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Presence of SARS-CoV-2 in fetal organs via
intraamniotic infection

Shengnan Wu1,4, Linchen Tang1,2,4, Zeying Liu1,4, Meijuan Wu1, Xiaoying He1,
Shanshan Shan1, Yicheng Zhou1, Ke Lin1, Qingxin Xu1, Shidong Tan1, Ziyi Zhang1,
Yao Xu 1,2, Cancan Wang1, Feiye Zhu3, Zhiyun Wei 1,2 & Liping Jin1,2

The COVID-19 pandemic underlined the need to focus on women’s health,
particularly during pregnancy. Recent studies have shown thatmaternal SARS-
CoV-2 infection during pregnancy may increase obstetrical risks. However,
intraamniotic SARS-CoV-2 infection has been understudied. Here, we conduct
inclusive autopsies on 18 fetuses following maternal SARS-CoV-2 infection to
determine whether and which fetal organs can be infected by SARS-CoV-2 in
utero. We analyze a total of 538 samples from 32 tissue types to comprehen-
sivelymap and quantify the distribution and replication patterns of SARS-CoV-
2 across fetal organs. Our observations reveal that SARS-CoV-2 can be widely
distributed in fetal organs through vertical transmission. As the length of time
from SARS-CoV-2 infection to termination of pregnancy increases, the pre-
valence of infection in fetal organs decrease. Further, proteomic profiling
reveals DNA damage and immune imbalance in infected organs.

The global emergence of severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) has posed a significant threat to public health
worldwide1–3. SARS-CoV-2 exhibits 79%nucleotide sequencehomology
with SARS-CoV and 50% with Middle-East respiratory syndrome cor-
onavirus (MERS-CoV)4. It has been reported that infections with SARS-
CoV or MERS-CoV during pregnancy may result in severe complica-
tions, includingmaternal mortality, spontaneousmiscarriage, preterm
delivery, and intrauterine growth restriction5–9. Recent studies have
identified SARS-CoV-2 infection as a potential risk factor for pregnancy
complications, as the incidenceof clinicalmanifestations appears to be
increased, including preterm birth and hypertensive disorders of
pregnancy10–14. Several prospective observational cohort studies have
also suggested that neonates born to mothers with symptomatic cor-
onavirus disease 2019 (COVID-19) exhibit an elevated prevalence of
neurological or neuropsychiatric abnormalities15.

Therefore, growing concerns are being raised regarding the
potential for mother-to-fetus transmission of SARS-CoV-2. Several
existing studies suggest that newborns exhibit low rates of positivity or

only show thepresenceof specific fetal IgMantibodies evenwhen their
mothers are infected with SARS-CoV-2 during pregnancy16,17. However,
other cases have reported evidence of transplacental transmission of
SARS-CoV-2 in neonates born tomothers infected in the last trimester,
with high viral loads in placental tissues12,18. There was no direct evi-
dence from autopsies of infected fetuses or comprehensive organ-
specific viral analysis, and the precise transmission routes of con-
genital SARS-CoV-2 infection have not been adequately addressed.

In this work, to investigate the potential intraamniotic transmis-
sion of SARS-CoV-2 in pregnant women and identify vulnerable fetal
organs susceptible to SARS-CoV-2 infection, we conduct fetal autop-
sies from 18 women experienced SARS-CoV-2 infection during preg-
nancy and 6 control ones without COVID-19 history. Women of both
groups opted for second-trimester pregnancy termination due to
either elective abortion or fetal abnormalities. A total of 634 fetal
samples (538 from fetuses of women who were SARS-CoV-2 infected
during pregnancy), from 32 tissue types, are collected and analyzed in
this study. The coronavirus virion consists of nucleocapsid (N),
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membrane (M), envelope (E), and spike (S) proteins, which serve as
structural components4,19. ORF3a (OR) is one of the accessory proteins
encoded by SARS-CoV-220. Therefore, we perform highly-sensitive
droplet digital polymerase chain reaction (ddPCR) to detect and
quantify the N gene of SARS-CoV-2 in fetal organs21, followed by
quantitative real-time PCR with reverse transcription (RT-qPCR) to
detect subgenomic RNA, a reliable indicator of recent viral replication,
thereby serving as a valuable marker in assessing viral activity22. Sub-
sequently, RNA in situ hybridization (RNAscope) for SARS-CoV-2 OR,
N, and S RNA is applied to validate the ddPCR findings. Transmission
electron microscopy (TEM) is employed to confirm the presence of
viral particles in fetal organs exhibiting high quantification of SARS-
CoV-2RNA (N) via ddPCR,while immunofluorescence (IF) is utilized for
further validation of the associated SARS-CoV-2 proteins. Astral-data
independent acquisition (DIA) proteomic profiling and analysis are
applied to shed light on the biochemical pathways and biological
processes modulated by SARS-CoV-2.

