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Abstract

In recent years, pregnant people infected with the SARS-CoV-2 virus have shown a higher incidence of
“preeclampsia-like syndrome”. Preeclampsia is a systematic syndrome that affects 5 -8 % of pregnant people
worldwide and is the leading cause of maternal mortality and morbidity. It is unclear what causes preeclampsia,
and is characterised by placental dysfunction, leading to poor placental perfusion, maternal hypertension,
proteinuria, thrombocytopenia, or neurological disturbances.

In this study, we used whole-transcriptome, digital spatial profiling of placental tissues to analyse the expression
of genes at the cellular level between placentae from pregnant participants who contracted SARS-CoV-2 in the
third trimester of their pregnancy and those prior to the start of the pandemic. Our focused analysis of the
trophoblast and villous core stromal cell populations revealed tissue-specific pathways enriched in the SARS-
CoV-2 placentae that align with a pre-eclampsia signature. Most notably, we found enrichment of pathways
involved in vascular tension, blood pressure, inflammation, and oxidative stress.

This study illustrates how spatially resolved transcriptomic analysis of placental tissue can aid in understanding
the underlying pathogenic mechanisms of SARS-CoV-2 in pregnancy that are thought to induce “preeclampsia-
like syndrome”. Moreover, our study highlights the benefits of using digital spatial profiling to map the crosstalk
between trophoblast and villous core stromal cells linked to pathways involved in “preeclampsia-like syndrome”
presenting in pregnant people with SARS-CoV-2.
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Introduction

Viral infections during pregnancy can disrupt placental function and predispose pregnant women to several
complications including late onset preeclampsia, preterm birth, still birth, and intrauterine foetal demise.’3
Recent studies have revealed that a “preeclampsia-like syndrome” develops in pregnant women who have
encountered Severe Acute Respiratory Syndrome Coronavirus 2 infection (SARS-CoV-2; coronavirus disease
2019; COVID-19). *® Vasculopathy and inflammation, two pathological features linked to preeclampsia, are
heightened in placental tissues from COVID-19 patients.’ Moreover, some of the clinical features present in
COVID-19 patients, such as COVID-19 associated hypertension, endothelial dysfunction, kidney disease,
thrombocytopenia, and liver injury, overlap with those observed in preeclampsia.**°

Placental dysfunction is the root cause of preeclampsia, a systemic syndrome that occurs in 5-8% of pregnant
people and the leading cause of maternal and perinatal morbimortality in pregnancy.'12 Preeclampsia is
categorised based on time of symptom detection, with early onset at <34 weeks of gestation, and late onset at
>34 weeks.'® Although the causes are unclear, early onset preeclampsia is associated with poor placentation
resulting in downstream placental malperfusion and dysfunction!®4. One feature that separates early from late
onset preeclampsia is the presence of restricted foetal growth which is less likely to occur with late onset!314,
Factors contributing to late onset preeclampsia are thought to stem from maternal pathologies that lead to
placental disfunction, such as systemic hypertension and endothelial disfunction that can present with SARS-
CoV-2 infection.®

The placenta forms the functional interface between the mother and foetus, and is essential for foetal
development and growth during gestation.'> The maternal-foetal interface is comprised of various anatomically
distinct sites of immunological contact. These sites include the decidua basalis, where maternal immune cells
and decidual stromal cells interact with foetal extravillous trophoblasts; the placental intervillous space, in which
circulating maternal immune cells interact with the foetal syncytiotrophoblasts; and the boundary where the
parietalis meets the chorion laeve in the chorioamniotic membranes.'® Other cell types within the maternal-
foetal interface include villous cytotrophoblasts, column cytotrophoblasts, fibroblasts, endothelial cells, and
Hofbauer cells.’®> Together, these distinct cell types and histological features mediate nutrient and waste
exchange, hormone production, protection from pathogens, and maternal immune responses to enable in-utero
existence.®

We utilised digital spatial whole-transcriptomic analysis of human placental tissue to understand the pathogenic
mechanisms of SARS-CoV-2 in pregnancy at the cellular level. Specifically, we focused on elucidating the distinct
transcriptional response of the trophoblast and villous core stroma cell populations (endothelial, fibroblast, and
immune cells) to SARS-CoV-2, which revealed a number of key pathways underlying SARS-CoV-2 associated
“preeclampsia-like syndrome”. Understanding the molecular pathways through which a SARS-CoV-2 infection
predisposes pregnant people to a “preeclampsia-like syndrome” in pregnancy may contribute to developing new
interventions for improved pregnancy outcomes in people with high-risk pregnancies.

