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Abstract: The COVID-19 pandemic has led to a significant and enduring influence on global health,
including maternal and fetal well-being. Evidence suggests that placental dysfunction is a potential
consequence of SARS-CoV-2 infection during pregnancy, which may result in adverse outcomes
such as preeclampsia and preterm birth. However, the molecular mechanisms underlying this as-
sociation remain unclear, and it is uncertain whether a mature placenta can protect the fetus from
SARS-CoV-2 infection. To address the above hiatus, we conducted a transcriptome-based study of
the placenta in both maternal and fetal compartments. We collected placental samples from 16
women, immediately after term delivery, of which seven had confirmed SARS-CoV-2 infection by
PCR before parturition. Notably, we did not detect any viral load in either the maternal or fetal
compartments of the placenta, regardless of symptomatic status. We extracted total RNA from pla-
cental tissues, separately from maternal and fetal compartments, constructed cDNA libraries, and
sequenced them to assess mRNA and small RNA expression. Our analysis revealed 727 differen-
tially expressed genes (DEG) in the maternal placental tissue, with 608 upregulated and 109 down-
regulated in SARS-CoV-2-positive women compared with healthy, negative women. In contrast, the
fetal compartment did not exhibit any significant changes in gene expression with SARS-CoV-2 in-
fection. Specifically, we observed significant downregulation of seven genes belonging to the preg-
nancy-specific glycoprotein (PSG), related to the immunoglobulin superfamily in the maternal com-
partment with active SARS-CoV-2 infection (fold change range from -13.70 to -5.28, FDR < 0.05).
Additionally, comparing symptomatic women with healthy, we identified 14,223 DEGs, with high
expression of the inflammatory cytokine IL6 in the maternal placenta of the symptomatic women.
Furthermore, KEGG analysis revealed that pathways related to viral infection, vascular smooth
muscle contraction, and oxytocin signaling were altered significantly in symptomatic women. Over-
all, our study sheds light on the molecular mechanisms underlying the reported clinical risk of
preeclampsia and preterm delivery in women with SARS-CoV-2 infection. Nonetheless, studies
with larger sample sizes are warranted to further deepen our understanding of the molecular mech-
anisms of the placenta’s anti-viral effects in maternal SARS-CoV-2 infection.

Keywords: SARS-CoV-2; COVID-19; term pregnancy; vertical transmission; placental gene expres-
sion; molecular pathways.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute res-
piratory syndrome coronavirus 2 virus (SARS-CoV-2) had been a global health concern
until very recently. Despite extensive research, the precise ramifications of this viral
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infection on pregnancy and its subsequent effects on offspring remain elusive [1]. Gener-
ally, pregnant individuals are more susceptible to viral infections compared to the general
population [2]. Reports indicated that contracting SARS-CoV-2 during pregnancy can have
detrimental implications for maternal well-being by increasing the risk of preeclampsia,
preterm delivery, maternal mortality, neonatal intensive care unit admission, and impact
neonatal outcomes with increased incidence of preterm birth and neonatal mortality [3].
However, the intricate molecular mechanism that underlines such adverse effects during
pregnancy with SARS-CoV-2 infection is not clearly understood.

According to the current reports, the SARS-CoV-2 virus relies on two key proteins,
angiotensin-converting enzyme II (ACE2) and transmembrane serine protease 2
(TMPRSS2) for cell entry and membrane fusion, respectively [4,5]. It is reported that both,
ACE2 and TMPRSS2 are enriched in many tissues in addition to the respiratory system,
resulting in pathological alterations within the local tissues upon SARS-CoV-2 infection.
The term placenta is one of the organs where the above-mentioned entry factors for SARS-
CoV-2 along with Furin are highly expressed. Notably, the expression of ACE2 mRNA in
the placenta is similar to that in the lung, the most common site for SARS-CoV-2 infection
in humans [6].

Placenta, a remarkable and intricate tissue plays a vital role in facilitating the commu-
nication channel between the mother and developing fetus by transferring nutrients, hor-
mones, and antibodies protecting the growing fetus from immunological threats [7]. Ear-
lier reports suggested possible vertical transmission of SARS-CoV-2 from mother to fetus
[8,9]. However, recent studies suggest that the placenta might act as a barrier for trans-
placental infection since the restriction of SARS-CoV-2 replication was found in human
placental tissue [10]. Nonetheless, controversies persist regarding the possibility of ante-
natal vertical transmission of SARS-CoV-2.

