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BACKGROUND: In utero transmission of SARS coronavirus 2 (SARS-CoV-2) has not been fully investigated. We investigated whether
newborns of mothers with COVID-19 during pregnancy might harbor SARS-CoV-2 in the gastrointestinal tract.

METHODS: This cohort study investigated stool from 14 newborns born at 25-41 weeks admitted at delivery to our urban
academic hospital whose mothers had COVID-19 during pregnancy. Eleven mothers had COVID-19 resolved more than 10 weeks
before delivery. Newborn stool was evaluated for SARS-CoV-2 RNA, Spike protein, and induction of inflammatory cytokines

interleukin-6 (IL-6) and interferon-y (IFN-y) in macrophages.

RESULTS: Despite negative SARS CoV-2 nasal PCRs from all newborns, viral RNAs and Spike protein were detected in the stool of 11
out of 14 newborns as early as the first day of life and increased over time in 6. Stool homogenates from all 14 newborns elicited
elevated inflammatory /L-6 and IFN-y from macrophages. Most newborns were clinically well except for one death from gestational
autoimmune liver disease and another who developed necrotizing enterocolitis.

CONCLUSIONS: These findings suggest in utero transmission of SARS-CoV-2 and possible persistent intestinal viral reservoirs in the
newborns. Further investigation is required to understand the mechanisms and their clinical implications.

Pediatric Research; https://doi.org/10.1038/s41390-022-02266-7

IMPACT:

® SARS-CoV-2 RNAs or Spike protein was detected in the stool of 11 out of 14 preterm newborns born to mothers with resolved
COVID-19 weeks prior to delivery despite negative newborn nasal PCR swabs.

® These novel findings suggest risk of in utero SARS-CoV-2 transmission to the fetal intestine during gestation.

® The presence of SARS-CoV-2 RNAs and Spike protein in the intestines of newborns may potentially impact the development of
the gut microbiome and the immune system; the long-term health impact on the preterm infants should be further

investigated.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
pregnancy is associated with adverse pregnancy outcomes,
maternal morbidity and mortality, and neonatal complications.'?
The impact on the fetus remains unclear. However, the over-
whelming majority of newborns born to coronavirus disease 2019
(COVID-19)-positive mothers are asymptomatic at delivery, and
even when COVID-positive exhibit a benign neonatal course. Initial
assessment of the newborn for evidence of COVID-19 is
performed via nasal testing using polymerase chain reaction
(PCR). Additional workup is performed only when results are
positive, including blood cultures, antibody testing, urine and CSF
testing, when indicated, to assess for spread of the virus. Over the
16 months since the beginning of the pandemic, over 250
newborns, both term and preterm, have been tested in our

institution for COVID-19 using SARS CoV-2 nasal PCR and all results
have been negative.3*

SARS-CoV-2 virus has been found in the nares of infants born to
mothers with active COVID-19 at delivery, likely due to horizontal
transmission.>® Compared to older age groups with SARS-CoV-2
infection, the rates of hospitalization (62%) or admission to
intensive care (5%) are higher for children under 1 year of age
infected with SARS-CoV-2” To date, our understanding of
neonates and premature infants infected with SARS-CoV-2
remains limited.

Proinflammatory cytokines play integral roles in the immune
response to pathogens. Interleukin-6 (IL-6) is an innate proin-
flammatory cytokine produced in copious amounts mainly by
innate immune cells such as macrophages during the acute phase
of infection, but excessive production of IL-6, as reported in severe
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COVID-19, can be pathologic and contribute to the development
of cytokine storms, autoimmunity and chronic inflammation.®
Interleukin-1-beta (IL-1B) is a cytokine that plays a role in the
pathogenesis of gastrointestinal disease, such as inflammatory
bowel disease.’ Interferon-gamma (IFN-y) is another cytokine
involved in the innate and adaptive immune system that is a
potent activator of macrophages.'® Both /-6 and IFN-y have been
shown to be upregulated in cases of viral infection and in cases of
viral and bacterial gastroenteritis in children less than 2 years of
age."' Significant elevations in inflammatory markers, including
IL-6 and IFN-y, in cytokine storms play a central role in the
immunopathology of COVID-19, influenced by variations in the
microbiome.’