Results
Overview of the fetal autopsy cohort
Between 12 May 2022 and 8 June 2023, 24 pregnant Chinese Han
women were recruited in Shanghai First Maternity and Infant Hospital,
who opted for second-trimester pregnancy termination due to either
elective abortion or fetal abnormalities. Among them, 18were infected
with SARS-CoV-2 during gestational weeks 4–21 (positive on both
qPCR test and antigen test), and their pregnancy terminations were
conducted 1–16 weeks after infection. The other 6 women were never
infected during pregnancy, evidenced by routine qPCR test every
2–3 days. Within 6 h after abortion, fetal autopsies were collected on
ice from 32 tissue types (2 female-specific ones, 1 male-specific one,
and 29 common ones). Among the cohort of SARS-CoV-2 infections, a
total of 538 samples were collected from 10 female fetuses and 8 male
ones (Fig. 1a). According to the interval between termination and
infection, we categorized autopsy cases into recent (≤4 weeks; n = 2),
mid (≤12 weeks; n = 6) and long-ago (>12 weeks; n = 10) subgroups. The
characteristics of the cohort data can be found in Supplementary
Table 1.

Widespread fetal infection
Among 538 fetal samples, the SARS-CoV-2 RNA (N) was detected in 49
specimens (at least 5 copies per ng of total RNA), with relatively high
quantification observed in 21 specimens (at least 10 copies per ng of
total RNA) using highly sensitive ddPCR (Fig. 1b). It appeared that one
recently infected woman transmitted the viral infection vertically to
her fetus (S38), with the highest number of infected fetal organs.
However, vertical transmission was not observed in the fetus from the
other recently infected woman (S36). A small, sporadic number of
organs exhibited SARS-CoV-2 infection in the fetuses of mid interval,
while a lower number of infections were observed in fetal organs from
women infected long ago. Among 32 examined tissue types, 16 were
detected with high quantification of viral RNA, indicating widespread
of fetal infections.

To investigate recent virus replication, subgenomic RNA of SARS-
CoV-2 was detected across all 538 fetal specimens. Among them,
10 specimens exhibited high levels of subgenomic RNA quantification
(Fig. 1b), which all were tested positive for SARS-CoV-2 RNA (N)
accordantly.

Multi-layer validation of SARS-CoV-2 existence in fetal organs
We applied in situ hybridization on three SARS-CoV-2 RNAs (S, N and
OR) using the RNAscope technology in fetal specimens. All three RNA
targets were detected in all fetal specimens with high N copies based
on ddPCR, except for the cerebellum sample from the fetus S20
(Fig. 2a–u and Supplementary Fig. 1). TEM analysis revealed discrete
viral-like particles within the thyroid (fetus S6), kidney (fetus S38), and

testis (fetus S38) samples, as shown in Fig. 2v–x, suggesting successful
entry of intact virions. Subsequently, the presence of SARS-CoV-2 OR,
N, and S proteins was visually identified in the corresponding thyroid,
thymus and testis specimens (Fig. 3a and Supplementary Fig. 2). His-
tological analysis of the thyroid (fetus S6), kidney (fetus S38), and
testis (fetus S38) samples revealed signs of necrosis and acute
inflammatory infiltration (Supplementary Fig. 3). These findings pro-
vided conclusive evidence regarding the presence of SARS-CoV-2 in
fetal organs during maternal infection.