Material and Methods
Study Design

The study involved two groups; a SARS-CoV-2 group and a control group. The SARS-CoV-2 group comprised of
pregnant unvaccinated participants (n=10) who were COVID-19 symptomatic and confirmed to be positive for
SARS-CoV-2 by RT-gPCR (of nasopharyngeal swabs) within their third trimester. Placenta tissue samples from
this group were collected during delivery at the Pontificia Universidade Catolica do Parana (PUCPR), Curitiba,
Brazil in accordance with the National Commission for Research Ethics (CONEP) under ethics approval
30188020.7.1001.0020.Y7 The control group consisted of historic archived placentae from COVID-negative
people (n=10) collected during delivery at the Complexo Hospital de Clinicas, Universidade Federal do Paran3,
Curitiba, Brazil between 2016 and 2018. All participants provided written informed consent. The study was
ratified by the University of Queensland and Queensland University of Technology Human Research Ethics
Committees. The two groups were matched based on maternal age, gestational age, and maternal
comorbidities. Placental weight, size, and macroscopic changes were recorded as well as foetal weight, sex, and
delivery method. The demographic of the study cohort is shown in Table 1. All placenta samples were examined
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histologically by a trained pathologist and representative areas from the centre of the placenta were collected.
Two tissue microarrays (TMA) were prepared from the placental samples.

Due to demise of three foetuses from the SARS-CoV-2 group (2 postnatal and 1 in utero), we focused our analysis
on the seven placental samples with viable deliveries. Further, nine from ten placenta samples from the control
group were analysed due to one sample being of low quality for sequencing.

Table 1: Clinical information of the SARS-CoV-2 and control cohort

. . N SARS-CoV-2 Fetal Placental N
Patient De: Sample | Participant | Gestational . Fetal N N N Macroscopic
B Group Comorbidities symptoms/ | Fetal sex Delivery Method | Weight Weight N
id. Code Age Age N Outcome observations
severity (grams) | (grams)
20-3504 | SARS-Cov-2 | 2 | 2530 | 3035 Hypothyroidism and hypertensive s Male | Preterm na 2450 | a4g | Imfarcts and intervilous
disorder in pregnancy thrombosis (<5%)
20-3561 | SARS-CoV-2 4 35-40 25-30 Hypothyroidism ++ Female | Preterm C-section na 245 -
203744 | SARS-Cov-2 | 8 | 2530 | 3035 | Gestationaldiabetes, bipolar disorder, +- Female | Preterm |  C-section na 412 Infarcts (<5%)
hypothyroidism and syphilis (treated)
20-5105 | SARS-CoV-2 12 25-30 35-40 None - Female Term C-section 2960 462 -
Gestational diabetes and Retroplacental and
20-3369 | SARS-CoV-2 13 25-30 35-40 o +- Female Term |Assisted Vaginal| 2600 358 marginal hematoma,
hyperthyroidism N
infarcts (<5%)
20-5869 | SARS-CoV-2 18 25-30 35-40 None +/- Male Term C-section 2345 370 -
20-2916 | SARS-CoV-2 22 20-25 35-40 None - Female Term |Assisted Vaginal| 3030 650 -
16-7859 | CONTROL 1 20-25 30-35 Hypothyroidism Male Preterm C-section 1180 270 Placental hypoplasia
18-13016| CONTROL 3 20-25 35-40 Hypothyroidism and hypertension Female | Preterm |Assisted Vaginal | 2223 498 -
16-8315 | CONTROL 5 15-20 35-40 Obesity Female Term |Assisted Vaginal| 3810 514
18-4906 | CONTROL 9 20-25 25-30 None Male Preterm | Assisted Vaginal | 1205 248 -
18-14057| CONTROL 10 40-45 30-35 Diabetes, hypertension, bipolar disorder Male Preterm C-section 1650 243 Placental hypoplasia
16-7599 | CONTROL 11 25-30 35-40 Gestational diabetes Male Term C-section 3460 480 -
16-3340 | CONTROL 15 35-40 35-40 None Female Term C-section 3005 395
18-9951 | CONTROL 16 20-25 35-40 None Male Term C-section 3690 574
16-6144 | CONTROL 19 25-30 35-40 None Male Term C-section 3345 394