In July 2020, we established a biorepository of stool specimens
of preterm and term infants in an effort to investigate the gut
microbiome in this population. Serendipitously, we observed in
initial exploratory studies significantly elevated inflammatory
cytokines, IL-6 and IFN-y, from mouse macrophages after
stimulation with stool homogenates as early as day one of life
from mostly premature newborns born to mothers with COVID-19
during pregnancy. This observation led to further investigation of
whether newborns born to mothers with COVID-19 during
pregnancy might harbor SARS-CoV-2 in the gastrointestinal tract.

The objective of this ongoing study was to evaluate for the
presence of COVID-19 viral RNAs and Spike protein in stool
specimens of term and preterm newborns, from day of life one to
2 months of age during initial hospital admission at birth, born to
mothers mostly (11 out of 14) with COVID-19 infection that had
been resolved weeks prior to delivery.

METHODS

This was a cohort study. The patient population consisted of 14 newborns
of gestational age (GA) 25-41 weeks delivered between July 2020 and May
2021, admitted to the neonatal intensive care unit (NICU) and well nursery
immediately at delivery at NewYork Presbyterian-Weill Cornell Medicine
and whose mothers had COVID-19 during pregnancy (Table 1). Participants
were not included if COVID-19 likely occurred prior to conception. Initially,
all patients in the NICU and well nursery were approached for consent for
the collection of stool specimens as part of our effort to investigate the
neonatal gut microbiome. Initial exploratory studies showed that stool
homogenates from infants born to mothers with COVID-19 during
pregnancy induced higher levels of inflammatory cytokines produced by
macrophages. 14 newborns from the enrollment population had a
maternal history of COVID-19 infection during pregnancy, and thus were
selected for this study’s COVID cohort. From the population of newborns
enrolled within the same period, a group of 30 newborns born to mothers
without a reported or documented case of COVID-19 during pregnancy
were selected based on similar GAs for comparison. They were included as
negative controls for detection of viral RNA or protein in stool specimens,
and as a comparison group for gastrointestinal and respiratory symptoms
(Supplement Table 2). Matching of these controls was limited by
availability of newborns of similar gestational ages admitted to the
hospital at the time of our enrollment. The timing of maternal COVID-19
infection during pregnancy was verified by positive SARS CoV-2 nasal PCR
swab at time of infection (n=7), or positive COVID-19 serology (n = 10)
with timing based on reported history of typical symptoms (4 had both
positive nasal PCR swab and serology).

All stool specimens were collected starting from day one of life if
possible from each newborn, and weekly thereafter if stool specimens
were available, to a maximum of 87 days of life. All stool was collected
during the initial hospital admission at birth. Due to various medical
conditions, some newborns had decreased frequency of bowel move-
ments and stool specimens were obtained when available. Direct contact
between newborns and mothers or support partners varied and ranged
from strictly no contact due to maternal active COVID-19, to less contact
due to the infant’s medical requirement to be in an isolette in the NICU, to
direct contact in a postpartum room with a breastfeeding mother. One
newborn (P12) was transferred from another institution in an isolette via
ambulance for a higher level of care.

Fresh stool specimens were collected from diapers by trained nurses
with sterile tongue depressors and transferred to sterile urine cups, sealed
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and stored in a 4°C refrigerator for up to 6 h before stored in a —80°C
freezer.

Chart review of gastrointestinal and early respiratory history
Chart review was performed to analyze the gastrointestinal and early
respiratory history of all subjects (Table 1), including evidence of any
respiratory support beyond the first day of life, chest x-ray findings
suggestive of lung pathologies, and presence of any gastrointestinal issues
throughout the course of hospitalization, including abdominal distention,
meconium plug syndrome, liver disease, and gastro-esophageal reflux
disease.