Hence, the primary objectives of this study were twofold. Firstly, we aimed to investi-
gate the potential vertical transmission of the SARS-CoV-2 virus by examining its pres-
ence in both the maternal and placental compartments of the term placenta. Secondly, we
aimed to explore differentially expressed genes within placental compartments that are
altered in COVID-19 infection during pregnancy, with a particular focus on understand-
ing how these genes and related pathways may contribute to pregnancy-related compli-
cations. By investigating these molecular pathways, we aimed to shed light on the under-
lying mechanisms that could lead to adverse outcomes in pregnant women infected with
SARS-CoV-2.

2. Results

2.1. Clinical characteristics of SARS-CoV-2 positive women

In this study, a total of 16 term placental samples from women collected between June
2020 to February 2022 were used. Out of these, seven women tested positive for SARS-
CoV-2 by qPCR when admitted to the hospital during their term pregnancy for delivery
and the details are given in Table 1. Briefly, the average maternal age of women who
tested positive for SARS-CoV-2 was 34.14 years (range 31 - 34 years, median 32 years). The
gestational age at delivery averaged 39.1 weeks (range 34.7 — 41.3 weeks, median 39.6
weeks). Cases 4, 13, 15, and 17 were for cesarean sections due to different indications in-
cluding failed induction of labor, social factor, and unexpected vaginal bleeding. All the
other cases had a vaginal delivery. Except for case 15, all women had an active infection,
and tested positive for SARS-CoV-2 within 5 days before their delivery. Case 15 was di-
agnosed with COVID-19 three months before delivery and had completely recovered at
the time of delivery and thus excluded from the analysis. Cases 13, 14, 16, and 17 had mild
symptoms of COVID-19, while the rest were asymptomatic when tested positive for
SARS-CoV-2. The severity of COVID-19 was determined according to the published cri-
teria released by the Society for Maternal-Fetal Medicine and the National Institutes of
Health [11]. All newborns were singletons and had normal Apgar score after birth. None
of the newborns entered NICU.
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Table 1. Clinical characteristics of SARS-CoV-2 positive women (n=7).
Gestational Time from 1::::1-
1 1 ARS-CoV-
Case MeXerena Age Delivery I\é[:t;:::: COVID-19 SZ ossifi(‘)re Severity of Apgar
& (weeks + Mode . Status P . COVID-19 score
(years) bidities to delivery
days) 1,5,10
(days) .
mins)
1 3 40+43  Vaginal GDM®  Actives 0 ASYMPIO- 44 10.10
matic
. . Asympto-
4 41 41+2 C-section - Activec 1 : 8-8-10
matic
GDM, Pla-
13 31 3445 C-section centaac-  Active® 4 Mild 9-9-9
creta
14 35 39+4 Vaginal - Active© 0 Mild 9-10-10
15 32 3745 Cwsection - Pastd 110 Asympto- g 14 1
matic
16 31 40+5 Vaginal - Active© 1 Mild 8-9-10
PIHP,
17 37 39+3 C-section Polycystic  Activec 4 Mild 9-10-10
kidney

2GDM = gestational diabetes mellitus; "PTH = pregnancy-induced hypertension; active = SARS-CoV-2 active in-
fection (< 5 days since diagnosis) at the time of the delivery; ¢past = SARS-CoV-2 active infection (> 5 days since
diagnosis) at the time of the delivery; *Case 15 was excluded from further study due to long interval from
infection to delivery.

2.2. Differential gene expression analysis

We obtained mRNA and small RNA sequencing data set from 32 placental samples
(16 maternal + 16 fetal compartment) after performing quality control and batch effect
correction (COVID-19 positive maternal (M) compartment n =7; COVID-19 negative ma-
ternal compartment n =9; COVID-19 positive fetal (F) compartment n =7; COVID-19 neg-
ative fetal compartment n = 9). We excluded samples 10F and 10M due to potential fecal
contamination. Data from 13F and 8F were filtered out due to low alignment rates to the
human genome. Data from case 15 were excluded from the analysis due to its long interval
from infection to delivery. We did not find any differentially expressed genes in the fetal
compartment on comparing with COVID-19 positive and negative groups. However, in
the maternal compartment of the placenta, a total of 727 DEGs were identified in COVID-
19 positive group on comparing with the negative. In this, 608 genes were upregulated
and 119 downregulated as displayed in the volcano plot (Figure 2). The top 10 dysregu-
lated DEGs were shown in Table 2. Among the maternal DEGs, seven genes belonging to
the pregnancy-specific glycoproteins (PSGs) family showed significant downregulation
with active SARS-CoV-2 infection (Fold changes range -13.70 to -5.28, FDR<0.05, Table 3).
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Figure 2. Volcano plot showing differentially expressed genes in the maternal compartment of the placenta with
COVID-19 infection. Up and downregulated genes are highlighted in red and blue colors, respectively.

