humans. There have been only 11 cases of MERS-CoV infec-
tion during pregnancy to date.38 The majority of MERS-CoV infec-
tions during pregnancy resulted in adverse outcomes ranging from 
preterm labor to maternal and fetal death. The case fatality rate of 
MERS-CoV infection is similar in pregnant women as in non-preg-
nant patients. Vertical transmission of MERS-CoV has not been 
reported.35 Literature search revealed no case series of placental pa-
thology from MERS-CoV–positive patients; however Jeong et al de-
scribed a South Korean patient who was diagnosed with MERS-CoV 
at 35 weeks and 4 days gestation.39 Fifteen days after diagnosis, she 
had clinically recovered from MERS-CoV, but developed a 10% pla-
cental abruption. The authors did not note any additional placental 
abnormalities. Given the high morbidity and mortality of MERS-CoV 
infection in pregnancy, it is likely that infection causes similar placen-
tal changes as those found in SARS-CoV infections.

3  | RE VIE W OF SARS- CoV-2

At this time, it is unclear whether SARS-CoV-2 can be vertically 
transmitted. The majority of case reports of SARS-CoV-2–positive 
pregnancies document negative polymerase chain reaction (PCR) 
results for SARS-CoV-2 in the neonate, placenta, cord blood, and 
vaginal secretions.3,8,40-44 The majority of neonates in these cases 
had uneventful hospitalizations. However, there are cases of neo-
nates who have tested positive for SARS-CoV-2 after delivery,5,6 
as well as a few neonates who have had positive IgM antibodies to 
SARS-CoV-2.4,45 IgM does not cross the placenta. SARS-CoV-2 IgM 
can appear as early as a few days after infection but peaks around 
2 weeks.46,47 Therefore, the presence of IgM in a neonate after de-
livery could indicate congenital infection.

There are also reports of placental SARS-CoV-2 infection. In 
a case report from Switzerland, a 26-year-old woman with SARS-
CoV-2 infection had preterm labor and fetal demise at 19 weeks 
of gestation.7 Fetal tissue was negative for SARS-CoV-2; however, 
PCR of the fetal surface of the placenta was positive. Pathology of 
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the placenta was notable for areas of inflammation, increased fibrin 
deposition, and funisitis. PCR of maternal blood, vaginal secretions, 
and urine were negative for SARS-CoV-2. Similarly, a case report 
from Italy describes two SARS-CoV-2–positive neonates born to 
SARS-CoV-2–positive mothers.5 PCR of the placentas was positive 
for SARS-CoV-2, and in situ hybridization visualized SARS-CoV-2 
spike proteins in the SYN layer of both specimens. Pathology was 
notable for chronic intervillositis. In this case series, one neonate 
was delivered at 35 1/7 weeks for non-reassuring fetal heart tones 
and required routine preterm care. Kirtsman et al reported a case of 
SARS-CoV-2 infection in a Canadian woman. She required urgent ce-
sarean section for coagulopathy at 35 5/7 weeks of gestation.6 PCR 
of maternal and fetal placenta, vaginal swab, breastmilk, neonatal 
blood, and neonatal nasopharynx were positive for SARS-CoV-2. All 
placental sections sampled had diffuse inflammation and early infarc-
tion. The neonate required a brief NICU admission for hypoglycemia 
and hypothermia. A preprinted case report from The Netherlands 
described an asymptomatic pregnant woman presenting with fetal 
distress.48 SARS-CoV-2 PCR was positive on the maternal and fetal 
side of the placenta. In situ hybridization visualized SARS-CoV-2 par-
ticles in the SYN layer. The SYN also showed signs of damage and 
had inflammatory infiltrates. The neonate presented with multiorgan 
failure but had a negative SARS-CoV-2 PCR. In another preprinted 
case, a woman in the second trimester tested positive for SARS-
CoV-2 in the setting of preeclampsia and placental abruption. The 
neonate was negative for SARS-CoV-2; however, SARS-CoV-2 virus 
was found in the SYN layer of the placenta.49 These cases demon-
strate that SARS-CoV-2 could infect the placenta. Only some reports 
describe neonatal SARS-CoV-2 infection in the setting of placental 
infection. These discrepancies could be due to rapid degradation of 
RNA after delivery. Alternatively, placental immune function could 
protect some neonates from SARS-CoV-2. Further observations and 
research are required to determine the potential mechanisms and 
prevention of SARS-CoV-2 vertical transmission.

As with SARS-CoV and MERS-CoV, SARS-CoV-2 infection causes 
inflammatory and vascular changes in the placenta (Table 1). A re-
cently published study of 15 placentas from SARS-CoV-2 positive 
or convalescing mothers showed statistically significant increase in 
maternal vascular malperfusion (MVM) as compared to controls.8 
Pathological findings consistent with MVM included decidual ar-
teriopathy, fibrinoid necrosis, and amniotic membrane arteriole hy-
pertrophy. Placentas from SARS-CoV-2–positive women also had 
significantly increased intervillous thrombi. In a case series of 20 pla-
centas from SARS-CoV-2 patients, fetal vascular malperfusion was 
the most common pathology found (9 cases).9 Intramural, non-occlu-
sive thrombi were also noted in several placentas. Villitis was found 
in four cases. One placenta had chorioamnionitis and funisitis, which 
was delivered from a woman with pneumonia and hypoxia. While 
neither study tested placentas for SARS-CoV-2 infection, all associ-
ated neonates were negative for SARS-CoV-2 on PCR. These reports 
demonstrate that SARS-CoV-2 infection can cause inflammatory 
and vascular changes of the placenta. Non-infectious inflammation 
causes similar placental endothelial damage and thrombi in mice.50 

Alternatively, SARS-CoV-2 infection could cause hypercoagulability 
in the placenta as has been shown in other organs.13 Regardless of 
mechanism, these placental changes could have deleterious effects 
on both mother and fetus. In the mouse model, endothelial and 
thrombotic alterations in the placenta are associated with altered 
vascular flow to the fetus and subsequent neural inflammation.50 
Therefore, children born to SARS-CoV-2 infected women could have 
similar neurologic inflammation prior to birth.

4  | DISCUSSION

It is difficult to interpret these cases due to our limited under-
standing of SARS-CoV-2 pathogenesis in the placenta and neo-
nate. Serologic testing for SARS-CoV-2 is variable at this time.51 
Furthermore, the appropriate means of screening neonates has not 
yet been established. IgM cutoffs are based on adult data; however, 
neonates produce less immunoglobulins than adults.33 Diagnosing 
congenital infections varies considerably between viruses. For ex-
ample, IgG and IgM are not recommended for congenital cytomeg-
alovirus diagnosis.52 Rather, PCR of saliva and urine are the most 
sensitive and specific tests for this infection. If vertical transmission 
can occur during pregnancy, the clinical effects could vary with ges-
tational age. Some cases of possible placental and neonatal SARS-
CoV-2 infection were in the setting of preterm labor or fetal distress, 
suggesting that timing of maternal infection could affect the sever-
ity of presentation. Continued research and monitoring are required 

TA B L E  1   Pathologic and infectious findings in placentas. Forty-
five total cases are included (Baud et al, Chen et al, Shanes et al, 
Patanè et al, Kirstman et al, Baergen et al, Schoenmakers et al, 
Blauvelt et al, and Hosier et al). SARS-CoV-2 evaluation was not 
performed in Shanes et al, Baergen et al, and Blauvelt et al. SARS-
CoV-2 results were positive in Hosier et al, but these were not 
included as methods were not available at time of publication.