The comparison newborns were grouped with newborns of mothers
with COVID-19 during pregnancy by gestational age group (24-28, 29-32,
33-36, or 37 weeks or later; [Supplement Table 2]). Ideal matching to all
factors was limited to newborns available who were enrolled in our study
at that time.

The study was reviewed and approved by the NewYork
Presbyterian-Weill Cornell Medicine Institutional Review Board. One parent
of each participant provided written informed consent prior to collection
of stool specimens. All specimens were anonymously coded prior to
processing and the Principal Investigator (Pl) and laboratory technician
were blinded to protected health information.

Statistical analyses

All statistical analyses were performed using Prism 9 (GraphPad Software,
San Diego,CA). Normality was determined using the Shapiro-Wilk normal-
ity test. Differences between two groups were evaluated using the
unpaired t test (for parametric data) or Mann-Whitney test (for
nonparametric data), and comparisons of more than 3 groups were
evaluated using ordinary one-way analysis of variance followed by Tukey's
correction for multiple comparisons (for parametric data) or Kruskal-Wallis
test followed by Dunn’s correction for multiple comparisons (for
nonparametric data). Differences of p <0.05 were considered significant
in all statistical analyses. Statistically significant differences are shown with
asterisks as follows: *p <0.05, **p<0.01, and ***p <0.001. Each figure
shows data for individual animals or biological replicates.

Macrophage cytokine assay

In all, 1 x 10° of bone marrow-derived macrophages (BMDMs) were plated
per well in a 24-well plate and cultured overnight before addition of heat-
inactivated stool specimen. One hundred micrograms of each stool
specimen was resuspended in 1 mL of phosphate-buffered saline (PBS),
thoroughly homogenized, and heat-inactivated at 85 °C for 30 min. Ten
microliters of the homogenized stool specimen supernatant was added to
the BMDM culture per well. Eighteen hours later, the supernatant was
removed and the BMDMs were washed with PBS once before extraction of
RNA with TRIzol for real-time quantitative reverse transcription (qRT)-PCR
for beta actin, IL-6, IFN-y, and IL-13 expression. Beta-actin was used for
normalization and expression levels of IL-6, IFN-y, and IL-18 were compared
relative to the expression of these genes in unstimulated BMDM:s.

Spike protein ELISA
For the detection of the Spike protein in stool samples, 96-well plates were
coated with recombinant human soluble angiotensin-converting enzyme 2
(sACE2) at a concentration of 150 ng/mL in PBS overnight at 4 °C. 50 mg of
stool was suspended in 250 uL PBS, vortexed vigorously for 3-5 min, and
then centrifuged at 10,000 rpm for 30 seconds to clarify. Coated plates
were blocked for 2 h with PBS containing 1% bovine serum albumin (BSA),
and then 100 pL of the supernatant of homogenized stool was added per
well and incubated overnight at 4 °C. Plates were then washed 10 times in
PBS containing 0.05% Tween-20 and incubated for 2h at room
temperature with mouse anti-spike antibody (clone 1A9; Genetex
GTX632604) diluted 1:500 in PBS with 1% BSA. Plates were washed 5
times in PBS with 0.05% Tween-20 and incubated for 2h at room
temperature with horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG diluted 1:5000 in PBS with 1% BSA. Plates were washed 5 times
in PBS with 0.05% Tween-20 and 100 pL/well of tetramethylbenzidine
(TMB) substrate for HRP was added. The colorimetric reaction was allowed
to develop for 10 minutes before quenching with 50 pL/well of 2 N sulfuric
acid, and absorbance was measured at 450 nm.