Key proteins of SARS-CoV-2 infection were expressed in
fetal organs
The entry of coronaviruses into host cells is mediated not solely by the
interaction between the viral S proteins and cellular receptors (such as
angiotensin-converting enzyme2, ACE2), but also requires the priming
of the S protein by host cell proteases4,23. In the context of SARS-CoV-2,
the transmembrane serine protease 2 (TMPRSS2) plays a pivotal role in
priming the SARS-CoV-2 S protein for fusion23. Hence, the analysis of
ACE2 and TMPRSS2 stainingwas performed in the fetal specimens. Co-
expression of ACE2 and TMPRSS2 was observed in fetal organs
detectedwith viral RNAs and proteins (Fig. 3b). These findings validate
fetal expression of the receptor and accessory protein of SARS-CoV-2,
further ensuring the entry mechanism of SARS-CoV-2 into host cells.

Histological changes in infected fetal organs
SARS-CoV-2 N protein can increase the release of HMGB, one of the
damage-associated molecular patterns, which may trigger M1 proin-
flammatory macrophage activation24. Hence, HMGB and immune cells
markers, such as M1 proinflammatory macrophage markers CD86 and
CD11B, were used to evaluate immune response in SARS-CoV-2 infec-
ted samples25. Notably, immunofluorescence experiments indicated
that the infected thyroid, thymus, and testis samples exhibited a sig-
nificant increase in HMGB, CD86 and CD11B expression compared to
control samples (Fig. 4a). Additionally, compared to control, fibrosis-
related protein fibronectin (FN) level was higher in infected samples
(Fig. 4b). These results demonstrated a significant augmentation in
both immune response and fibrosis following fetal organ infection,
mirroring the observed patterns in adult patients with COVID-1921.

Proteomic impact of SARS-CoV-2 infection on fetal organs
To delve deeper into the biochemical pathways and biological pro-
cesses modulated by SARS-CoV-2, a comprehensive comparative
Astral-DIA proteomic profiling was conducted in fetal organs, includ-
ing small intestine, thyroid, and thymus (Fig. 5a and Supplementary
Data 1). According to GSEA analysis, we noticed that there was
remarkable repression on DNA repair signaling in all three infected
fetal organs (Fig. 5b). The GSEA analysis showed provoked IL2/
STAT5 signaling in small intestine and thymus of infected groups
compared with the corresponding control (Fig. 5c).

Discussion
Pregnancy significantly increases the susceptibility to severe COVID-
19, encompassing hospitalization, mechanical ventilation, and mor-
tality rates compared to non-pregnant individuals26. SARS-CoV-2
infection during pregnancy is associated with adverse fetal out-
comes, including preterm birth, stillbirth, small size for gestational
age, and reduced birth weight1,27,28. Additionally, infants born to
infected mothers face increased risks of neurobehavioral deficits,
delayed motor skills and kidney damage11,29,30. Some cases have
reported a high load of the SARS-CoV-2 virus in the placenta, amniotic
fluid, neonatal blood, fetal-intravascular mononuclear cells, fetal
lungs, and kidneys frompregnant women tested positive for COVID-19
in the first or third trimester2,12,22,23,30. Limitations of these evidences
include the inability to completely rule out delivery infection and the
fact that most are based on single case reports.
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Fig. 1 | Overview of the cohort study and SARS-CoV-2 RNA quantification
detected in 32 fetal organs. a Workflow of this study (created with BioR-
ender.com). b Quantification of SARS-CoV-2 RNA in 538 fetal specimens using
ddPCR. At the bottom of the figure, the samples were arranged in ascending order
based on the duration of infection, from the shortest to the longest, prior to ter-
minating pregnancy. According to the interval between termination and infection,