Digital spatial profiling with Nanostring GeoMX platform

TMA slides were stained with fluorescent markers to visualise histological features and cell types. Specifically,
CD68 staining identified macrophages, Pan-Cytokeratin (PanCK) identified trophoblasts, vimentin (VIM)
identified endothelial and mesenchymal stromal cells, and DAPI identified nuclei (Table 2). With the aid of a
trained placental pathologist, an area featuring an anchoring villus, and an area featuring a cluster of terminal
villi, were designated as two areas of interest within each placental core. Transcript expression was collected
separately for the trophoblasts (PanCK positive cells) and the rest of the villus core stromal cells (villous core
stroma; endothelial, stromal, and immune cells; VIM/CD68 positive cells) from either the anchoring or terminal
villi of each placental core. TMAs were hybridised using the NanoString Technologies Whole Transcriptome Atlas
(WTA) barcoded-probe set (~18,000 genes), before cleaving and collecting the barcodes from each sample by
UV light. Probe barcodes were then sequenced and counted using an Illumina” sequencer, then matched to
their representative genes before proceeding with normalisation and transcriptomic analysis.

Table 2: Fluorescent markers used to identify areas of interest in placental cores

Stain Histological feature/ Cell Type
Vimentin (VIM) Endothelial and stromal cells
Pan-Cytokeratin (PanCK) Trophoblasts

CD68 Macrophages

SYTO 13 Nuclei
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Figure 1: NanoString GeoMX® Workflow. Placental tissues collected at delivery from the SARS-CoV-2 and control
groups were assembled into tissue microarray slides (TMAs) in a randomized order. TMAs were stained with
fluorescent markers to differentiate cell types within anchoring and terminal villi. Barcodes were cleaved and
collected from each region of interest by UV light. Cleaved barcodes were sequenced and counted using an
lllumina® sequencer in preparation for transcriptomic analysis. Data was normalised with RUVSeq before
downstream differential expression analysis.

Data normalisation, differential expression analysis and pathway enrichment analysis

Raw data was normalised to the 134 negative probes in the Human Whole Transcriptome Atlas probe set
followed by upper quantile normalisation using the R package RUVseq.!® Since DSP collected transcriptional data
from regions of interest (ROIs) contained either PanCK expressing cells (trophoblasts cells) or VIM/CD68
expressing cells (villous core stroma cells), the normalisation was conducted separately for each cell group prior
to downstream analyses. Differential gene expression analysis between SARS-CoV-2 positive and negative
groups was performed separately for trophoblasts or villous core stroma containing ROIs using the R package
limma.l® Bayesian adjusted t-statistic method was used where foetal sex and TMA slide number were
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considered as co-variants. A fold change of +/-1.5 and p < 0.05 (adjusted for a false discovery rate (FDR) of 5%)
was considered significant. Pathway enrichment analysis was performed using the R package Gene Set Variation
Analysis (GSVA) using the “gsva” method for biological pathways obtained from the Molecular Signatures
Database (MSigDB, Broad Institute, Human v2022.1).2° Gene Set enrichment was further clustered and visualised
using the R package vissE (vissE parameters: computeMsigOverlap (thresh = 0.25), findMsigClusters (alg =
cluster_walktrap, minSize =2)).%

Results
Patient characteristics and histopathological characterisation of collected placentae