Recombinant human sACE2 was generated in CHO-K1 cells (ATCC #CCL-61)
transfected with an expression plasmid containing sACE2 (a.a. 1-732) and an
8-histidine tag (Addgene #145101).2 SACE2 was purified out of CHO-K1 cell
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supernatant using HisPur NiNTA columns (Thermo Fisher Scientific, Waltham,
MA) and eluted with a step elution of PBS supplemented with 20, 50, 411, and
250 mM imidazole. The 250 mM imidazole fraction was concentrated with a
30kD MWCO centrifugal device (MilliporeSigma), and stored at —80°C
until use.

qRT-PCR for viral RNAs in placental tissues

Total RNA was extracted using TRIzol (Thermo Fisher Scientific) followed by
ezDNAse treatment (Thermo Fisher Scientific, Waltham, MA) per the
manufacturer’s instructions. To quantify viral subgenomic N transcripts,
one-step quantitative real-time PCR was performed using the SuperScript
Il Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen) with primers, as
previously described. Reactions were performed on a QuantStudio 6 Flex
Real Time PCR Instrument (Applied Biosystems). The delta-delta-cycle
threshold (AACT) = —(Ct of a stool specimen within COVID-19 cohort —
average Ct of non-COVID-19 negative cohort). This means that stools were
considered positive for SARS-CoV-2 viral RNA if the Ct value was lower than
the average Ct of negative control newborns (newborns born to mothers
without reported or documented COVID-19 during pregnancy).

qRT-PCR for stool viral RNAs

Viral RNA was extracted from 100 ug of stool specimen using GenelJet Viral
RNA kit (Thermo Fisher Scientific) per the manufacturer’s protocol. In all,
100ng of RNA was used for RT-PCR to generate complementary DNA
(cDNA). One microliter of the cDNA was used per gPCR reaction to quantify
viral RNA using the CDC NSP14 and Envelope primers, as indicated below.
AACT values were determined relative to non-COVID samples. Positive
controls (cDNAs from infected kidney organoids) were included in
each gPCR.

RESULTS

The patient population consisted of 14 newborns of gestational
age (GA) 25-41 weeks born to mothers with COVID-19 during
pregnancy and 30 comparison newborns of GA 26 2/7-39 6/
7 weeks born to mothers with no reported or documented COVID-
19. There were 13 mothers studied, including one mother with
twins. Asymptomatic mothers (n = 11) had resolved symptoms of
COVID-19 on admission to labor and delivery (Table 1) with
resolved infection at least 10 weeks prior to delivery. Two mothers
with active infection (P10 and the mother of twins P13 and P14)
had symptomatic infection at delivery. Based on our hospital’s
guidelines as of May 11, 2021, a patient with a positive test
obtained between 10 days and 3 months prior to a labor and
delivery admission was considered “COVID-recovered” and no
repeat SARS CoV-2 nasal PCR testing was required. As such, we
considered all but the two mothers with active infection to be fully
recovered at delivery and likely unable to infect their newborns via
contact or droplet means. Demographics of the study participants
are summarized in Table 1.

Ten mothers were tested for COVID-19 IgG serologies against
the N antibody or nucleocapsid protein and all results were
positive; three mothers were not tested for serologies (Table 1). All
newborns were tested with SARS CoV-2 nasal PCR swabs at
varying time points between 24 h of life to 2 weeks of life and all
results were negative. None of the newborns in the comparison
non-COVID cohort were tested with SARS CoV-2 nasal PCR swabs.

Most newborns in this cohort had unremarkable hospitaliza-
tions. Many were admitted to the NICU for prematurity or
respiratory distress with typical radiographic findings of either
transient tachypnea of the newborn or respiratory distress
syndrome (Table 1). Notably, two newborns exhibited significant
clinical symptoms, outlined below as case 1 and case 2.

Increased stimulation of /L-6 and IFNy production by stool
from COVID cohort

Heat-inactivated homogenates of stool specimens of newborns
born to mothers with previous COVID-19 or newborns in the
comparison group were co-cultured with macrophages overnight.

SPRINGER NATURE

The expression of IL-6, IFN-y, and IL-13 were measured by qPCR.
The stool homogenates from the COVID cohort induced increased
levels of IL-6 and IFN-y in mouse macrophages (Fig. 1).