the samples were grouped into early (≤4 weeks; n = 2), mid (≤12 weeks; n = 6) and
late (>12 weeks; n = 10) subgroups. The organs were classified according to their
respective body systems. ddPCR droplet digital polymerase chain reaction, TEM
Transmission electron microscopy, IF Immunofluorescence, HE Hematoxylin and
Eosin staining, 4D-DIA Astral-data independent acquisition proteomic, M male, F
female. Source data are provided as a Source Data file.
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In this study, we present themost comprehensive analysis to date
of the presence and quantification of SARS-CoV-2 across 32 fetal
organs/tissue types, to our best knowledge. Among 538 fetal speci-
mens, 49were found to contain SARS-CoV-2 virus,with confirmedhigh
viral load observed in 21 fetal specimens. In addition to previously
reported infected maternal specimens such as placenta and umbilical
cord, newly identified infected fetal organs included heart, esophagus,
submandibular gland, stomach, pancreas, small intestine, large intes-
tine, thyroid, thymus, testis and skin. These infected organs mainly
involve the digestive, endocrine and immune systems.Considering the
continuous ingestion of amniotic fluid by the fetus throughout
gestation, it is plausible that the digestive system could be susceptible
to infection from amniotic fluid. The thymus, being a vital lymphoe-
pithelial organ, plays an indispensable role in facilitating the devel-
opment and differentiation of T lymphocytes, particularly during the
fetal period31. Consequently, it exhibits a close association with
immune systemmaturation. The relatively high quantification of SARS-
CoV-2 viral load in the thymusmay lead to abnormal differentiation of
T lymphocytes and affect immune system maturation. Additionally,
the thyroid in the endocrine system is also heavily infected with a
relatively high viral load. It plays apivotal role inneural development. It
has been speculated that neonates born to mothers exhibiting symp-
tomatic COVID-19 displayed an elevated prevalence of neurological
abnormalities32,33. However, in the 18 fetuses studied, only the cere-
bellum sample from donor S20 and the cerebrum sample from donor

S38 were detected to harbor SARS-CoV-2 using ddPCR, with only the
former exhibiting a high viral load. The validation of the cerebellum
specimen using RNAscope yielded inconclusive results, suggesting
that fetal brain organs exhibit limited susceptibility to SARS-CoV-2
infection.While no conclusive evidence is currently available for direct
neural infection in the fetus, our findings, alongside existing literature,
suggest that thyroid involvement might represent a potential
mechanism for altered neurodevelopment. Given the established role
of thyroid function in fetal braindevelopment, these results highlight a
need for further investigation into maternal SARS-CoV-2 infection and
fetal thyroid health. In light of these observations, expanded screening
for congenital hypothyroidism in infants born to mothers with
antenatal infection might be warranted, particularly in regions where
such screening is not yet routine34,35.

SARS-CoV-2 infection can result in cytokine storm and inflam-
matory response in lungs, kidneys and other organs of COVID-19
patients24,36. Recently, studies on the activation or attenuation of the
innate immune response and inflammation at the maternal-fetal
interface following maternal infection with SARS-CoV-2 have shown
varied results. Some investigations suggested that placentas with a
high viral load exhibited substantialmacrophage infiltrationwithin the
intervillous space, in contrast to uninfected controls37,38. However,
other studies revealed that SARS-CoV-2 led to limited activation of
immune cells, constrained antiviral response, and/or even enhanced
immune tolerance at maternal-fetal interface10. Our data suggests that
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Fig. 2 | RNAscope and TEMof SARS-CoV-2 virus in fetal organs. SARS-CoV-2 RNA
was verified by RNAscope in 21 fetal specimens, including small intestine of S01 (a),
proximal side of fetal membrane of S04 (b), pancreas of S04 (c), skin of S04 (d),
esophagus of S06 (e), maternal side of placenta of S06 (f), thyroid of S06 (g),
thymus of S06 (h), heart of S07 (i), thymus of S16 (j), cerebellum of S20 (k), large