Placental pathology or infection
Number of 
specimens

Maternal vascular malperfusion 17

Fetal vascular malperfusion 21

Inflammatory infiltrates 4

Increased fibrin 15

Thrombi 9

Villitis 6

Villous edema 5

Deciduitis 1

Intervillous inflammation 6

Infarction 1

Chorioamnionitis 3

Funisitis 3

Umbilical arteritis 1

SARS-CoV-2 PCR positive 5

In situ hybridization visualization 3
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to ensure that infants are being appropriately screened for SARS-
CoV-2 infection after delivery. In the setting of this uncertainty, it 
appears that the vast majority of infants born to SARS-CoV-2–posi-
tive or convalescing mothers do not have viremia, congenital infec-
tion, or viral replication in the nasopharynx.

There are several cases of possible SARS-CoV-2 infection of 
the placenta and neonate. Li et al reported ACE2 receptors on fetal 
cardiovascular, lung, and liver tissue as well as in the decidua and 
cytotrophoblasts.21 The presence of ACE2 receptors provides a 
plausible means for congenital infection. Notably, Kirstman et al de-
scribed SARS-CoV-2 RNA in both neonate and placenta as well as 
elevated neonatal transaminases and neutropenia.6 These lab ab-
normalities could be due to SARS-CoV-2 infection of the neonatal 
liver. Regardless of vertical transmission, maternal infection may 
cause other harmful effects on the neonate. For example, there is 
long-standing evidence that HIV exposed unaffected (HEU) infants 
have higher morbidity and mortality compared to peers.53,54 There 
is a growing body of research that demonstrates that HEU infants 
have elevated inflammatory markers, decreased CD4 counts, and 
decreased humoral immunity. These changes have been attributed 
to maternal inflammation, viremia, and immunosuppression. SARS-
CoV-2 is a highly proinflammatory infection that may cause similar 
changes in neonatal inflammation and immunity.

Although the majority of reports on SARS-CoV-2 in pregnant 
women, to date, note the presence of relatively mild symptoms 
among this population, symptomology may not reflect the sever-
ity of inflammation provoked by infection. Maternal inflammation 
has been implicated in a number of neonatal outcomes in addition 
to neonatal immunity. As mentioned above, coronaviruses have 
been shown to trigger pattern recognition receptors that lead to 

activation of transcriptional programs, which in turn induce a proin-
flammatory cytokine storm, largely driven by production of IL-6.55 
Both an inflammatory and prognostic marker, IL-6 can predict dis-
ease progression in adults, as noted in a United States cohort of 
pregnant patients with severe to critical SARS-CoV-2 infection.56,57 
In response to infection during pregnancy, maternal immune activa-
tion (MIA) and inflammation have been linked to a spectrum of ad-
verse short- and long-term outcomes in infants.58,59 Pregnancy itself 
represents a unique interplay of modulated immune states that vary 
by stage of gestation.60 Host response to viral infection in pregnancy 
induces the production of proinflammatory cytokines, like IL-1β, IL-6, 
and TNFα, that activate the maternal immune system and can cross 
the placental barrier.61-63 Thus, even in the absence of fetal viral in-
fection or severe maternal symptoms, placental infection can trigger 
a fetal inflammatory response, leading to multiorgan system dam-
age and predisposition for negative developmental consequences 
(Table 2).64-70

There is strong evidence to suggest that maternal inflammation 
associated with SARS-CoV-2 may confer long-term risk of neuro-
psychiatric disorders in children. MIA has been described as a “neu-
rodevelopmental disease primer” that increases susceptibility of 
individuals to interacting genetic and environmental risk factors that 
can trigger neuro- or psychopathology later in life.71 In particular, 
relationships between MIA and both autism spectrum disorder and 
schizophrenia have been well established through epidemiological 
and animal model studies,72-75 whereas the effect of maternal infec-
tion and central nervous system (CNS) disorders like epilepsy and 
cerebral palsy have yet to be fully defined.76,77 Research has also 
begun to suggest links between MIA and mood disorders, such as 
depression and bipolar affective disorder in children.78,79 Proposed 

TA B L E  2   Pathology associated with inflammatory mechanisms in developing body systems of the infection-exposed neonate

Neonatal body system Inflammatory mechanism Pathology

Central nervous system 
(CNS)

Disruptions in neurotrophin signaling, activation of microglia, 
and potentiation of cell damage leading to abnormal cerebral 
development

Wide range of neuropsychiatric disorders 
and neurodevelopmental delay

Optic Low serum insulin-like growth factor (IGF-1) during the course of 
maternal systemic inflammation and injury of developing blood 
vessels in retina

Retinopathy of prematurity

Pulmonary Surfactant inactivation caused by inflammatory cytokine release 
and leakage of serum proteins into alveolar space

Surfactant deficiency and neonatal 
respiratory distress syndrome

Cardiac Over-production of vasodilatory factors (nitric oxide, 
prostaglandin) that promote relaxation of the ductus

Patent ductus arteriosus

Renal Activation of TLR-4 pathways and increased oxidative stress that 
induce glomerular and tubular damage

Neonatal hyperoxia-induced kidney injury

Adrenal Cytokines alter programming of hypothalamic-pituitary-adrenal 
(HPA) axis

Elevated cortical levels with implications for 
long-term stress response

Gastrointestinal Generation of inflammatory markers and reduction of intestinal 
innate immune cells impair intestinal development

Necrotizing enterocolitis

Immune Activation of fetal innate immunity and T-cell pathways Chronic inflammatory states (eg, atopic 
sensitization)

Multisystem Ascending intra-amniotic infection induces an inflammatory 
cascade leading to spontaneous labor; mechanism of extrauterine 
infection is not well defined

Preterm labor and low birth weight
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mechanisms include the stimulation of maternal cytokines and other 
inflammatory mediators that can cross the placenta and interfere 
with neurotrophin signaling, activate astrocytes and microglia, and 
potentiate cellular damage in the developing CNS of the fetus.59 
Such disruptions in neuronal cell differentiation can ultimately lead 
to abnormal fetal brain development.80 Certain inflammatory mark-
ers, like C-reactive protein (CRP), an acute phase reactant, have 
been significantly associated with risk of selected neuropsychiatric 
disorders in children.81,82 In a recent study from China, Wu et al re-
ported higher mean serum levels of CRP in pregnant patients with 
SARS-CoV-2 infection compared to uninfected pregnant patients.83 
Beyond the question of vertical transmission, the long-term risk of 
neuropsychiatric disorders in children exposed to SARS-CoV-2 in 
utero warrants longitudinal investigation.

With regard to pregnancy complications of SARS-CoV-2 infec-
tion, several cases of fetal loss and preterm delivery due to fetal 
distress have been reported in SARS-CoV-2–positive pregnant 
women5-7; some larger studies and systematic reviews have also 
suggested that the rate of preterm birth in SARS-CoV-2 patients is 
higher than that of the general pregnant population.84-86 As test-
ing capacity increases and the burden of SARS-CoV-2 infection 
rises among the childbearing aged population, it is likely that even 
more preterm births will be reported among pregnant women with 
SARS-CoV-2 infection, compared to earlier reporting during the pan-
demic.87 Existing literature provides substantial evidence to support 
an association between maternal viral infections and adverse preg-
nancy outcomes, including preterm labor and low birthweight.58,88 It 
is estimated that intrauterine infection may account for up to 40% of 
premature deliveries.89 Intra-amniotic infection induces an inflam-
matory cascade that leads to the initiation of spontaneous labor.90-92 
It is important to note that the described mechanism may occur with 
inflammation in the absence of infectious etiology.88 Extrauterine 
infections, such as malaria, have also been associated with sponta-
neous preterm delivery, but specific mechanisms remain to be de-
termined.93 Preterm labor and low birth weight are leading global 
causes of neonatal and under-five mortality, as well as risk factors 
for poor developmental outcomes in children and adults later in 
life.94 Preterm infants born to mothers with SARS-CoV-2 should be 
monitored closely for both short- and long-term complications.