Detection of SARS-CoV-2 viral RNA and Spike protein in stool
specimens

Viral RNAs of the non-structural protein 14 (NSP14) and envelope
protein (E) of SARS-CoV-2 were quantitatively detected in the stool
from 7 of 14 newborns obtained from 1-87 days after birth (Fig. 2a,
¢ and Fig. 3a). RNA expression was detected by qRT-PCR, where
AACt values indicate RNA expression. RNA levels increased over
time in the stool of two newborns (Fig. 3a). The Spike protein, a
SARS-CoV-2 surface protein that mediates viral entry, was
detected by enzyme-linked immunoassay (ELISA). Spike protein
was consistently detected at high levels in 5 newborns (Fig. 2b, ¢
and increased over time in 4 of the newborns (Fig. 3b).

Case 1

One neonate (P4) was born at 780 grams and 30 1/7 weeks GA to
a mother with mild upper respiratory symptoms of COVID-19
infection 5 months prior to delivery; her symptoms resolved well
before delivery. Upon admission to labor and delivery, the
asymptomatic mother tested positive for nasal viral RNA and
serum viral IgG antibodies. P4 had multiple negative nasal COVID-
19 PCR swabs and positive COVID-19 serum IgG antibodies. He
presented immediately after birth in severe and persistent liver
failure and died at age 11 weeks due to complications of liver
failure. Autopsy findings were compatible with his clinical
diagnosis of gestational alloimmune liver disease (GALD) with a
phenotype of neonatal hemochromotomasis. Stool specimens of
P4 showed increasing levels of viral RNA up until day 56 (Fig. 3a).

Case 2

Another newborn (P6) developed necrotizing enterocolitis (NEC).
P6 is a 27 4/7 week GA female whose mother had a positive
COVID-19 PCR test and mild viral upper respiratory symptoms at
approximately 15 weeks of gestation with symptoms that also
resolved long before delivery. P6 initially had an uncomplicated
medical course in the first few weeks of life. She developed NEC
on day of life 26 at 31 weeks corrected gestational age on fortified
full enteral feedings. She developed abdominal compartment
syndrome quickly requiring a bedside abdominal decompression
and jejunal and ileal resections. Increasing levels of the Spike
protein were found in her stool specimens from day of life 6 to 15,
suggestive of active viral replication (Fig. 3b).

DISCUSSION

This is an initial report describing the presence of SARS-CoV-2 RNA
and protein in the stool of 14 preterm newborns during hospital
admission at delivery with negative SARS CoV-2 nasal PCR results
and born to mothers with COVID-19 infection during pregnancy.
The Spike protein, a SARS-CoV-2 surface protein that mediates
viral entry, was consistently detected at high levels in one-third of
infants.

Notably, maternal COVID-19 infection in our study was at least
10 weeks remote from delivery (Fig. 2c and Table 1), and 11 out of
13 mothers in this cohort had no active COVID-19 symptoms at
delivery, making direct contact, droplet, or airborne transmission
unlikely. Stool was collected as early as the first day of life. This
suggests in utero SARS-CoV-2 transmission to the fetal intestine as
a mechanism for the virus to be transmitted to the newborns.
Preterm twins (P13 and P14), born to a mother who delivered in
the adult intensive care unit due to severe COVID-19, showed no
detectable viral RNA or protein in their stool (Fig. 2c and Table 1).
We speculate that in utero transmission in this case may have
been unlikely at 31 weeks GA due to more developed mechanisms
to protect the fetus. Earlier pregnancy is associated with higher
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Fig. 1

Increased proinflammatory components in the stool specimens from the COVID cohort. Expression of IL-6, IFN-y, and IL-1 by mouse

macrophages after co-culture with heat-inactivated stool specimen for 18 h. Stool specimens from earliest time points (1-2 time points) from
the COVID and GA-matched non-COVID groups were used. More than one time point were analyzed for some of the infants who had multiple

samples collected. *p < 0.05; 2-way ANOVA.

placental expression of viral entry receptors, including
angiotensin-converting enzyme 2'? and neuropilin.'® This sug-
gests that in utero transmission of SARS-CoV-2, if possible, may be
more likely during earlier gestion.