Placenta cores were obtained immediately following delivery from 7 participants who tested positive for SARS-
CoV-2 within 15 days prior to delivery (April 2020, Alpha strain, unvaccinated, median age 28 [24 to 38], median
gestational age 37 weeks [28+2 to 38+6]), and 9 participants who did not contract SARS-CoV-2 during their
pregnancy (median age 24 [18 to 42], median gestational age 37 weeks [28 to 39]). There were no significant
differences observed in placental weight, foetal weight, gestational age, or maternal age between the SARS-
CoV-2 and control groups. Within the SARS-CoV-2 group, three out of seven new-borns were delivered pre-term,
compared to four out of nine in the control group. Four participants from the SARS-CoV-2 group, and five
participants from the control group had recorded comorbidities including hypothyroidism, hyperthyroidism,
bipolar disorder, and gestational diabetes mellitus. The placentae from three participants from the SARS-CoV-2
group had macroscopic detection of infarcts (<5%), with one showing intervillous thrombosis, and one with
retroplacental and marginal hematoma. Two placentae from the control group displayed placental hypoplasia
that led to pre-term delivery. Placental cores from the SARS-CoV-2 group had no detectable SARS-CoV-2 viral
load following examination by RNAscope of the SARS-CoV-2 spike mRNA. Enumeration of the cell types within
each placental core revealed the SARS-CoV-2 group to have a significantly higher number of CD68 positive
immune cells within the terminal villi (mean of 585 cells per sample) compared to the control group (mean of
275 cells per sample, 2.12 mean fold-change, p=0.0218; Figure 2). This was not observed for PanCK expressing
or Vimentin expressing cells (Figure 3).
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Figure 2: Cell counts from NanoString GeoMx analysis: A) Nuclear count per region of interest (ROI) at the
terminal villi (TV) or anchoring villi (AV) for either PanCK, VIM, or CD68 positive cells. B) Fluorescent surface area
per ROI (um?) at the TV and AV containing PanCK, VIM, or CD68 positive cells.

Terminal and anchoring villi share a transcriptional response to SARS-CoV-2 that is reminiscent of
preeclampsia

We first examined whether gene expression from the captured cell populations differed between anchoring and
terminal villi in response to SARS-CoV-2. Unsupervised clustering by principal component analysis (PCA) showed
clear separation by both PC1 and PC2 dimensions for trophoblasts between the SARS-CoV-2 group and the
control group (Figure 3A). Similarly, villous core stroma cells from the SARS-CoV-2 group were clearly separated
from the control group by both PC1 and PC2 dimensions (inverse pattern to the clustering seen with the
trophoblasts; Figure 3A)). Examination of the differentially expressed genes (+ 1.5 fold change, p<0.05,
Supplemental File 1) between SARS-CoV-2 and control groups showed there was a higher number of
differentially expressed genes at the anchoring villi in response to SARS-CoV-2 compared to the terminal villi for
both trophoblast and villous core stroma cells (1,791 differentially expressed genes in trophoblasts and 1,139 in
villous core stroma cells at the anchoring villi versus 493 in trophoblasts and 601 in villous core stroma cells at
the terminal villi; Figure 3B; Supplemental File 1). Closer examination of the differentially expressed genes at the
terminal villi and anchoring villi showed high overlap in a cell population specific manner; specifically, 82% of
the genes altered in trophoblasts in response to SARS-CoV-2 at the terminal villi were also altered at the
anchoring villi, and similarly 76% of genes altered in the villous core stroma cells were shared between the
terminal and anchoring villi. There was very minimal overlap in differential gene expression between
trophoblasts and villous core stroma cells, highlighting their distinct cell phenotypes and functions (Figure 3B).
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To assess commonalities and differences in pathway expression between trophoblasts and villous core stroma
cells in response to SARS-CoV-2, we performed pathway enrichment analysis using the Hallmark gene signatures
from the molecular signatures database (Human MSigDB v2022.1; Supplemental File 1). Both trophoblasts and
villous core stroma cells showed significant activation in a number of pathways associated with preeclampsia
and oxidative stress, including oxidative phosphorylation and reactive oxygen species pathways, as well as
increase in the PI3K/AKT/mTOR signalling pathway (Figure 3C) 2224, Alongside, there was increased enrichment
of protein secretion pathways, androgen signalling, cholesterol synthesis and homeostasis, as well as glycolysis
and fatty acid metabolism. More specific to trophoblast cells was the significantly positive enrichment of E2F
targets, peroxisome pathway, and oestrogen response. Villous core stroma cells showed positive enrichment for
immune related pathways, including IL2/STAT5, interferon alpha, interferon gamma, complement,
IL6/JAK/STAT3, and inflammatory response pathways. Enrichment of TGFB, Notch, KRAS, and WNT pathways,
alongside angiogenesis, hypoxia and apoptosis pathways were significantly increased in villous core stroma cells.
Trophoblasts cells showed a significant reduction in pathways associated with allograft rejection, inflammation,
angiogenesis, and KRAS, the latter being the only pathway commonly downregulated between trophoblast and
villous core stroma cells. Downregulation in bile acid metabolism, pathways involved in pancreatic beta cells,
and spermatogenesis were observed in villous core stroma cells. The epithelial mesenchymal transition pathway,
marked by dominance of mesenchymal markers, was positively enriched in mesenchymal villous core stroma
cells and negatively regulated in epithelial trophoblast cells.
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Figure 3: Differential gene expression between anchoring and terminal villi in response to SARS-CoV-2. A)
Principal component analysis of trophoblasts and villous core stroma cells from SARS-CoV-2 and control groups
at the anchoring or terminal villi (AV / TV). B) Upset plot showing differential gene expression in trophoblasts
and villous core stroma cells from the AV and TV in response to SARS-CoV-2. Fold change +/- 1.5, p-value <= 0.05.
C) Differentially enriched pathways in trophoblasts and villous core stroma cells from the AV and TV. Colour
gradient refers to score difference in SARS-CoV-2 versus control samples; p-value <= 0.05. TB: Trophoblasts, VCS:
Villous Core Stroma Cells.