Necrotizing enterocolitis (NEC) is one of the many risks of 
preterm birth. This inflammatory disease of the gastrointestinal 
tract is a significant cause of neonatal morbidity and mortality.95-97 
Both neonatal and maternal inflammation appear to contribute to 
NEC pathogenesis. In NEC, immature immune function and a highly 
immunoreactive preterm intestinal environment are hypothesized to 
produce a hyper-inflammatory response to microbial stimuli, char-
acterized by exaggerated Toll-like Receptor (TLR)-4 signaling and 
decreased expression of IκB. IκB is an important regulator of NF-κB 
(nuclear factor kappa-light-chain-enhancer of activated B cells), a 
transcription factor that upregulates production of cytokines and 
immunological mediators.98-100 In animal models, fetal exposure to 
maternal inflammation induced by chorioamnionitis has been shown 
to generate higher levels of inflammatory markers, like IL-6, and 

reduced intestinal innate immune cells. This constellation of events 
impairs intestinal development and increases susceptibility to dis-
orders like NEC.101,102 Liu et al studied a cohort of 51 SARS-CoV-2–
negative neonates born to infected mothers in the third trimester 
and observed a mean level of serum IL-6 (10.82 pg/mL) that was 
higher than the reference range (0.1-2.9 pg/mL).103 One infant with 
extremely elevated IL-6 levels (as high as 109.42 pg/mL) developed 
NEC on day 22 after birth. High levels of inflammatory markers in 
SARS-CoV-2–exposed neonates likely reflect a process of mater-
nal-fetal immune activation and should be interpreted as risk factors 
for diseases such as NEC.

Maternal immune activation and preterm birth pose an added 
short-term risk of bronchopulmonary dysplasia (BPD). Although ex-
isting literature supports an association between chorioamnionitis 
and decreased incidence of respiratory distress syndrome in preterm 
infants, prenatal inflammation has been further linked to fetal pul-
monary injury that can progress to BPD.104-106 In one prospective 
cohort of preterm infants, histological chorioamnionitis was associ-
ated with decreased efficacy of exogenous surfactant therapy.107,108 
This reduced efficacy is attributed to inactivation and increased 
clearance of surfactant, which could be due to leakage of serum pro-
teins into the alveolar space and inflammatory cytokine release.109 
A few cases of SARS-CoV-2–exposed neonates had respiratory dis-
tress.40,42 These presentations could be due to retained amniotic 
fluid or late prematurity. Alternatively, they could represent early 
lung damage in the setting of maternal inflammation. Longitudinal 
observations of long-term pulmonary sequelae in SARS-CoV-2–ex-
posed infants are necessary.

In the present review, we have discussed the pregnancy out-
comes of SARS-CoV and MERS-CoV infections and summarized 
available literature on placental inflammatory and thrombotic 
changes in SARS-CoV-2. At this time, it is uncertain whether SARS-
CoV-2 can be vertically transmitted. Case reports indicate that 
placental and neonatal infection could occur and that maternal in-
fection is associated with placental changes. Abundant scientific 
evidence demonstrates that maternal inflammation can cause a 
spectrum of lifelong sequelae in the offspring. Therefore, it is rea-
sonable to speculate that the proinflammatory state of SARS-CoV-2 
infection during pregnancy may precipitate negative consequences 
in children. In addition to potential risk of vertical transmission, 
SARS-CoV-2 may indirectly lead to adverse perinatal and long-term 
neurodevelopmental outcomes through MIA. Further investigation 
of inflammatory dysregulation in pregnant women with SARS-CoV-2 
and longitudinal studies of developmental outcomes in SARS-
CoV-2–exposed children are needed to ensure appropriate care of 
these growing populations.

CONFLIC T OF INTERE S T
The authors report no potential conflicts of interest.

ORCID
Minyoung Jang  https://orcid.org/0000-0002-3506-3285 
Irina Burd  https://orcid.org/0000-0001-7256-7784 

https://orcid.org/0000-0002-3506-3285
https://orcid.org/0000-0002-3506-3285
https://orcid.org/0000-0001-7256-7784
https://orcid.org/0000-0001-7256-7784


6 of 9  |     PROCHASKA et Al.

R E FE R E N C E S
 1. COVID-19 map. Johns Hopkins Coronavirus Resource Center Web 

site. https://coron avirus.jhu.edu/map.html. Accessed Jul 9, 2020
 2. Ye Q, Wang B, Mao J. The pathogenesis and treatment of the 

`Cytokine storm' in COVID-19. J Infect. 2020;80(6):607-613. 
https://doi.org/10.1016/j.jinf.2020.03.037

 3. Chen H, Guo J, Wang C, et al. Clinical characteristics and intra-
uterine vertical transmission potential of COVID-19 infection in 
nine pregnant women: a retrospective review of medical records. 
Lancet. 2020;395(10226):809-815. https://doi.org/10.1016/
S0140 -6736(20)30360 -3

 4. Dong L, Tian J, He S, et al. Possible vertical transmission 
of SARS-CoV-2 from an infected mother to her newborn. 
JAMA. 2020;323(18):1846-1848. https://doi.org/10.1001/
jama.2020.4621

 5. Patanè L, Morotti D, Giunta MR, et al. Vertical transmission of 
COVID-19: SARS-CoV-2 RNA on the fetal side of the placenta 
in pregnancies with COVID-19 positive mothers and neonates at 
birth. Am J Obstetr Gynecol MFM. 2020; https://doi.org/10.1016/j.
ajogmf.2020.100145

 6. Kirtsman M, Diambomba Y, Poutanen SM, et al. Probable congeni-
tal SARS-CoV-2 infection in a neonate born to a woman with active 
SARS-CoV-2 infection. CMAJ. 2020;192(24):E647-E650. https://
doi.org/10.1503/cmaj.200821

 7. Baud D, Greub G, Favre G, et al. Second-trimester mis-
carriage in a pregnant woman with SARS-CoV-2 infection. 
JAMA. 2020;323(21):2198-2200. https://doi.org/10.1001/
jama.2020.7233

 8. Shanes ED, Mithal LB, Otero S, Azad HA, Miller ES, Goldstein JA. 
Placental pathology in COVID-19. Am J Clin Pathol. 2020;154(1):23-
32. https://doi.org/10.1093/ajcp/aqaa089

 9. Baergen RN, Heller DS. Placental pathology in Covid-19 pos-
itive mothers: preliminary findings. Pediatr Dev Pathol. 
2020;23(3):177-180. https://doi.org/10.1177/10935 26620 
925569

 10. Zhu NA, Zhang D, Wang W, et al. A novel coronavirus from patients 
with pneumonia in china, 2019. N Engl J Med. 2020;382(8):727-733. 
https://doi.org/10.1056/NEJMo a2001017

 11. Huang C, Wang Y, Li X, et al. Clinical features of patients in-
fected with 2019 novel coronavirus in Wuhan, China. Lancet. 
2020;395(10223):497-506. https://doi.org/10.1016/S0140 
-6736(20)30183 -5

 12. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary vascular 
endothelialitis, thrombosis, and angiogenesis in covid-19. New Engl 
J Med. 2020;383(2):120-128. https://doi.org/10.1056/NEJMo 
a2015432