Table 2. Top 10 up and down-regulated DEGs (protein coding) in the maternal placental compart-
ment of women with COVID-19

Gene symbol  Gene name Fold change FDR
OR5ASI 1\O/Iléjr;’c)(:;ylRecep’cor Family 5 Subfamily AS 7420 1.91E-3
RNF212 Ring Finger Protein 212 40.05 7.18E-3
OR5IMI 1\O/Iliiirc;:)c:;ylReceptor Family 51 Subfamily M 35.49 0.03
OR4K13 I\O/Iliiircl:{)c;ylgeceptor Family 4 Subfamily K 3492 0.02
CLDN18 Claudin 18 29.28 0.05
NTRK3 Neurotrophic Receptor Tyrosine Kinase 3 29.08 9.52E-3
CNNMI .Cyclin And CBS Dc.)main Divalent Metal Cat- 28.62 0.03
ion Transport Mediator 1

COL13A1 Collagen Type XIII Alpha 1 Chain 27.30 2.33E-2
OR10G3 I\O/Ilierir;t)c:;‘y?,Recep’cor Family 10 Subfamily G 27,00 3460
LRRC38 Leucine Rich Repeat Containing 38 25.90 1.04E-2
PSG9 Pregnancy Specific Beta-1-Glycoprotein 9 -13.70 1.65E-3
ALPP Alkaline Phosphatase, Placental Type -9.86 0.02
PSG3 Pregnancy Specific Beta-1-Glycoprotein 3 -8.39 0.02
MAL Mal, T Cell Differentiation Protein -6.52 0.04
I;(];);Jsl(f— NDUFC2-KCTD14 Readthrough -6.43 0.02
PSG6 Pregnancy Specific Beta-1-Glycoprotein 6 -6.33 0.02
PSG2 Pregnancy Specific Beta-1-Glycoprotein 2 -5.91 0.02
GPC3 Glypican 3 -5.87 0.01
CSH2 Chorionic Somatomammotropin Hormone 2 -5.53 0.03
PSG5 Pregnancy Specific Beta-1-Glycoprotein 5 -5.47 0.05

FDR = False discovery rate.
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No significant DEG was found in the small RNA sequencing analysis between posi-
tive and negative groups on the maternal and fetal sides respectively.
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Figure 3. Expression of PSG genes in the maternal placental compartment with COVID-19 infec-
tion: Bar plots with dots displaying PSG gene expression in each individual maternal placental sam-
ple based on RNA sequencing data.

2.3 Differentially expressed genes in symptomatic women

We further compared maternal placental gene expression between women
symptomatic for COVID-19 at the time of delivery (n=3) with healthy women (n=9). We
identified a total of 14,223 differentially regulated gene transcripts, and the complete list
of these genes can be found in supplementary table 1. Among the DEG, PSG1 was
significantly downregulated by more than 300 folds in the symptomatic cases, while IGF2
showed a substantial upregulation. Additionally, other PSG genes, including PSG3, PSG4,
PSG6, PSG8, PSGY, and PSG11, were highly downregulated in the symptomatic cases.
Furthermore, the expression of the inflammatory cytokine IL6 was 179 folds higher in the
symptomatic patients compared to the healthy women.

2.4. Pathway enrichment analysis

2.4.1 Comparision between women with and without SARS-CoV-2 infection

To predict the biological functions of maternal DEGs, KEGG functional enrichment
analysis was performed for maternal DEGs. We observed 25 biological signaling path-
ways enriched with the DEG (Figure 4a). Herpes simplex virus 1 infection signaling path-
way is one of them that is relevant to viral infection in the placenta. Furthermore, the
above enriched KEGG pathways were further classified into four major groups: Metabo-
lism, environmental information processing, organismal systems, and human diseases
(Figure 4b).
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Figure 4. KEGG pathway enrichment analysis. (a) The bubble plot shows 25 significant KEGG
pathways enrichment of DEGs in the maternal compartment. (b) Gene Ontology (GO) enrichment
analysis of the DEGs includes molecular function (MF), biological processes (BP), and cellular com-
ponents (CC).