Trophoblasts show enrichment of preeclampsia related markers and pathways in response to SARS-CoV-2.

We examined the specific response of trophoblasts cells from the anchoring and terminal villi to SARS-CoV-2.
Differential gene expression analysis revealed a combined 1,461 significantly upregulated and 1,339 significantly
downregulated genes (Figure 5A; Supplemental File 1). From the upregulated genes, most evident were the
immunomodulatory pregnancy specific glycoproteins (PSGs; PSG1-9 and PSG11), as well as genes from the
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Growth Hormone (GH) locus including growth hormone 1 and 2 (GH1; GH2), Chorionic Somatomammotropin
Hormone 2 (CSH2), and Chorionic Somatomammotropin Hormone Like 1 (CSHL1). Nitric oxide synthase 3 (NOS3)
was significantly increased with SARS-CoV-2, along with Fms Related Receptor Tyrosine Kinase 1 (FLTI),
kisspeptin 1 (KISS1), Chromogranin A (CGA), Growth Differentiation Factor 15 (GDF15; also known as
macrophage inhibitor cytokine 1; MIC-1), tissue factor pathway inhibitor 2 (TFPI/-2) and corticotrophin-releasing
hormone (CRH). Additionally, there was upregulation of placental alkaline phosphatase (ALPP) and pregnancy
associated plasma protein-A and A2 (PAPPA and PAPPA-2). Markers involved in synthesis and metabolism of
steroid hormones HSD3B1, HSD17B1, and CYP19A1 were also upregulated.” Genes that were downregulated
included osteopontin (SPP1/OPN), complement component C1Q (C1QA/B/C) and coagulation factor XIl (F13A1).
Additionally, there was downregulation of Caveolin 1 (CAV1), a number of collagens (COL6A1/2, COL1A1/2,
COL3A1), decorin (DCN),%® and Delta-like non-canonical Notch ligand 1 (DLK1).?’

In agreement, pathway enrichment analysis of a broader network outside of the Hallmark gene sets (Gene
Ontology Biological Pathways [GOBP]), followed by clustering of enriched pathways revealed notable
upregulation of pathways related to vascular tension and blood pressure (Figure 5, B and C; Supplemental File 1
and 2). Pathways related to the negative regulation of proliferation and bud formation by GATA3 were present
in cluster 1 (B and C)?%, and pathways related to triglycerides and lipoprotein metabolism were prominent in
cluster 4 (B and C). In parallel, cluster 5 (Figure 5, B and C) indicated expression of nitric oxide synthase, a potent
vasodilator that regulates vasodilation and angiogenesis during pregnancy?. Increase in cell-cell adherence and
communication pathways was indicated in cluster 12 (Figure 5, B and C), driven by upregulation of desmosome
related markers such as desmoplakin (DSP) and desmoglein-2 (DSG2). Alongside, there was an increase in
pathways related to metal and amino acid transport such as SLC39A8 (ZIP8) and SLC11A2 (DMT1) as detected in
cluster 6 and 9 (Figure 5, B and C). 3° Pathways related to collagen deposition showed reduced expression
(clusters 1, Figure 5, D and E), as well as pathways related to vasoconstriction and coagulation (Clusters 6 and
12, Figure 5, D and E ). Additionally, complement pathways were decreased alongside MHC related pathways
(downregulation of HLA-A, HLA-B, and HLA-DRA) and allograft rejection (clusters 3 and 8, Figure 5, D and E ).
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Figure 4: Response of trophoblast cells to SARS-Cov-2. A) Volcano plot of gene expression from trophoblasts in
response to SARS-CoV-2. Fold change (FC) +/- 1.5, p-value <= 0.05. B) Select pathway clusters positively enriched
in trophoblasts and C) the top 5 most common genes within each pathway cluster in C. D) Select pathway clusters
negatively enriched in trophoblasts and E) the top 5 most common genes within each pathway cluster in D.
Number of pathways within each pathway cluster is indicated at the top of each cluster box. Top 20 positively
and negatively enriched pathway clusters can be found in Supplemental File 2. F) Enrichment score difference of
select pathways from B and D in trophoblasts and villous core stroma cells at the anchoring and terminal villi.
Full list of enriched pathways can be found in Supplemental File 1. Colour gradient refers to score difference in
SARS-CoV-2 versus control samples; p-value <= 0.05. TB: trophoblasts, VCS: villus core stroma cells, AV: anchoring