 13. Wichmann D, Sperhake J-P, Lütgehetmann M, et al. Autopsy find-
ings and venous thromboembolism in patients with COVID-19. 
Ann Intern Med. 2020; https://doi.org/10.7326/M20-2003

 14. Wu Z, McGoogan JM. Characteristics of and important lessons 
from the coronavirus disease 2019 (COVID-19) outbreak in china: 
summary of a report of 72 314 cases from the chinese center for 
disease control and prevention. JAMA. 2020;323(13):1239-1242. 
https://doi.org/10.1001/jama.2020.2648

 15. Andrikopoulou M, Madden N, Wen T, et al. Symptoms and crit-
ical illness among obstetric patients with coronavirus disease 
2019 (COVID-19) infection. Obstet Gynecol. 2020;https://doi.
org/10.1097/AOG.00000 00000 003996

 16. Breslin N, Baptiste C, Gyamfi-Bannerman C, et al. COVID-19 in-
fection among asymptomatic and symptomatic pregnant women: 
two weeks of confirmed presentations to an affiliated pair of New 
York city hospitals. Am J Obstet Gynecol MFM. 2020; https://doi.
org/10.1016/j.ajogmf.2020.100118

 17. Zimmermann P, Curtis N. COVID-19 in children, pregnancy 
and neonates: A review of epidemiologic and clinical features. 

Pediatr Infect Dis J. 2020;39(6):469-477. https://doi.org/10.1097/
INF.00000 00000 002700

 18. Culler Freeman M, Coronaviruses DM. Nelson Textbook of 
Pediatrics, 20th edition. Elsevier Health Sciences; 2016:1613-1615.

 19. Gheblawi M, Wang K, Viveiros A, et al. Angiotensin-converting en-
zyme 2: SARS-CoV-2 receptor and regulator of the renin-angioten-
sin system: Celebrating the 20th anniversary of the discovery of 
ACE2. Circ Res. 2020;126(10):1456-1474. https://doi.org/10.1161/
CIRCR ESAHA.120.317015

 20. Shang J, Ye G, Shi KE, et al. Structural basis of receptor recognition 
by SARS-CoV-2. Nature. 2020;581(7807):221-224. https://doi.
org/10.1038/s4158 6-020-2179-y

 21. Li M, Chen L, Zhang J, Xiong C, Li X. The SARS-CoV-2 receptor 
ACE2 expression of maternal-fetal interface and fetal organs by 
single-cell transcriptome study. PLoS One. 2020;15(4):e0230295. 
https://doi.org/10.1371/journ al.pone.0230295

 22. Ander SE, Diamond MS, Coyne CB. Immune responses at the 
maternal-fetal interface. Sci Immunol. 2019;4(31): https://doi.
org/10.1126/sciim munol.aat6114

 23. Maltepe E, Fisher SJ. Placenta: the forgotten organ. Annu Rev Cell 
Dev Biol. 2015;31:523-552. https://doi.org/10.1146/annur ev-cellb 
io-10081 4-125620

 24. Delorme-Axford E, Sadovsky Y, Coyne CB. The placenta as a bar-
rier to viral infections. Annu Rev Virol. 2014;1(1):133-146. https://
doi.org/10.1146/annur ev-virol ogy-03141 3-085524

 25. Robbins JR, Bakardjiev AI. Pathogens and the placental fortress. 
Curr Opin Microbiol. 2012;15(1):36-43. https://doi.org/10.1016/j.
mib.2011.11.006

 26. Delorme-Axford E, Bayer A, Sadovsky Y, Coyne CB. Autophagy 
as a mechanism of antiviral defense at the maternal-fetal inter-
face. Autophagy. 2013;9(12):2173-2174. https://doi.org/10.4161/
auto.26558

 27. Bayer A, Delorme-Axford E, Sleigher C, et al. Human tropho-
blasts confer resistance to viruses implicated in perinatal infec-
tion. Am J Obstet Gynecol. 2015;212(1):71.e1-71.e8. https://doi.
org/10.1016/j.ajog.2014.07.060

 28. Palmeira P, Quinello C, Silveira-Lessa AL, Zago CA, Carneiro-
Sampaio M. IgG placental transfer in healthy and pathological 
pregnancies. Clin Dev Immunol. 2012;2012:1-13. https://doi.
org/10.1155/2012/985646

 29. Kim CJ, Romero R, Chaemsaithong P, Kim J. Chronic inflammation 
of the placenta: definition, classification, pathogenesis, and clini-
cal significance. Am J Obstet Gynecol. 2015;213(4 Suppl):S53-S69. 
https://doi.org/10.1016/j.ajog.2015.08.041

 30. Oliveira GMD, Pascoal-Xavier MA, Moreira DR, et al. Detection of 
cytomegalovirus, herpes virus simplex, and parvovirus b19 in sponta-
neous abortion placentas. J Matern Fetal Neonatal Med. 2019;32(5):768-
775. https://doi.org/10.1080/14767 058.2017.1391778

 31. León-Juárez M, Martínez–Castillo M, González-García LD, et al. 
Cellular and molecular mechanisms of viral infection in the human 
placenta. Pathog Dis. 2017;75(7): https://doi.org/10.1093/femsp d/
ftx093

 32. Marcdante KJ, Kliegman RM. Congenital infections, In: Nelson 
Essentials of Pediatrics (8th ed). Philadelphia, PA: Elsevier; 2019:259-
264. https://www-clini calke y-com.proxy1.libra ry.jhu.edu/#!/conte 
nt/book/3-s2.0-B9780 32351 14520 03141. Accessed Jun 10, 2020.

 33. Blumberg DA, Underwood MA, Hedriana HL, Lakshminrusimha 
S. Vertical transmission of SARS-CoV-2: What is the optimal 
definition? Am J Perinatol. 2020;37(08):769-772. https://doi.
org/10.1055/s-0040-1712457

 34. Cui J, Li F, Shi Z. Origin and evolution of pathogenic coronaviruses. 
Nat Rev Microbiol. 2019;17(3):181-192. https://doi.org/10.1038/
s4157 9-018-0118-9

 35. Schwartz DA, Graham AL. Potential maternal and infant outcomes 
from coronavirus 2019-nCoV (SARS-CoV-2) infecting pregnant 