intestine of S21 (l), small intestine of S21 (m), kidney of S38 (n), submandibular
gland of S38 (o), skin of S38 (p), stomach of S38 (q), testis of S38 (r), thyroid of S38
(s), trachea of S38 (t), and skin of S39 (u). Scale bar, 50μm. TEM analysis revealed
the presence of virus-like particles (red arrows) in thyroid of S6 (v), kidney of S38
(w) and testis of S38 (x). Scale bar, 200 nm.
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an active immune response and fibrosis triggered by SARS-CoV-2
occurs in fetal organs with a high viral load. Moreover, our study
identifies significant suppression of DNA repair signaling in the infec-
ted samples. It has been demonstrated that SARS-CoV-2 infection can
causeDNAdamage and additionally impedeDNA repair through SARS-
CoV-2 N-protein competitive binding with dilncRNAs39. The impinging
on DNA damage response facilitates the replication of the virus and
thus hinders the adaptive immune response, since an efficient and
regulated DNA repair function is required for immunological diversi-
fication, especially for T and B cell receptor generation40,41. Proteomic
profiling of infected fetal organs also highlights activation of IL2/
STAT5 signaling. Repressed expression of IL2 was considered as one of
the reasons that critical patients with COVID-19 pneumonia present
with low CD8+ T cell level42. During chronic viral infections, the aug-
menting IL2/STAT signaling rewires exhausted CD8+ T cells and pro-
motes Tex cell differentiation43, which might be part of fetal antiviral
immunity.

Surprisingly, amongplacentas of the 18 fetuses, onlyone fetal side
of placenta (fetus S04) and one maternal side of placenta (fetus S06)
were SARS-CoV-2 RNA (N) positive. Once SARS-CoV-2 reaches the
placenta, it could cause placentitis and might cross the maternal-
placental interface (either through infection of placental cells or
through disruption of the placental barrier) to obtain access to fetal
vessels, possibly reach the fetus and cause infection44,45. In our work,
the pathogen was detected in only a few placentas. One possible rea-
sonwas that we only collected a small piece of tissue (about 5-10mm3)
from the whole placenta to perform ddPCR. There were spatial lim-
itations as the sampling might not fully represent the overall viral load

of the placenta. However, the histology of the infected placenta was
indeed altered. Necrosis of the syncytiotrophoblast was present, and
extensive intervillous fibrin was deposited in infected placentas (Sup-
plementary Fig. 4). The disrupted placental barrier might allow SARS-
CoV-2 in utero transmission.

In this study, among 18 fetuses, only 2 showed absolutely no sign
of infection. It seemed that as the length of time from maternal SARS-
CoV-2 infection to termination of pregnancy increased, the prevalence
of SARS-CoV-2 infection in fetal organs decreased. Compared to adult
organs, itwasnoteworthy yet understandable that the viral load in fetal
organs appeared significantly lower. The sporadic nature of infections
suggests that transmission occurs only under specific conditions,
highlighting the protective role of the maternal-fetal barrier. Conse-
quently, the likelihood of fetal infection is not conclusive and infected
pregnant women should not be overly alarmed. Accordantly, most
babies born tomothers with COVID-19 are asymptomatic or havemild
disease46,47.

The opportunistic cohort design constitutes the major weak-
ness of our study. In this study, 21 donors were successfully recrui-
ted within a short timeframe, as only a few obstetrics & gynecology
hospitals, including ours, remained operational during and shortly
after the Shanghai lockdown. The time window for this study was
narrow. Prior to the lifting of lockdown in June 2022, Shanghai
reportedminimal daily incidence of COVID-19, and no induced labor
was performed on women who had experienced antenatal SARS-
CoV-2 infection at our center. However, ~1 year after the lifting of
lockdown, the discontinuation of widespread public testing made it
impossible to determine infection status during pregnancy. We are
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fortunate to have had the opportunity to design and conduct this
study within a critical timeframe, enabling us to investigate the
possibility of intraamniotic SARS-CoV-2 infection. Due to the small
sample sizes of several discrete subpopulations, varying on period
of infectivity, developmental stage at infection, and congenital
anomalies, the certainty of the conclusions and the generalizability
of our study are limited.