2.4.2 Comparision between symptomatic women with and without SARS-CoV-2 infection

On further deep analysis, we identified several notable results with pathways en-
richment analysis performed between maternal placenta of symptomatic for COVID-19
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with healthy women. Please refer to Table 3 for more detailed information on the top 10
results from the pathway enrichment analysis.

Genesin Genes in

Description Enrichment score  P-value FDR setup Rich factor set list
Herpes simplex virus 1 infection 11.773 7.71E-06 0.01 0.63 455 285
S;g:iﬁ:frmone synthesis, secretion, 7.13553 0.0008 0.14 0.69 102 70
Vascular smooth muscle contraction 6.44581 0.0016 0.17 0.68 102 69
cAMP signaling pathway 6.23946 0.002 0.17 0.65 155 100
Adrenergic signaling in cardiomyocytes 5.86286 0.0028 0.18 0.66 117 77
Insulin resistance 5.77784 0.0031 0.18 0.67 92 62
Thyroid hormone signaling pathway 5.25681 0.0047 0.21 0.65 110 72
HIF-1 signaling pathway 5.0052 0.0067 0.26 0.66 89 59
Dopaminergic synapse 4.85503 0.0078 0.27 0.65 103 67
Oxytocin signaling pathway 4.56674 0.0104 0.31 0.63 128 81

Table 3. Top altered maternal placental pathways in symptomatic women, compared
with healthy women.

The top altered pathways in the maternal placenta of symptomatic women included
Herpes simplex virus 1 infection (Supplementary Figure 1), Vascular smooth muscle con-
traction (Figure 5a), and Oxytocin signaling pathways (Figure 5b). These findings suggest
potential molecular mechanisms and pathways that are influenced by COVID-19 infection
during pregnancy and may contribute to pregnancy-related complications.
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Figure 5. Oxytocin (a) vascular smooth muscle contraction (b) signaling pathways are altered with
COVID-19. KEGG analysis explains the pathways relevant to the clinical symptoms of COVID-19
during pregnancy. Vascular smooth muscle contraction and oxytocin pathways are involved in
preeclampsia and preterm delivery. Genes marked in red are upregulated > 2 folds.

3. Discussion

This is the first study to investigate systematically, the impact of the SARS-CoV-2
virus on the human placenta at the level of global transcriptomics. This study was de-
signed specifically to analyze the gene expression and pathways, separately in maternal
and fetal placental compartments. The results were further validated in silico, corroborat-
ing with reported clinical symptoms. Here, we found a significant number of DEG with
covid infection in the maternal compartment of the placenta, though we did not observe
any change in the fetal compartment or in the expression of small RNA, in both compart-
ments. Notably, we found elevated expression of IL6, one of the markers that is associated
with cytokine storm [12,13]. Pathway enrichment analysis shows the DEGs in the mater-
nal compartment are similar to other viral infections, namely herpes simplex virus, vas-
cular smooth muscle contraction, and oxytocin signaling pathways. We also found no
signs of SARS-CoV-2 viral load in the placental tissue both in symptomatic and non-symp-
tomatic women who tested positive clinically. Thus, this study also supports that the pla-
centa may shield the fetus from SARS-CoV-2 infection.

A meta-analysis shows that pregnant women with SARS-CoV-2 infection face a
greater risk of maternal morbidity compared to those without the infection due to vascular
dysfunction namely pre-eclampsia, thromboembolic disease, and hypertensive disorders
of pregnancy [14]. However, not many studies focused on the molecular alteration that
occurs at different compartments of the placenta responsible for the above pathophysio-
logical conditions with SARS-CoV-2. Here we have explored systematically the gene ex-
pression and pathways affected by SARS-CoV-2 around the time of delivery. On compar-
ing the maternal compartment of placental gene expression between symptomatic women
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with healthy, we found pathways related to vascular smooth muscle contraction, growth
hormone synthesis, and Oxytocin affected. This finding aligns well with the reported clin-
ical symptoms, preeclampsia, and preterm birth [14]. However, the women in our study
did not present with any of the clinical symptoms for the above conditions. It can be spec-
ulated that this may be attributed to the low severity of the infection, in these individuals
and less pronounced changes in the molecular expression that were not enough to cause
clinical symptom:s.