https://coronavirus.jhu.edu/map.html
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/S0140-6736(20)30360-3
https://doi.org/10.1016/S0140-6736(20)30360-3
https://doi.org/10.1001/jama.2020.4621
https://doi.org/10.1001/jama.2020.4621
https://doi.org/10.1016/j.ajogmf.2020.100145
https://doi.org/10.1016/j.ajogmf.2020.100145
https://doi.org/10.1503/cmaj.200821
https://doi.org/10.1503/cmaj.200821
https://doi.org/10.1001/jama.2020.7233
https://doi.org/10.1001/jama.2020.7233
https://doi.org/10.1093/ajcp/aqaa089
https://doi.org/10.1177/1093526620925569
https://doi.org/10.1177/1093526620925569
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.7326/M20-2003
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1097/AOG.0000000000003996
https://doi.org/10.1097/AOG.0000000000003996
https://doi.org/10.1016/j.ajogmf.2020.100118
https://doi.org/10.1016/j.ajogmf.2020.100118
https://doi.org/10.1097/INF.0000000000002700
https://doi.org/10.1097/INF.0000000000002700
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1371/journal.pone.0230295
https://doi.org/10.1126/sciimmunol.aat6114
https://doi.org/10.1126/sciimmunol.aat6114
https://doi.org/10.1146/annurev-cellbio-100814-125620
https://doi.org/10.1146/annurev-cellbio-100814-125620
https://doi.org/10.1146/annurev-virology-031413-085524
https://doi.org/10.1146/annurev-virology-031413-085524
https://doi.org/10.1016/j.mib.2011.11.006
https://doi.org/10.1016/j.mib.2011.11.006
https://doi.org/10.4161/auto.26558
https://doi.org/10.4161/auto.26558
https://doi.org/10.1016/j.ajog.2014.07.060
https://doi.org/10.1016/j.ajog.2014.07.060
https://doi.org/10.1155/2012/985646
https://doi.org/10.1155/2012/985646
https://doi.org/10.1016/j.ajog.2015.08.041
https://doi.org/10.1080/14767058.2017.1391778
https://doi.org/10.1093/femspd/ftx093
https://doi.org/10.1093/femspd/ftx093
https://www-clinicalkey-com.proxy1.library.jhu.edu/#!/content/book/3-s2.0-B9780323511452003141
https://www-clinicalkey-com.proxy1.library.jhu.edu/#!/content/book/3-s2.0-B9780323511452003141
https://doi.org/10.1055/s-0040-1712457
https://doi.org/10.1055/s-0040-1712457
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/s41579-018-0118-9


     |  7 of 9PROCHASKA et Al.

women: Lessons from SARS, MERS, and other human coronavi-
rus infections. Viruses. 2020;12(2):194-https://doi.org/10.3390/
v1202 0194

 36. Ng WF, Wong SF, Lam A, et al. The placentas of patients with se-
vere acute respiratory syndrome: a pathophysiological evaluation. 
Pathology. 2006;38(3):210-218. https://doi.org/10.1080/00313 
02060 0696280

 37. de Wit E, van Doremalen N, Falzarano D, Munster VJ. SARS and 
MERS: recent insights into emerging coronaviruses. Nat Rev Microbiol. 
2016;14(8):523-534. https://doi.org/10.1038/nrmic ro.2016.81

 38. Lambelet V, Vouga M, Pomar L, et al. Sars-CoV-2 in the con-
text of past coronaviruses epidemics: Consideration for prena-
tal care. Prenatal Diagn. https://obgyn.onlin elibr ary.wiley.com/
doi/abs/10.1002/pd.5759. Accessed Jun 3, 2020. https://doi.
org/10.1002/pd.5759

 39. Jeong SY, Sung SI, Sung J-H, et al. MERS-CoV infection in a preg-
nant woman in Korea. J Korean Med Sci. 2017;32(10):1717-1720. 
https://doi.org/10.3346/jkms.2017.32.10.1717

 40. Chen Y, Peng H, Wang L, et al. Infants born to mothers with a 
new coronavirus (COVID-19). Front Pediatr. 2020;8:https://doi.
org/10.3389/fped.2020.00104

 41. Li N, Han L, Peng M, et al. Maternal and neonatal outcomes of 
pregnant women with COVID-19 pneumonia: a case-control study. 
Clin Infect Dis. 2020;https://doi.org/10.1093/cid/ciaa352

 42. Peng Z, Wang J, Mo Y, et al. Unlikely SARS-CoV-2 vertical 
transmission from mother to child: a case report. J Infect 
Public Health. 2020;13(5):818-820. https://doi.org/10.1016/j.
jiph.2020.04.004

 43. Baergen RN, Heller DS. Placental pathology in covid-19 positive 
mothers: preliminary findings. Pediatr Dev Pathol. 2020;23(3):177-
180. https://doi.org/10.1177/10935 26620 925569

 44. Pereira A, Cruz-Melguizo S, Adrien M, Fuentes L, Marin E, Perez-
Medina T. Clinical course of coronavirus disease-2019 in preg-
nancy. Acta Obstet Gynecol Scand. 2020;99(7):839-847. https://
doi.org/10.1111/aogs.13921

 45. Zeng H, Xu C, Fan J, et al. Antibodies in infants born to mothers 
with COVID-19 pneumonia. JAMA. 2020;323(18):1848-1849. 
https://doi.org/10.1001/jama.2020.4861

 46. Sun B, Feng Y, Mo X, et al. Kinetics of SARS-CoV-2 specific 
IgM and IgG responses in COVID-19 patients. Emerging Microb 
Infect. 2020;9(1):940-948. https://doi.org/10.1080/22221 
751.2020.1762515

 47. Long Q-X, Liu B-Z, Deng H-J, et al. Antibody responses to SARS-
CoV-2 in patients with COVID-19. Nat Med. 2020;26(6):845-848. 
https://doi.org/10.1038/s4159 1-020-0897-1

 48. Schoenmakers S, Snijder P, Verdijk R, et al. SARS-CoV-2 placental 
infection and inflammation leading to fetal distress and neonatal 
multi-organ failure in an asymptomatic woman. medRxiv. 2020; 
https://doi.org/10.1101/2020.06.08.20110437

 49. Hosier H, Farhadian S, Morotti R, et al. SARS-CoV-2 in-
fection of the placenta. medRxiv. 2020; https://doi.
org/10.1101/2020.04.30.20083907

 50. Eloundou SN, Lee JiYeon, Wu D, et al. Placental malperfusion in 
response to intrauterine inflammation and its connection to fetal 
sequelae. PLoS One. 2019;14(4): https://doi.org/10.1371/journ 
al.pone.0214951

 51. Gronvall GP, Connell NP, Kobokovich AM, et al. Developing a na-
tional strategy for serology (antibody testing) in the united states. 
Johns Hopkins Center for Health Security Web site. https://www.
cente rforh ealth secur ity.org/our-work/publi catio ns/devel oping 
-a-natio nal-strat egy-for-serol ogy-antib ody-testi ng-in-the-US. 
Updated 2020. Accessed Jun 9, 2020.

 52. Britt W. Cytomegalovirus. In Remington and Klein's infectious dis-
eases of the fetus and newborn infant (8th ed.). Philadelphia, PA: 
Elsevier/Saunders; 2016:724-781. https://www-clini calke y-com.

proxy1.libra ry.jhu.edu/#!/conte nt/book/3-s2.0-B9780 32324 
14720 00249 ?scrol lTo=%23hl0 002513. Accessed Jun 9, 2020

 53. Afran L, Garcia Knight M, Nduati E, Urban BC, Heyderman RS, 
Rowland-Jones SL. HIV-exposed uninfected children: a growing 
population with a vulnerable immune system? Clin Exp Immunol. 
2014;176(1):11-22. https://doi.org/10.1111/cei.12251

 54. Evans C, Jones CE, Prendergast AJ. HIV-exposed, uninfected 
infants: new global challenges in the era of paediatric HIV elim-
ination. Lancet Infect Dis. 2016;16(6):e92–e107. https://doi.
org/10.1016/S1473 -3099(16)00055 -4

 55. Sharma BK, Kakker NK, Bhadouriya S, Chhabra R. Effect of TLR 
agonist on infections bronchitis virus replication and cytokine ex-
pression in embryonated chicken eggs. Mol Immunol. 2020;120:52-
60. https://doi.org/10.1016/j.molimm.2020.02.001

 56. Pierce-Williams RAM, Burd J, Felder L, et al. Clinical course of se-
vere and critical COVID-19 in hospitalized pregnancies: a US cohort 
study. Am J Obstet Gynecol MFM. 2020; https://doi.org/10.1016/j.
ajogmf.2020.100134