villi, TV: terminal villi, DEGs: differentially expressed genes.

Villous core stroma cells show enrichment of preeclampsia related pathways in response to SARS-CoV-2.

We examined the response of the villous core stroma cells at the anchoring and terminal villi to SARS-CoV-2.
Differential gene expression analysis revealed villous core stromal cells to have 1,026 significantly upregulated
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and 2,697 significantly downregulated genes in response to SARS-CoV-2 shared between the anchoring and
terminal villi (Figure 6 A; Supplemental File 1). Among the top upregulated genes were several structural proteins
i.e., collagens (COL3A1, COL4A1/2, COL15A1), nidogen-1 (NID1), and vimentin (VIM). Upregulation of the
collagenase inhibitor Alpha-2-microglobulin (A2M) was also significant alongside platelet endothelial cell
adhesion molecule-1 (PECAM1), epidermal growth factor-like domain-containing protein 6 (EGFL6), hypoxia
inducing factor 3A (HIF3A), and transforming growth factor b1 (TGFB-1). In parallel, osteonectin (SPARC), SPARC-
Like 1 (SPARCL1), Caveolin-1 (CAV1), focal adhesion pathway (FAK/PTK2) and DLK1 were also upregulated.
Additionally, there was upregulation of the PAPPA2 substrates IGFBP4 and IGFBP5, where their interaction leads
to increased IGF2 which was also upregulated in the villous core stroma cells.3! MHC class | molecules beta-2-
microglobulin (B2M) and a number of HLA molecules (HLA-A/B/E) were increased, along with monocyte
infiltration associated transmembrane signalling molecule G protein subunit 11 (GNG11), as well as the SARS-
CoV-2 early inflammation marker IFI27.3%33 There was decreased expression of the placental marker Isthmin 2
(ISM2), potassium channels KCNH3 and KCNJ9, and serotonin transporter SLC6A4.

Pathway enrichment analysis showed villous core stromal cells to be enriched with pathways related to
increased oxidative stress, nitrosative stress, and methylglyoxal levels (cluster 1; Figure 6, B and C; Supplemental
File 1 and 2). In parallel, systemic pressure, vasodilation, and hyperpolarisation related pathways were detected
in cluster 17 (Figure 6, Bi and Bii). There was notable upregulation of immune related pathways and
hypersensitivity in cluster 3 (Figure 6, B and C). Increases in collagen deposition, integrins, and TGF8 were evident
in clusters 18 and 22 (Figure 6, B and C). Increase in apolipoprotein E (APOE) clustered pathways related to lipid
clearance in cluster 2. Among the downregulated clusters 1 and 7, there was downregulation of pathways
related to various transport mechanisms, such as downregulation in potassium channels, acetylcholine, and
serotonin transport pathways (Figure 6, D and E). Pathways related to reduced olfactory receptors were evident
in cluster 2 (Figure 6, D and E) and decreased glucose detection in cluster 16 (Figure 6, D and E). Downregulation
of several cytochromes P450 family 2 (CYP2) epoxygenase genes were present in cluster 14 (Figure 6, D and E)
and downregulation of chemokine receptors was evident in cluster 3 (Figure 6, D and E).
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Figure 5: Response of villous core stroma cells to SARS-CoV-2. A) Volcano plot of gene expression from villous
core stroma cells in response to SARS-CoV-2. Fold change +/- 1.5, p-value <= 0.05. B) Select pathway clusters
positively enriched in villous core stroma cells and C) the top 5 most common genes within each pathway cluster
in C. D) Select pathway clusters negatively enriched in villous core stroma cells and E) the top 5 most common
genes within each pathway cluster in D. Number of pathways within each pathway cluster is indicated at the top
of each cluster box. Top 20 positively and negatively enriched pathway clusters can be found in Supplemental
File 2. F) Enrichment score difference of select pathways from B and D in trophoblasts and villous core stroma
cells at the anchoring and terminal villi. Full list of enriched pathways can be found in Supplemental File 1. Colour
gradient refers to score difference in SARS-CoV-2 versus control samples; p-value <= 0.05. TB: trophoblasts, VCS:
villus core stroma cells, AV: anchoring villi, TV: terminal villi, DEGs: differentially expressed genes.