In summary, this study comprehensively examined the
intraamniotic transmission of SARS-CoV-2 to fetal organs and
revealed the persistent presence of the virus in multiple systems,
even long after maternal infection. Although viral load in fetal
organs appeared to be much lower than one in adult organs21, both
immunofluorescence and proteomics assays indicated significant
affections of viral infection in local tissues. Due to the limitation of a
relatively small sample size from a single center, further extensive
validation and long-term follow-up studies are needed to elucidate
the effects of fetal infection on postnatal development in children
and adults.

Methods
Donor recruitment and sample collection
All autopsies were conducted with written informed consent from
donors and the sample collections were approved by the Ethics
Committee of the Shanghai First Maternity and Infant Hospital affili-
ated with Tongji University (permission numbers: KS2317, KS21343).

This study enrolled pregnant women from May 12, 2022 through
June 6, 2023, who either had COVID-19 history during pregnancy
(N = 18) or had never been infected (N= 6; Control donors). None of
donors had COVID-19 history prior to her pregnancy. The COVID-19
history was determined by periodic PCR test ensured by local gov-
ernment. Donors’ pregnancies were terminated in the second trime-
ster due to voluntary induction of labor, chromosomal abnormalities,
anatomical structural abnormalities or other reasons. At the time of
pregnancy termination, donors were negative on COVID-19 PCR test.
The demographics of the donors were summarized in Supplementary
Table 1. Detailed macroscopic dissections were performed on ice to
collect tissue samples from multiple organs within 6 h after induction
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Fig. 5 | Proteomic alterations in SARS-CoV-2-infected fetal organs. a Volcano
plots illustrating the differential protein expression profiles in small intestine,
thyroid and thymus of infected fetuses (n = 2 vs 2 specimens). Unadjusted two-

sided t-test. b GSEA analysis revealed a downregulation of DNA repair pathway in
SARS-CoV-2-infected fetal organs. c The IL2/STAT5 signaling was upregulated in
small intestine and thymus of fetuses with SARS-CoV-2 infection.
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of labor (stored on ice), including proximal and distal sides of fetal
membrane, fetal and maternal sides of placenta, umbilical cord, skin,
heart, thymus, lung, gallbladder, liver, stomach, spleen, pancreas,
small intestine, large intestine, ureter, bladder, kidney, adrenal gland,
thyroid, trachea, esophagus, parotid gland, submandibular gland,
tongue, cerebrum, cerebellum, skeletal muscle, uterus (female fetu-
ses), ovary (female fetuses), and testis (male fetuses). Fresh tissues
were snap frozen in liquid nitrogen and then stored at −80 °C for
subsequent RNA extraction and data-independent acquisition pro-
teomics assay. Tissues used for histopathologic/ISH analysis and
transmission electron microscopy were freshly fixed with 10% neutral
buffered formalin and 2.5% pentanediol for 24 h, respectively. All
experiments were conducted by researchers who were negative on
COVID-19 PCR test at the moment.

Digital droplet PCR (ddPCR) and subgenomic RNA analysis
Total RNA was isolated using a RNAprep Pure Tissue Kit (Tiangen
Biotech, China) according to the manufacturer’s protocols. The
QuantStudio 3D Digital PCR System and QuantStudio 3D Digital Chip
Kit v2 (Life Technologies, Carlsbad, CA, USA, A26316) were used to
detect andquantify SARS-CoV-2 nucleocapsidRNA (forwardprimer: 5′-
TTACAAACATTGGCCGCAAA-3′; reverse primer 5′-GCGCGACATTC
CGAAGAA-3′; probe 5′-FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ1-
3′)48 and human GAPDH RNA (forward primer 5′-CAAGGCTGTGGG-
CAAGGT-3′; reverse primer 5′-VIC-GGAAGGCCATGCCAGTGA-MGB-3′;
probe 5′-ATCCCTGAGCTGAACG-3′; designed using Primer Express
Software v3.0.1) of samples. The raw data was collected and analyzed
using QuantStudio 3D Analysis Suite (version 1.0, Thermo Fisher Sci-
entific). Results were then normalized to copies of the N gene per
nanogram of RNA input. The sample must be positive for the human
GAPDH gene under the manufacturer’s limit of detection (LOD) with
≥4 copies permicroliter to ensure successful RNA extraction and to be
reported. After the background was removed according to the nega-
tive control samples, LOD of ≥5 copies per ng RNA input was con-
sidered to be SARS-CoV-2 N gene positive. To further detect the
replicating virus generated during productive infection, we conducted
one-stepRT-qPCRassay targeting subgenomicRNAof the envelope (E)
gene (Forward primer 5′-CGATCTCTTGTAGATCTGTTCTC-3′; Reverse
primer 5′-ATATTGCAGCAGCACACA-3′; probe 5′-FAM-ACACTAGC-
CATCCTTACTGCGCTTCG-BHQ1-3′)49 using the One step RT-qPCRmix
(Accurate Biotechnology, China, catalog no. RM0042) on a Quant-
Studio 5 Real-Time PCR system (version 1.3.1, Thermo Fisher Scien-
tific). Primers and probes were synthesized by Thermo Fisher
Scientific.