During vascular smooth muscle contraction, vasoconstrictors Ang-II and ET are up-
regulated, affecting arachidonic acid and Ca signaling pathways. This ultimately leads to
an increase in Myosin light chain and myosin heavy chain expression[15]. Hypoxia-re-
lated HIF-1 signaling pathway also impacts vasoconstriction with increased expression of
IL6, IL6R, TLR4, IFNGR2, and HIF1A [16]. This coincides with the reported risk of
preeclampsia in pregnant women with COVID-19 [16].

Pre-term delivery is another clinical challenge that is reported in some pregnant
women with COVID-19. In our study, we observe increased expression of PLC, PKC, and
EEF2K along with elevated molecules in the oxytocin pathway involved in the myometrial
trophic effect in symptomatic women with COVID-19. This provides insight into the pos-
sible mechanism that may contribute to the increased risk for preterm delivery in women
with COVID-19 infection during pregnancy.

The participants in our study either had mild symptoms or were asymptomatic on
diagnosis of COVID-19. To gain a more specific understanding of placental gene expres-
sion in relation to the severity of the disease, we further compared placental gene expres-
sion between symptomatic for COVID-19 and healthy women. This comparative analysis
revealed a significant number of DEGs that are associated with crucial molecular and
functional pathways that may impact the health of pregnant women as well as the neonate.
Interestingly, these changes in thee expression were reflected predominantly in the ma-
ternal compartment rather than the fetal side. A possible explanation for this could be the
relatively short duration and lower severity of SARS-CoV-2 infection of these women.

The fact that the maternal immune system does not reject the trophoblasts, which are
derived from the fetus, suggests that maternal adaptive immunity has been selectively
suppressed. Placental-specific glycoproteins (PSGs) regulate placental immune function.
Its expression in the placenta increases along with the gestational week and reaches its
peak at late pregnancy [17]. Maternal level of PSG is seen to be low in preeclampsia [18].
Our study shows PSGs are significantly decreased with COVID-19 in the maternal pla-
cental, coinciding with the clinical report of increased risk for preeclampsia with COVID-
19 [19].

A recent report indicates with maternal COVID-19, that fetal demise tends to occur
few days after the maternal infection with SARS-CoV-2, leading to the development of
placental inflammatory lesions, related to the viral infection [20]. Studies also report
unique inflammatory responses in placenta initiated by SARS-CoV-2 infection can even-
tually lead to harmful consequences to the mother and the neonate [21] consistent with
the above, our results show high levels of inflammatory cytokines belonging to IL, TNF,
TGF, IGF, and IGFBP families, though the SARS-CoV-2 virus was undetectable in both the
maternal and fetal compartments the of placenta.

We could not detect notable viral load in the placenta by PCR. Considering the com-
plexity of the human placenta, we speculate that another potential mechanism of placental
resistance to the SARS-CoV-2 virus may be due to its intrinsic property with a high
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abundance of RNase activity. The high RNase activity in the placenta may offer dual pro-
tection against invading viruses including SARS-CoV-2 virus which is a single-stranded
RNA genome [21]. This specific characteristic reflects a more complex view of host-de-
fense system and the protective effect of the human placenta. Interestingly, our analysis
with pathway enrichment revealed Herpes simplex virus 1 infection as the top altered
pathway, aligning with viral infection in general. Additionally other signaling pathways
that are part of anti-viral process namely Toll-like receptor (TLR) and retinoic acid (RIG)
signaling pathways that are part of early stage viral and in utero infections are also differ-
entially regulated [22][23].

Although this study has limitations with sample size, the consistency of results using
different bioinformatic tools enhances the reliability of results obtained. The biological
pathways derived from the in-silico analysis may require further validation with func-
tional assays. A study with a larger number of samples with information on COVID-19
severity, duration of infection, viral load, pregnancy-related diseases, and other co-mor-
bidities will be important as they affect the transcriptome signature of the placenta and
alter the biological functions to a different extent. This information will be important in
managing COVID-19 pregnant women with specific disease conditions. Additionally,
more comprehensive research is required for a deeper understanding of the system in
terms of specific operational characteristics of individual components. For this, a complex
experimental setup and suitable model will be required. Often, RNA-seq studies are vali-
dated by qPCR. However, RNA-seq performed meticulously with stringent analysis is
sufficient to identify the differentially expressed genes [24]. Here we have utilized both
FDR and the statistical test based on the Wald test making this data robust and well-
aligned with the reported clinical observations. However, extended protein-based valida-
tion and functional study could be of much importance and may be of the scope of another
study.