Discussion

To our knowledge, this is the first study examining the transcriptional response of histologically intact term-
placental tissue to SARS-CoV-2. While our cohort is relatively small, and limited by its cross-sectional nature,
through our study design we were able to elucidate the unique and cross-influential response of trophoblasts
and villous core stroma cells at the anchoring and terminal villi of the placenta in response to SARS-CoV-2. Close
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examination of the transcriptional alterations occurring in the trophoblast and villous core stroma cells in
response to SARS-CoV-2 revealed a notable number of genes that are enriched in biological pathways previously
associated with preeclampsia.

The trophoblast cells comprise the outer-most physical barrier of the placenta and are responsible for foetal-
maternal nutrient and gas exchange, as well as metabolic and immunological functions in response to external
stimuli.3*3% In our study, we observed trophoblasts to transcriptionally respond to SARS-CoV-2 in a manner
suggestive of supporting favourable foetal development with concurrent increase in compensatory mechanisms
against hypertension and inflammation. For instance, several immunomodulatory pregnancy specific
glycoproteins (PSG1-9 and PSG11), as well as genes from the Growth Hormone (GH) locus, (GH1; GH2, CSH2,
CSHL1), were upregulated in trophoblasts in the SARS-CoV2 group compared to control. The expression of both
gene families has been previously shown to naturally increase with term, supporting immune protection and
nutrition of the foetus, where their additional increase in our SARS-CoV-2 dataset may suggest a natural
protective mechanism against placental stress. 363 A number of studies suggest that PSGs can increase the
expression and induce latent activation of the potent anti-inflammatory cytokine TGF8 superfamily, where
increased levels of TGF8-1 have been associated with preeclampsia-associated systemic inflammation. 3
Incidentally, we observed increased TGFB-1/2/3 expression in the villous core stroma cells in response to SARS-
CoV-2, where alongside the increased number of CD68 positive macrophages and expression of several
inflammation related markers (i.e., IFI27, A2M, B2M, GNG11, PECAM1) and immune pathways observed in our
SARS-CoV-2 dataset (Figure 4 Bi cluster 4), suggests that the placenta is actively responding to inflammation in
a compensatory manner, 3°