The mechanism of transmission to the fetal intestine remains
unclear. In utero transmission of viruses, such as CMV, is
transplacental. Additionally, SARS-CoV-2 has been detected in
placentas.”®'* Viral RNAs were detected in the placentas of two
mothers in this cohort with active COVID-19 at delivery (Table 1).
SARS-CoV-2 viral RNAs have also been detected in amniotic fluid,'”
which may be ingested by the fetus and passed through to the
fetal intestine in utero.

Currently, our understanding of the impact of antenatal COVID-19
on the newborn is limited. SARS CoV-2 nasal PCRs performed in the
immediate post-natal period of this cohort of newborns born to
mothers with COVID-19 during gestation at our institution have
been negative at the time of data analysis.'® However, negative
nasal PCRs do not exclude the possibility of SARS-CoV-2 present in
other tissues of the newborn, which have not been rigorously
studied. A recent study by Boateng et al. reported no detection of
SARS-CoV-2 viral RNA in the stool and urine from term newborns
whose mothers had COVID-19 during pregnancy.'” However, the
newborns in this study by Boateng et al. were term or near term
(average GA ~39 weeks), compared to the average GA of 34 weeks
in our NICU cohort. Our findings suggest increased risk of in utero
transmission when maternal COVID-19 occurred prior to ~27 weeks
of gestation. Furthermore, all stool and urine samples were
collected at 15 h following birth in the study by Boateng et al,;
viral titers might be below the detection limit at such an early time.
In contrast, many of our samples were tested at multiple time points
up to two months of age. Therefore, there are inherent differences
in the infant cohorts and timing of fecal sample collection between
our study and the study by Boateng et al.

Another study by Zeng et al.> describes 33 neonates, including
30 with negative nasopharyngeal and anal PCR swabs born to
mothers with infection at various time points during pregnancy. 3
neonates were diagnosed with active COVID-19 with positive
nasopharyngeal and anal swabs, and all 3 were born to mothers
diagnosed with active infection at delivery. The negative anal
swabs described may only have reflected the lack of RNA present
on the skin’s surface and may have been taken prior to any
stooling. In contrast, our study directly assessed the presence of
both SARS-CoV-2 viral RNA and protein in newborn stool reflective
of intestinal lumen contents. The majority of our infants (11 of 14)
were born to mothers with COVID-19 resolved more than 10 weeks
prior to delivery; all of these 11 infants had SARS-CoV-2 RNA and
Spike protein detected in the stool.

Persistent viral reservoirs in the intestine have been found in
both recovered adult and pediatric COVID-19 patients 4 months
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after infection, suggesting the intestinal environment providing a
unique niche for prolonged viral reservoirs.'®'® Enterocytes and
smooth muscle cells in the intestine express high levels of ACE2
and neuropilin, respectively.?®?' A recent study demonstrates
high expression of ACE2 in the human fetal intestine in early
second trimester.>?> Additionally, the intestinal lumen is less
accessible to immune cells. These factors may collectively create
a niche in the intestinal lumen that is conducive to the
establishment of what may be persistent viral reservoirs of
SARS-CoV-2 in the fetus and newborn.

The clinical implications of our findings of viral RNAs and Spike
protein in the stool of these newborns require further investiga-
tion. Most newborns studied here were either clinically well or
progressed as expected during hospital admission for their
gestational ages. There were two symptomatic cases presented
in this report. While there is insufficient evidence to connect the
development of symptoms to effects of COVID-19, It remains
unclear if the presence of intestinal reservoirs of SARS-CoV-2
might have contributed to the development of GALD or NEC in
these two newborns. Maternal viral infections known to cause
maternal immune activation, including herpes simplex virus,
enterovirus and cytomegalovirus, have been associated with the
development of acute liver failure in newborns, which is
commonly caused by GALD.>® The immunopathology of COVID-
19 involves excessive inflammatory response, impaired adaptive
immunity, and production of autoantibodies.*™%° Infections
during pregnancy may increase the risk of maternal alloimmune
responses, such as GALD, whereby maternal IgG antibodies attack
fetal hepatocyte antigens, resulting in fetal and neonatal liver
injury. Autoantibodies that antagonize type | IFN responses were
found in 19% of patients with critical COVID-19.%” Autoantibody
reactivities in pregnant women with COVID-19 may present
potential additional risk to the fetus, as maternal autoantibodies
unleashed by SARS-CoV-2 infection may attack fetal cells. Further
investigation is required to elucidate autoantibody responses in
pregnant women with COVID-19 and possible risk to the fetus.