RNAscope in situ hybridization (ISH)
Tissues with SARS-CoV-2 N gene abundance higher than 10 copies per
ng RNA were further submitted for RNA in situ hybridization using the
RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diag-
nostics, USA) according to manufacturer protocols. Briefly, formalin-
fixed and paraffin-embedded (FFPE) tissue blocks were cut at 4 μm.
After the sections were mounted on slides, the slides were air dried at
room temperature overnight, then baked and deparaffinized. After
deparaffinization, the slides were applied with RNAscope hydrogen
peroxide followed by target retrieval using the steamer. Then the
slides were incubated with protease at 40 °C for the amount of time
specified by the tissue pretreatment recommendation provided by
manufacturer. After the digestion, the slides were hybridized for 2 h at
40 °C in the HybEZOven with probe-V-nCov2019-S (Advanced Cell
Diagnostics, catalog no. 848561), probe-V-nCoV2019-ORF1ab
(Advanced Cell Diagnostics, catalog no. 895661) or probe-V-
nCoV2019-N (Advanced Cell Diagnostics, catalog no. 846081). In
addition, 3-plex Negative Control Probe (Advanced Cell Diagnostics,
catalog no. 320871) and 3-plex Positive Control Probe (Advanced Cell
Diagnostics, catalog no. 320861) were used as a negative and positive

control, respectively. Then the slides were counterstained with DAPI
and mounted. Images were acquired with an automatic digital slide
scanner (PANNORAMICMIDI, 3DHISTECH, Hungary) and presented in
the form of merge layers.

Immunofluorescence
FFPE slides of different organs were technically supported by the
Manual IHC kit (Akoya, NEL861001KT) according to manufacturer
protocols. The following dilutions of primary antibody were used:
SARS-CoV-2 nucleocapsid antibody (Cell Signaling Technology,
26369S, USA), 1:1000; SARS-CoV2 orf3a antibody (Novus Biologicals,
NBP3-15985,USA), 1:1000; SARS-CoV-2SpikeGlycoprotein S2 antibody
(Novus Biologicals, NB100-56578SS), 1:1000; ACE2 antibody (Pro-
teintech, 21115-1-AP), 1:1000; TMPRSS2 antibody (Proteintech, 14437-1-
AP), 1:1000; HMGB1 antibody (Proteintech, 10829-1-AP), 1:1000; CD11B
antibody (Novus Biologicals, NB110-89474SS), 1:1000; CD86 antibody
(Affinity Bioscience, DF6332, China), 1:1000; Fibronectin (FN) antibody
(Proteintech, 66042-1-Ig), 1:1000 for IF staining. After incubated with
secondary antibodies, the signal was amplified using the fluorophore-
conjugated tyramide amplification system (PerkinElmer, USA), fol-
lowed by counterstaining with DAPI. Slides were scanned by an auto-
matic digital slide scanner (PANNORAMIC MIDI). Positive cells were
automatically counted using the Halo software (version 3.4.2986,
Lndica Labs, USA).