Trophoblasts from our SARS-CoV-2 group had significantly higher levels of NOS3 and downregulation of Caveolin
1 (CAV1) compared to the control group. Both the upregulation of NOS3 and the down regulation of CAV1 are
associated with increased endogenous production of the vasodilator nitric oxide, as a response to altered
vascular reactivity, endothelial dysfunction, and hypertension.*%*! Interestingly, NOS has been previously found
to be highly upregulated to supraphysiological levels in animal models of infection-mediated inflammation
during pregnancy, leading researchers to hypothesise that increased NOS may play a role in placental
inflammation.*>** In response to increased NOS by the trophoblasts, the villous core stromal cells showed
increased expression in biological pathways related to systemic pressure, vasodilation, and hyperpolarisation.
This included the downregulation of olfactory receptors, potassium channels, and serotonin transporters,
alongside upregulated hypoxia inducing factor 3A (HIF3A), suggesting deregulation of the vascular tone and
blood pressure due to a hypoxic environment®. Further, there was downregulation of a number of cytochrome
P450 family 2 (CYP2) epoxygenase genes, suggesting a decrease of arachidonic acid conversion into
epoxyeicosatrienoic acids (EETs), which have downstream effects on hemodynamic adaptation of the placenta
to hypertension.*® In parallel, villous core stromal cells also showed enrichment of pathways related to oxidative
stress, nitrosative stress, and increased methylglyoxal levels, all features associated with placental stress, and
incidentally, preeclampsia.*’*® Alongside, there was increased enrichment of the PI3K/AKT/mTOR pathway
genes, where studies in a mouse model of preeclampsia support that its activation combats oxidative stress,
suggesting the placenta actively responding to oxidative stress in a defensive manner.?>?* The villous core
stromal cells had notable upregulation of profibrotic osteonectin (SPARC), as well as several collagens and
enrichment of collagen deposition pathways, suggestive of fibrosis, a common feature of preeclampsia.**>! This
finding is in line with the more extensive histological evaluation of our cohort by a parallel study by Rebutini et
al., where the SARS-Cov-2 cohort had increased deposition of villous fibrin compared to the control group.’

Additional transcriptional analysis of trophoblast and villous core stromal cells from SARS-CoV-2 samples
identified several transcriptional variations that have been associated with preeclampsia. Trophoblasts had
higher expression of FLT1, where excessive release of soluble FLT1 by syncytiotrophoblasts is a characteristic
marker of late onset preeclampsia®®. There was prominent increase of PAPPA and PAPPA2 in the trophoblasts,
the latter considered to become upregulated in response to placental pathologies, including preeclampsia.>?
Notably, the PAPPA2 substrates IGFB4 and IGFBP5 were concurrently upregulated in the villous core stromal
cells, whereby the interaction of PAPPA2 with IGFBP4/5 has been shown to increase levels of IGF2, which was
also increased in the villous core stroma cells in the SARS-CoV-2 group.3! Additionally, the villous core stromal
cells had increased levels of Isthmin-2 (ISM1), a placental marker associated with preeclampsia®?, as well as
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apolipoprotein E (APOE) and pathways related to lipid clearance, which are also associated with preeclampsia
54,55

Genes involved in synthesis and metabolism of steroid hormones (HSD3B1, HSD17B1, and CYP19A1) found
upregulated in preeclampsia and gestational hypertension were also upregulated in SARS-CoV-2 trophoblasts.?
Additionally, there was upregulation of ALPP, a plasma membrane-bound glycoprotein secreted by
syncytiotrophoblasts, where marked elevation in the serum has been associated with adverse obstetric and
perinatal outcomes including preterm labour and hypertensive disorders of pregnancy.>® Alongside, CGA,
GDF15, TFPI-2, and CRH genes were also upregulated in SARS-CoV-2 trophoblasts, all previously associated with
placental oxidative stress, hypertension, and preeclampsia.3»7%0 On the other hand, decrease in the expression
of osteopontin, a factor involved in driving syncytiotrophoblast invasion and repair in preeclampsia-linked
vascular injury, was also downregulated in SARS-CoV-2 trophoblast samples. Additionally, SARS-CoV-2
trophoblasts samples had decreased levels of complement component C1Q (C1QA/B/C) where its deficiency in
pregnancy has been associated with impaired syncytiotrophoblast invasion and preeclampsia .6%? Coagulation
factor XIll (F13A1), the last zymogen of the coagulation cascade that positively influences wound healing in
several tissues, has been associated with pregnancy induced hypertension and preeclampsia and was also
downregulated in SARS-CoV-2 trophoblasts.®® Finally, DLK1, a protein where its downregulation has been
associated with impaired response to metabolic demands during pregnancy and preeclampsia onset, was also
downregulated in SARS-CoV-2 trophoblasts.?”:%4

In conclusion, our findings clearly highlight a differential expression suggesting that the placenta from pregnant
participants with SARS-CoV-2 adopts a transcriptional profile aligning with stress responses observed in pregnant
participants who develop preeclampsia. Using digital spatial profiling, our studies highlight the interplay
between the trophoblast and villous core stroma cell populations, and how this crosstalk enriches pathways
associated with preeclampsia. This study therefore sets a trajectory towards better understanding of
“preeclampsia like syndrome” experienced by COVID-19 pregnant participants, uncovered using digital spatial
profiling.
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