The case of NEC raises the concern that intestinal inflammation
driven by an intestinal reservoir of SARS-CoV-2 may increase the
risk of gastrointestinal complications in these newborns, such as
NEC. COVID-19 has previously been implicated in the develop-
ment of NEC in newborns.?®?° However, NEC may have developed
irrespective of maternal COVID-19 status in this newborn who was
already at high risk due to prematurity.

IL-6 and IFN-y are both proinflammatory cytokines that have
been reported to be elevated in severe COVID-19 patients.>**! In
particular, as a potent innate cytokine, IL-6 is thought to contribute
to potentially fatal cytokine storms in COVID-19.3%%? Increased
induction of these cytokines in the neonatal intestine by viral
RNAs may impact the immune cell development and immune
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Fig.2 Detection of SARS-CoV-2 viral RNA and Spike protein in stool specimens. a AACt values of stool specimens collected from the COVID
(n=14) and non-COVID (n = 11) groups using the primers for NSP 14. **p < 0.001; unpaired t test. Positive controls were kidney organoids
infected with SARS-CoV-2. b Detection of the Spike protein in the stool samples of COVID (n = 14) and non-COVID (n = 30) neonates by ELISA.
Relative amounts of Spike in all stool specimens were shown as absorbance at O.D. 450 after subtracting background levels. **p < 0.001;
unpaired t test. The stool specimens with the highest viral or Spike protein were included for each neonate; GA-matched samples from
neonates without maternal COVID-19 history were used for comparison. ¢ Summary of the timeline of maternal infection, COVID-19 status on
mothers and neonates, and detection of SARS-CoV-2 viral RNAs and Spike protein in the stool of each neonate.

landscape in the neonatal intestine and may potentially affect
disease susceptibility in later life.

Limitations of this study include a small sample size. Control
group newborns born to mothers without a confirmed or reported
case of COVID-19 during pregnancy were limited to newborns
admitted at the time of our study. Furthermore, the current
understanding is that persistent intestinal reservoirs of SARS-CoV-
2 may not reflect an active infection.*®

It is unclear if the presence of viral RNA and protein within the
gut microbiome represents active virus in newborns with clinical
hospital courses typical of their gestational age in 12 out of 14

SPRINGER NATURE

cases. However, increasing levels of viral RNA and protein over
time suggest replication in some infants. The stool homogenates
from the COVID-19 cohort induced a significant increase in IL-6
and IFN-y production in macrophages, reflecting higher amounts
of inflammatory components in the intestinal lumen of these
infants, consistent with the detection of SARS-CoV-2 viral RNA and
protein in their stool specimens. Early development of the
immune system is heavily influenced by the gut microbiome;**
the full impact of persistent viral reservoirs on the development of
the immune system in these infants may not be fully appreciated
until years later. Further investigation is required to understand
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Fig. 3 Amounts of SARS-CoV-2 RNA protein over time in the stool samples of some neonates in the COVID cohort. a AACt values of stool
specimens from infants P1, P4, P7, and P10 at different days of life. AACt values were calculated with qRT-PCR results using the NSP 14 primers
relative to the expression in non-COVID samples. The samples analyzed were all the samples collected from all four infants. Sample availability
was dependent on the timing of enrollment, duration of hospitalization, and stool frequency of each infants. b Amounts of the Spike protein
in stool specimens of COVID infants P1, P2, P6, P7, and P9 at different days of life.

the mechanisms of in utero transmission of SARS-CoV-2 in women
with COVID-19 during early stages of gestation, as well as the full
impact of persistent intestinal viral reservoirs on child health and
development.
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