Transmission electron microscopy (TEM)
A transmission electron microscope was used to detect virus-like
particles in fetal organs. Tissues fixed in 2.5% pentanediol were
washed, dehydrated, embedded and polymerized. Then the tissue
blocks were cut to 70 nm thin and fished out onto the copper screen.
Images were observed and captured by a H7650TEM (HITACHI, Japan)
using RADIUS software (version 2.1, EMSIS GmbH, Germany).

Hematoxylin and Eosin (H&E) staining
FFPE slides of different organs were subjected to standard Hematox-
ylin and Eosin (H&E) staining for the detection of histological changes.
Slides were deparaffinized, stained with H&E, and then subjected to a
digital pathological section scanner (KFBIO, KF-PRO-400-HI). K-Viewer
was used to determine lesion area in different sections.

Astral-DIA proteomic profiling
A total of 12 samples were analyzed (n = 2 vs 2 in each of three organs).
ProteinswereextractedbySDT (4%SDS, 100mMTris-HCl, pH7.6) lysis
buffer and quantified using a BCA Protein Assay Kit (Beyotime, China).
DTT (final concentration at 40mM) was added to each sample and
mixed at 600 rpm for 1.5 h (37 °C). After the samples cooled to room
temperature, IAA (final concentration at 20mM) was added into the
mixture to block reduced cysteine residues and the samples were
incubated for 30min in darkness. Next, the samples were transferred
to the filters (Microcon units, 10 kDa). The filters were washed with
100μl UA buffer three times and then 100μl 25mM NH4HCO3 buffer
twice. Finally, trypsin was added to the samples (trypsin: protein (wt/
wt) ratio was 1:50) and incubated at 37 °C for 15–18 h (overnight), and
the resulting peptides were collected as a filtrate. The peptides of each
sample were desalted onC18 Cartridges (Empore SPE CartridgesMCX,
30μm, Waters), concentrated by vacuum centrifugation and recon-
stituted in 40 µl of 0.1% (v/v) formic acid. The peptide content was
estimated by UV light spectral density at 280 nm. The iRT standard
peptide was added to peptide segments. The peptides from each
sample were analyzed by Orbitrap Astral mass spectrometer (Thermo
Scientific) connected to an Vanquish Neo system liquid chromato-
graphy (Thermo Scientific) in the data independent acquisition (DIA)
mode. Precursor ions were scanned at a mass range of 380–980m/z,
MS1 resolution was 240,000 at 200m/z, Normalized AGC Target:
500%, Maximum IT: 5ms. 299 windows were set for DIA mode in
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MS2 scanning, Isolation Window: 2m/z, HCD Collision Energy: 25 eV,
Normalized AGC Target: 500%, Maximum IT: 3ms. DIA data was ana-
lyzed with DIA-NN 1.8.1. Main software parameters were set as follows:
the enzyme as trypsin, the max miss cleaning site as 1, the fixed
modification as Carbammimethyl (C), the dynamic modification was
set to Oxidation (M) and Acetyl (Protein N-term), and the protein
identified by database retrieval must pass the set filtering parameter
FDR < 1%. The database was downloaded at website: http://www.
uniprot.org. The input of GSEA is a protein expressionmatrix, in which
the samples are divided into two groups, and the differentially
expressedproteins between the twogroups are found, and then sorted
according to fold change to indicate the changing trend of protein
expression between the two groups. The cluster profile package in R
package (v4.4.4) was used in analysis.

Statistical analysis
Statistical analysis was performed using Graphpad Prism (version 9.0,
GraphPad Software, USA). The Student’s t test was applied for com-
parison between independent groups. All data are presented as
mean± s.e.m. P < 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange Consortium via the iProX
partner repository under accession code PXD058679 (https://www.
iprox.cn/page/PSV023.html;?url=1750929934172Yrjy; Password: WjYx).
The processed proteomics data are available at Supplementary Data 1.
Negative controls for RNAscope and IF are available in Supplementary
Figs. 1 and 2. Source data are provided with this paper.
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