 57. Sarapultsev A, Sarapultsev P. Immunological environment shifts 
during pregnancy may affect the risk of developing severe compli-
cations in COVID-19 patients. Am J Reprod Immunol. 2020;https://
doi.org/10.1111/aji.13285

 58. Goldenberg RL, Hauth JC, Andrews WW. Intrauterine infection 
and preterm delivery. N Engl J Med. 2000;342(20):1500-1507. 
https://doi.org/10.1056/NEJM2 00005 18342 2007

 59. Al-Haddad BJS, Oler E, Armistead B, et al. The fetal origins of men-
tal illness. Am J Obstet Gynecol. 2019;221(6):549-562. https://doi.
org/10.1016/j.ajog.2019.06.013

 60. Mor G, Cardenas I. The immune system in pregnancy: a unique 
complexity. Am J Reprod Immunol. 2010;63(6):425-433. https://
doi.org/10.1111/j.1600-0897.2010.00836.x

 61. Ashdown H, Dumont Y, Ng M, Poole S, Boksa P, Luheshi GN. 
The role of cytokines in mediating effects of prenatal infec-
tion on the fetus: implications for schizophrenia. Mol Psychiatry. 
2006;11(1):47-55. https://doi.org/10.1038/sj.mp.4001748

 62. Gilmore JH, Fredrik Jarskog L, Vadlamudi S, Lauder JM. 
Prenatal infection and risk for schizophrenia: IL-1beta, IL-6, 
and TNFalpha inhibit cortical neuron dendrite development. 
Neuropsychopharmacology. 2004;29(7):1221-1229. https://doi.
org/10.1038/sj.npp.1300446

 63. Presicce P, Park C-W, Senthamaraikannan P, et al. IL-1 signaling 
mediates intrauterine inflammation and chorio-decidua neutro-
phil recruitment and activation. JCI Insight. 2018;3(6): https://doi.
org/10.1172/jci.insig ht.98306

 64. Cardenas I, Means RE, Aldo P, et al. Viral infection of the placenta 
leads to fetal inflammation and sensitization to bacterial products 
predisposing to preterm labor. J Immunol. 2010;185(2):1248-1257. 
https://doi.org/10.4049/jimmu nol.1000289

 65. Gantert M, Been JV, Gavilanes AWD, Garnier Y, Zimmermann LJI, 
Kramer BW. Chorioamnionitis: a multiorgan disease of the fetus? J 
Perinatol. 2010;30(Suppl):21. https://doi.org/10.1038/jp.2010.96

 66. Mitra S, Aune D, Speer CP, Saugstad OD. Chorioamnionitis as a 
risk factor for retinopathy of prematurity: a systematic review 
and meta-analysis. Neonatology. 2014;105(3):189-199. https://doi.
org/10.1159/00035 7556

 67. Chen C, Chou H. Maternal inflammation exacerbates neona-
tal hyperoxia-induced kidney injury in rat offspring. Pediatr 
Res. 2019;86(2):174-180. https://doi.org/10.1038/s4139 
0-019-0413-9

 68. Gover A, Chau V, Miller SP, et al. Prenatal and postnatal in-
flammation in relation to cortisol levels in preterm infants at 18 
months corrected age. J Perinatol. 2013;33(8):647-651. https://doi.
org/10.1038/jp.2013.24

 69. Hudalla H, Karenberg K, Kuon R, Pöschl J, Tschada R, Frommhold 
D. LPS-induced maternal inflammation promotes fetal 

https://doi.org/10.3390/v12020194
https://doi.org/10.3390/v12020194
https://doi.org/10.1080/00313020600696280
https://doi.org/10.1080/00313020600696280
https://doi.org/10.1038/nrmicro.2016.81
https://obgyn.onlinelibrary.wiley.com/doi/abs/10.1002/pd.5759
https://obgyn.onlinelibrary.wiley.com/doi/abs/10.1002/pd.5759
https://doi.org/10.1002/pd.5759
https://doi.org/10.1002/pd.5759
https://doi.org/10.3346/jkms.2017.32.10.1717
https://doi.org/10.3389/fped.2020.00104
https://doi.org/10.3389/fped.2020.00104
https://doi.org/10.1093/cid/ciaa352
https://doi.org/10.1016/j.jiph.2020.04.004
https://doi.org/10.1016/j.jiph.2020.04.004
https://doi.org/10.1177/1093526620925569
https://doi.org/10.1111/aogs.13921
https://doi.org/10.1111/aogs.13921
https://doi.org/10.1001/jama.2020.4861
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1101/2020.06.08.20110437
https://doi.org/10.1101/2020.04.30.20083907
https://doi.org/10.1101/2020.04.30.20083907
https://doi.org/10.1371/journal.pone.0214951
https://doi.org/10.1371/journal.pone.0214951
https://www.centerforhealthsecurity.org/our-work/publications/developing-a-national-strategy-for-serology-antibody-testing-in-the-US
https://www.centerforhealthsecurity.org/our-work/publications/developing-a-national-strategy-for-serology-antibody-testing-in-the-US
https://www.centerforhealthsecurity.org/our-work/publications/developing-a-national-strategy-for-serology-antibody-testing-in-the-US
https://www-clinicalkey-com.proxy1.library.jhu.edu/#!/content/book/3-s2.0-B9780323241472000249?scrollTo=#hl0002513
https://www-clinicalkey-com.proxy1.library.jhu.edu/#!/content/book/3-s2.0-B9780323241472000249?scrollTo=#hl0002513
https://www-clinicalkey-com.proxy1.library.jhu.edu/#!/content/book/3-s2.0-B9780323241472000249?scrollTo=#hl0002513
https://doi.org/10.1111/cei.12251
https://doi.org/10.1016/S1473-3099(16)00055-4
https://doi.org/10.1016/S1473-3099(16)00055-4
https://doi.org/10.1016/j.molimm.2020.02.001
https://doi.org/10.1016/j.ajogmf.2020.100134
https://doi.org/10.1016/j.ajogmf.2020.100134
https://doi.org/10.1111/aji.13285
https://doi.org/10.1111/aji.13285
https://doi.org/10.1056/NEJM200005183422007
https://doi.org/10.1016/j.ajog.2019.06.013
https://doi.org/10.1016/j.ajog.2019.06.013
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1038/sj.mp.4001748
https://doi.org/10.1038/sj.npp.1300446
https://doi.org/10.1038/sj.npp.1300446
https://doi.org/10.1172/jci.insight.98306
https://doi.org/10.1172/jci.insight.98306
https://doi.org/10.4049/jimmunol.1000289
https://doi.org/10.1038/jp.2010.96
https://doi.org/10.1159/000357556
https://doi.org/10.1159/000357556
https://doi.org/10.1038/s41390-019-0413-9
https://doi.org/10.1038/s41390-019-0413-9
https://doi.org/10.1038/jp.2013.24
https://doi.org/10.1038/jp.2013.24


8 of 9  |     PROCHASKA et Al.

leukocyte recruitment and prenatal organ infiltration in mice. 
Pediatr Res. 2018;84(5):757-764. https://doi.org/10.1038/s4139 
0-018-0030-z

 70. Weitkamp J, Guthrie SO, Wong HR, Moldawer LL, Baker HV, 
Wynn JL. Histological chorioamnionitis shapes the neonatal tran-
scriptomic immune response. Early Hum Dev. 2016;98:1-6. https://
doi.org/10.1016/j.earlh umdev.2016.06.001

 71. Estes ML, McAllister AK. Maternal immune activation: implica-
tions for neuropsychiatric disorders. Science. 2016;353(6301):772-
777. https://doi.org/10.1126/scien ce.aag3194