4. Materials and Methods

4.1 Study population

The study was approved by the national ethics authority (EPM) in Sweden (Dnr:
2020-01938). In total, 16 pregnant women during the 3rd trimester of pregnancy were re-
cruited after informed consent. All participants were recruited before vaccination was
available. None of the subjects were vaccinated for SARS-CoV-2. Before delivery, 7
women were positive for SARS-CoV-2 infection while 9 women were negative for SARS-
CoV-2 during the 3rd trimester of pregnancy. The COVID-19 infection was tested with a
nasal swab by RT-PCR. Clinical data of all positive women were collected. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was ap-
proved by the local Ethics Committee. No connection to the patients' identities was con-
ceivable because all the data were anonymized.

4.2 Sample collection

Fresh placental tissues were collected within 30 minutes of delivery. All placenta
weights were within normal range. Potential contamination with fecal in sample 10 was
observed at the time of collection, therefore sample 10 was excluded. For each placenta
sample, one piece of the maternal compartment (approximate dimensions of 1 cm x 0.5
cm x 0.5 cm) was dissected from the middle of the parenchyma. The amniotic membrane
was removed from the fetal side and another piece of placenta tissue was cut from the
fetal compartment. To remove blood the tissue cubes were washed with sterile phosphate-
buffered saline (Gibco) and divided into three parts. The first part of the placental sample
was placed into a cryovial and immediately snap-frozen with dry ice and stored in liquid
nitrogen for further processing. The second part of the sample was put into a 2 ml cryotube
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with 1.5 ml RNAlater (Invitrogen) and stored at -80 C. To prepare a formalin-fixed paraf-
fin-embedded tissue block, the third part was fixed with 4% paraformaldehyde solution
(Sigma) in a 5ml Eppendorf tube for 24 hours, continued with serial dehydration by etha-
nol, clearing, paraffin infiltration, and embedding as previously described (ref) later
stored at 4C for future experiments.

4.3 RNA extraction

The Quick-RNA Microprep Kit (Zymo Research, Catalogue No:R1050) was used to
extract total RNA from snap-frozen placenta tissues following the manufacturer protocol
with proteinase K treatment. Briefly, approximately 3 mg of placenta tissue was chopped
into 0.2 mm? pieces on ice and transferred to a tube with 600ul RNA lysis buffer added
with proteinase K reaction mix. After incubating for one hour at room temperature, the
tissue pieces in RNA lysis buffer were homogenized in a 2ml ZR BashingBead Lysis Tube
(Zymo Research) using a Disruptor Genie® (Zymo Reserach) for 30 minutes. All the sam-
ples were DNAse treated to remove genomic DNA contamination in the downstream ap-
plication. RNA quantification was measured by Qubit Flex Fluorometer (Invitrogen, Sin-
gapore) using Qubit high sensitivity RNA assay kit.

4.4 qPCR for SARS-CoV-2 detection

Real-time fluorescent RT-PCR kit for detecting SARS-CoV-2 (Beijing Genomics In-
stitute, Shenzhen, China, MFG030015) was used to detect ORFlab and N gene of SARS-
CoV-2 using reverse transcription PCR. According to the manufacturer’s instructions,
10ul extracted RNA of each sample was added to the reaction system mixed with 18.5ul
of reaction mix and 1.5ul enzyme mix. The total reaction volume is 30ul. RT-qPCR cycling
was conducted on Bio-rad CFX Connect PCR system as follows: 50°C for 20 minutes, 95°C
for 5 minutes, then 45 cycles of 15 seconds at 95°C and 30 seconds at 60°C. The testing
result is interpreted as the specimen is positive if standard curves are in S-shape with cycle
threshold (Ct) values <40. The specimen is negative if standard curves are not in S-shape
with no Ct values or Ct>40. The BGI assay has a limit of detection of 100 copies/ml.