 72. Shi L, Smith SEP, Malkova N, Tse D, Su Y, Patterson PH. Activation 
of the maternal immune system alters cerebellar development in 
the offspring. Brain Behav Immun. 2009;23(1):116-123. https://doi.
org/10.1016/j.bbi.2008.07.012

 73. Golan HM, Lev V, Hallak M, Sorokin Y, Huleihel M. Specific 
neurodevelopmental damage in mice offspring following ma-
ternal inflammation during pregnancy. Neuropharmacology. 
2005;48(6):903-917. https://doi.org/10.1016/j.neuro 
pharm.2004.12.023

 74. Romero R, Gotsch F, Pineles B, Kusanovic JP. Inflammation in 
pregnancy: Its roles in reproductive physiology, obstetrical com-
plications, and fetal injury. Nutr Rev. 2007;65(12 Pt 2):S194-S202. 
https://doi.org/10.1111/j.1753-4887.2007.tb003 62.x

 75. Patterson PH. Immune involvement in schizophrenia and au-
tism: etiology, pathology and animal models. Behav Brain 
Res. 2009;204(2):313-321. https://doi.org/10.1016/j.
bbr.2008.12.016

 76. Knuesel I, Chicha L, Britschgi M, et al. Maternal immune activa-
tion and abnormal brain development across CNS disorders. Nat 
Rev Neurol. 2014;10(11):643-660. https://doi.org/10.1038/nrneu 
rol.2014.187

 77. Wu YW, Escobar GJ, Grether JK, Croen LA, Greene JD, Newman 
TB. Chorioamnionitis and cerebral palsy in term and near-term in-
fants. JAMA. 2003;290(20):2677-2684. https://doi.org/10.1001/
jama.290.20.2677

 78. Simanek AM, Meier HCS. Association between prenatal exposure 
to maternal infection and offspring mood disorders: a review of the 
literature. Curr Probl Pediatr Adolesc Health Care. 2015;45(11):325-
364. https://doi.org/10.1016/j.cppeds.2015.06.008

 79. Ronovsky M, Berger S, Molz B, Berger A, Pollak DD. Animal 
models of maternal immune activation in depression re-
search. Curr Neuropharmacol. 2016;14(7):688-704. https://doi.
org/10.2174/15701 59x14 66615 12150 95359

 80. Meyer U, Feldon J, Schedlowski M, Yee BK. Immunological stress 
at the maternal-foetal interface: a link between neurodevelopment 
and adult psychopathology. Brain Behav Immun. 2006;20(4):378-
388. https://doi.org/10.1016/j.bbi.2005.11.003

 81. Brown AS, Sourander A, Hinkka-Yli-Salomäki S, McKeague IW, 
Sundvall J, Surcel H-M. Elevated maternal C-reactive protein and 
autism in a national birth cohort. Mol Psychiatr. 2014;19(2):259-
264. https://doi.org/10.1038/mp.2012.197

 82. Zhang J, Luo W, Huang P, Peng L, Huang Q. Maternal C-reactive 
protein and cytokine levels during pregnancy and the risk of se-
lected neuropsychiatric disorders in offspring: a systematic review 
and meta-analysis. J Psychiatr Res. 2018;105:86-94. https://doi.
org/10.1016/j.jpsyc hires.2018.09.002

 83. Wu C, Yang W, Wu X, et al. Clinical manifestation and laboratory 
characteristics of SARS-CoV-2 infection in pregnant women. Virol 
Sin. 2020;1–6: https://doi.org/10.1007/s1225 0-020-00227 -0

 84. Kayem G, Lecarpentier E, Deruelle P, et al. A snapshot of the 
covid-19 pandemic among pregnant women in france. J Gynecol 
Obstet Hum Reprod. 2020;101826: https://doi.org/10.1016/j.
jogoh.2020.101826

 85. Huntley BJF, Huntley ES, Di Mascio D, Chen T, Berghella V, 
Chauhan SP. Rates of maternal and perinatal mortality and vertical 

transmission in pregnancies complicated by severe acute respi-
ratory syndrome coronavirus 2 (SARS-co-V-2) infection: a sys-
tematic review. Obstet Gynecol. 2020; https://doi.org/10.1097/
AOG.00000 00000 004010

 86. Smith V, Seo D, Warty R, et al. Maternal and neonatal out-
comes associated with COVID-19 infection: a systematic review. 
PLoS One. 2020;15(6):e0234187. https://doi.org/10.1371/journ 
al.pone.0234187

 87. Dallas County Health and Human Services. 2019 novel coronavi-
rus (COVID-19) summary. https://www.dalla scoun ty.org/Asset s/
uploa ds/docs/hhs/2019-nCoV/COVID -19%20DCH HS%20Sum 
mary_062320.pdf. Updated 2020.

 88. Agrawal V, Hirsch E. Intrauterine infection and preterm labor. Semin 
Fetal Neonatal Med. 2012;17(1):12-19. https://doi.org/10.1016/j.
siny.2011.09.001

 89. Goldenberg RL, Culhane JF, Iams JD, Romero R. Epidemiology and 
causes of preterm birth. Lancet. 2008;371(9606):75-84. https://
doi.org/10.1016/S0140 -6736(08)60074 -4

 90. Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, 
many causes. Science. 2014;345(6198):760-765. https://doi.
org/10.1126/scien ce.1251816

 91. Elovitz MA, Wang Z, Chien EK, Rychlik DF, Phillippe M. A new 
model for inflammation-induced preterm birth: the role of 
platelet-activating factor and toll-like receptor-4. Am J Pathol. 
2003;163(5):2103-2111. https://doi.org/10.1016/S0002 
-9440(10)63567 -5

 92. Koga K, Cardenas I, Aldo P, et al. Activation of TLR3 
in the trophoblast is associated with preterm delivery. 
Am J Reprod Immunol. 2009;61(3):196-212. https://doi.
org/10.1111/j.1600-0897.2008.00682.x

 93. Hountohotegbe T, Gbedande K, Agbota G, et al. Circulating cy-
tokines associated with poor pregnancy outcomes in beninese 
exposed to infection with Plasmodium falciparum. Infect Immun. 
2020; https://doi.org/10.1128/IAI.00042 -20

 94. Souza RT, Costa ML, Mayrink J, et al. Perinatal outcomes from 
preterm and early term births in a multicenter cohort of low 
risk nulliparous women. Sci Rep. 2020;10(1):1-11. https://doi.
org/10.1038/s4159 8-020-65022 -z

 95. Neu J, Walker WA. Necrotizing enterocolitis. New Engl J Med. 
2011;364(3):255-264. https://doi.org/10.1056/NEJMr a1005408

 96. Biouss G, Antounians L, Li BO, et al. Experimental necrotizing 
enterocolitis induces neuroinflammation in the neonatal brain. 
J Neuroinflamm. 2019;16(1):97. https://doi.org/10.1186/s1297 
4-019-1481-9

 97. Rees CM, Pierro A, Eaton S. Neurodevelopmental outcomes of 
neonates with medically and surgically treated necrotizing entero-
colitis. Arch Dis Child Fetal Neonatal Ed. 2007;92(3):193. https://doi.
org/10.1136/adc.2006.099929

 98. Sodhi CP, Shi X, Richardson WM, et al. Toll-like receptor-4 inhib-
its enterocyte proliferation via impaired beta-catenin signaling in 
necrotizing enterocolitis. Gastroenterology. 2010;138(1):185-196. 
https://doi.org/10.1053/j.gastro.2009.09.045

 99. Claud EC, Lu L, Anton PM, Savidge T, Walker WA, Cherayil BJ. 
Developmentally regulated I B expression in intestinal epithe-
lium and susceptibility to flagellin-induced inflammation. Proc 
Natl Acad Sci. 2004;101(19):7404-7408. https://doi.org/10.1073/
pnas.04017 10101

 100. Niño DF, Sodhi CP, Hackam DJ. Necrotizing enterocolitis: new in-
sights into pathogenesis and mechanisms. Nat Rev Gastroenterol 
Hepatol. 2016;13(10):590-600. https://doi.org/10.1038/nrgas 
tro.2016.119

 101. Elgin TG, Fricke EM, Gong H, et al. Fetal exposure to maternal 
inflammation interrupts murine intestinal development and in-
creases susceptibility to neonatal intestinal injury. Dis Model Mech. 
2019;12(10): https://doi.org/10.1242/dmm.040808

https://doi.org/10.1038/s41390-018-0030-z
https://doi.org/10.1038/s41390-018-0030-z
https://doi.org/10.1016/j.earlhumdev.2016.06.001
https://doi.org/10.1016/j.earlhumdev.2016.06.001
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1016/j.bbi.2008.07.012
https://doi.org/10.1016/j.bbi.2008.07.012
https://doi.org/10.1016/j.neuropharm.2004.12.023
https://doi.org/10.1016/j.neuropharm.2004.12.023
https://doi.org/10.1111/j.1753-4887.2007.tb00362.x
https://doi.org/10.1016/j.bbr.2008.12.016
https://doi.org/10.1016/j.bbr.2008.12.016
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1001/jama.290.20.2677
https://doi.org/10.1001/jama.290.20.2677
https://doi.org/10.1016/j.cppeds.2015.06.008
https://doi.org/10.2174/1570159x14666151215095359
https://doi.org/10.2174/1570159x14666151215095359
https://doi.org/10.1016/j.bbi.2005.11.003
https://doi.org/10.1038/mp.2012.197
https://doi.org/10.1016/j.jpsychires.2018.09.002
https://doi.org/10.1016/j.jpsychires.2018.09.002
https://doi.org/10.1007/s12250-020-00227-0
https://doi.org/10.1016/j.jogoh.2020.101826
https://doi.org/10.1016/j.jogoh.2020.101826
https://doi.org/10.1097/AOG.0000000000004010
https://doi.org/10.1097/AOG.0000000000004010
https://doi.org/10.1371/journal.pone.0234187
https://doi.org/10.1371/journal.pone.0234187
https://www.dallascounty.org/Assets/uploads/docs/hhs/2019-nCoV/COVID-19 DCHHS Summary_062320.pdf
https://www.dallascounty.org/Assets/uploads/docs/hhs/2019-nCoV/COVID-19 DCHHS Summary_062320.pdf
https://www.dallascounty.org/Assets/uploads/docs/hhs/2019-nCoV/COVID-19 DCHHS Summary_062320.pdf
https://doi.org/10.1016/j.siny.2011.09.001
https://doi.org/10.1016/j.siny.2011.09.001
https://doi.org/10.1016/S0140-6736(08)60074-4
https://doi.org/10.1016/S0140-6736(08)60074-4
https://doi.org/10.1126/science.1251816
https://doi.org/10.1126/science.1251816
https://doi.org/10.1016/S0002-9440(10)63567-5
https://doi.org/10.1016/S0002-9440(10)63567-5
https://doi.org/10.1111/j.1600-0897.2008.00682.x
https://doi.org/10.1111/j.1600-0897.2008.00682.x
https://doi.org/10.1128/IAI.00042-20
https://doi.org/10.1038/s41598-020-65022-z
https://doi.org/10.1038/s41598-020-65022-z
https://doi.org/10.1056/NEJMra1005408
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1186/s12974-019-1481-9
https://doi.org/10.1136/adc.2006.099929
https://doi.org/10.1136/adc.2006.099929
https://doi.org/10.1053/j.gastro.2009.09.045
https://doi.org/10.1073/pnas.0401710101
https://doi.org/10.1073/pnas.0401710101
https://doi.org/10.1038/nrgastro.2016.119
https://doi.org/10.1038/nrgastro.2016.119
https://doi.org/10.1242/dmm.040808


     |  9 of 9PROCHASKA et Al.

 102. Been JV, Lievense S, Zimmermann LJI, Kramer BW, Wolfs TGAM. 
Chorioamnionitis as a risk factor for necrotizing enterocolitis: a 
systematic review and meta-analysis. J Pediatr. 2013;162(2):236-
242.e2. https://doi.org/10.1016/j.jpeds.2012.07.012

 103. Liu P, Zheng J, Yang PU, et al. The immunologic status of newborns 
born to SARS-CoV2-infected mothers in Wuhan, China. J Allergy 
Clin Immunol. 2020;146(1):101-109.e1. https://doi.org/10.1016/j.
jaci.2020.04.038

 104. Watterberg KL, Demers LM, Scott SM, Murphy S. Chorioamnionitis 
and early lung inflammation in infants in whom bronchopulmonary 
dysplasia develops. Pediatrics. 1996;97(2):210-215.

 105. Kramer BW, Kallapur S, Newnham J, Jobe AH. Seminars in fetal 
& neonatal medicine. Semin Fetal Neonatal Med. 2004;14(1):2-7. 
http://www.scien cedir ect.com/scien ce/artic le/pii/S1744 165X0 
8001108

 106. Kramer BW, Ladenburger A, Kunzmann S, et al. Intravenous li-
popolysaccharide-induced pulmonary maturation and structural 
changes in fetal sheep. Am J Obstet Gynecol. 2009;200(2):195.e1-
195.e10. https://doi.org/10.1016/j.ajog.2008.09.009

 107. Been JV, Rours IG, Kornelisse RF, Jonkers F, de Krijger RR, 
Zimmermann LJ. Chorioamnionitis alters the response to 

surfactant in preterm infants. J Pediatr. 2010;156(1):10-15.e1. 
https://doi.org/10.1016/j.jpeds.2009.07.044

 108. Hentschel R, Bohlin K, van Kaam A, Fuchs H, Danhaive O. 
Surfactant replacement therapy: from biological basis to current 
clinical practice. Pediatr Res. 2020;1-8. https://doi.org/10.1038/
s4139 0-020-0750-8

 109. Been JV, Zimmermann LJI. Histological chorioamnionitis and re-
spiratory outcome in preterm infants. Arch Dis Childhood - Fetal 
Neonatal Edn. 2008;94(3):F218-F225. https://doi.org/10.1136/
adc.2008.150458

How to cite this article: Prochaska E, Jang M, Burd I. 
COVID-19 in pregnancy: Placental and neonatal involvement. 
Am J Reprod Immunol. 2020;84:e13306. https://doi.
org/10.1111/aji.13306

https://doi.org/10.1016/j.jpeds.2012.07.012
https://doi.org/10.1016/j.jaci.2020.04.038
https://doi.org/10.1016/j.jaci.2020.04.038
http://www.sciencedirect.com/science/article/pii/S1744165X08001108
http://www.sciencedirect.com/science/article/pii/S1744165X08001108
https://doi.org/10.1016/j.ajog.2008.09.009
https://doi.org/10.1016/j.jpeds.2009.07.044
https://doi.org/10.1038/s41390-020-0750-8
https://doi.org/10.1038/s41390-020-0750-8
https://doi.org/10.1136/adc.2008.150458
https://doi.org/10.1136/adc.2008.150458
https://doi.org/10.1111/aji.13306
https://doi.org/10.1111/aji.13306