4.5 mRNA library preparation and sequencing

DNA libraries for next generation sequencing were constructed from all the placen-
tal samples RNA using Smart-seq2 protocol [25] with 30 ng of total RNA for each sample.
Enzymatic fragmentation and tagmentation of DNA was performed using the Nextera XT
kit (Illumina Inc, USA) along with IDT® for Illumina® DNA Unique Dual Index barcodes.
The final amplified libraries were purified with AMPure XP beads in ratio of 1:1 (Sample
versus beads). The final cDNA library was quantified by Qubit 1X HS DNA assay kit
(Invitrogen) and quality of the libraries were analysed by the 2100 Bioanalyzer system
(Agilent) using a high sensitivity DNA chip (Agilent). An equimolar concentration of 5 ng
from each library was pooled. Sequencing was performed on the Illumina NovaSeq 6000
sequencing platform (Novogene, UK), with 2 x 150 bp read set up .

4.6 Small RNA library preparation and sequencing

Small RNA transcriptome for all the placental samples was constructed as described
in previously published protocol [26] with 5 ng per sample of total RNA. The amplified
libraries were purified with AMPure XP beads to samples in a 1:1 ratio. Quantification of
the amplified libraries was performed using Qubit Flex Fluorometer (Invitrogen) and the
Qubit 1X dsDNA high sensitivity kit (Invitrogen). The 2100 Bioanalyzer system (Agilent)
and the high sensitivity DNA chip (Agilent) were used to check the small RNA library
quality. 5ng of library from each sample was pooled and sequenced on the Illumina No-
vaSeq 6000 sequencing platform (Novogene, UK) with 150 bp read setup.

4.7 Sequencing data processing and bioinformatic analysis
4.7.1 mRNA data analysis
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The raw sequencing data processing and analysis for both mRNA and small RNA
transcriptome was conducted using the Partek® Flow® platform (version 10.0.22.1005). A
raw data quality check was performed using FastQC (version 0.11.9) toolkit in Partek®
Flow® platform. Briefly, for mRNA sequencing, the Nextera adapters were trimmed, and
the trimmed reads were aligned to hg38 using STAR aligner with default parameters. 60%
of alignment rate was taken as the cutoff value. After alignment, sample 8F, 13F were
removed due to low alignment rate (8F 57.29%, 13F 39.44%). The aligned reads were quan-
tified to Ensembl Transcripts release 107. Mitochondrial and ribosomal reads were filtered
out afterwards and genes having a count of <1 in at least 80% of the samples were filtered
out. For the downstream analysis, we split the data by placental surface (maternal and
fetal). On the maternal side, 6 samples from SARS-CoV-2 positive group and 8 samples
from SARS-CoV-2 negative group were included. On the fetal side, 6 samples from SARS-
CoV-2 positive group and 7 samples from SARS-CoV-2 negative group were included in
the analysis. Differentially expression analysis on filtered counts was performed using
DESeq? tool (version 3.5). We excluded low expressed genes in all samples that have less
than 10 counts. A false discovery rate (FDR) of <0.05 and fold change (FC) of < -2 or >
2 were considered as statistically significant. KEGG (Kyoto Encyclopedia of Genes and
Genomes) database [27]was used for DEG’s to perform pathway analysis. P<<0.05 was
considered significant for enriched biological signaling pathways.

4.7.2 Small RNA data analysis

The raw FASTQ files were quality checked using FastQC (Version 0.11.9) followed
by trimming of standard Illumina adapters and 3’ adapters. The UMI’s were removed and
appended to the read header for later analysis. The trimmed reads were aligned to human
genome 38 (hg38) using Bowtie 2 tool (version 2.2.5) with default parameters and followed
by UMI deduplication. The reads were quantified to Ensembl transcripts release 105 and
miRbase v.22. and reads having a value <1 were filtered out. Differential analysis was
performed on the filtered data using DESeq 2 tool (version 3.5) and the following criteria
was used for statistically significant differentially expressed genes, FDR <0.05 and fold
change of << -2 or >2. Differential analysis is performed independently for each placen-
tal surface comparing Covid positive to negative group.

5. Conclusions

In summary, this study provides further evidence that SARS-CoV-2 infection with
mild symptoms may not result in detectable placental virus load, in both the maternal and
fetal compartments. This further supports the belief that mild infection is unlikely to trans-
mit the virus during late pregnancy. More importantly, this study sheds light on the pos-
sible molecular regulation and pathways associated with increased clinical risk of
preeclampsia and preterm birth with COVID-19 during pregnancy. The findings from this
study offer valuable insights that could be further explored clinically, in managing preg-
nant women with COVID-19.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: COVID infection mimics pathways relevant to other viral infec-
tion; Table 1: Supplementary table 1: Differentially expressed material placental genes in sympto-
matic women compared with healthy women.
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