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Current understanding of coronavirus disease 2019 (COVID-19) pathophysiology is limited by disease
heterogeneity, complexity, and a paucity of studies assessing patient tissues with advanced molecular
tools. Rapid autopsy tissues were evaluated using multiscale, next-generation RNA-sequencing methods
(bulk, single-nuclei, and spatial transcriptomics) to provide unprecedented molecular resolution of
COVID-19-induced damage. Comparison of infected/uninfected tissues revealed four major regulatory
pathways. Effectors within these pathways could constitute novel therapeutic targets, including the
complement receptor C3AR1, calcitonin receptor—like receptor, or decorin. Single-nuclei RNA
sequencing of olfactory bulb and prefrontal cortex highlighted remarkable diversity of coronavirus
receptors. Angiotensin-converting enzyme 2 was rarely expressed, whereas basigin showed diffuse
expression, and alanyl aminopeptidase, membrane, was associated with vascular/mesenchymal cell
types. Comparison of lung and lymph node tissues from patients with different symptoms (one had died
after a month-long hospitalization with multiorgan involvement, and the other had died after a few
days of respiratory symptoms) with digital spatial profiling resulted in distinct molecular phenotypes.
Evaluation of COVID-19 rapid autopsy tissues with advanced molecular techniques can identify path-
ways and effectors, map diverse receptors at the single-cell level, and help dissect differences driving
diverging clinical courses among individual patients. Extension of this approach to larger data sets will
substantially advance the understanding of the mechanisms behind COVID-19 pathophysiology.
(Am J Pathol 2021, 191: 2064—2071; https://doi.org/10.1016/j.ajpath.2021.08.009)

Concerted research efforts are quickly advancing the under-
standing of coronavirus disease 2019 (COVID-19) patho-
physiology,  highlighting  pathways that influence
uncontrolled cytokine release and vascular injury,' ” and
suggesting distinct disease stages.” Studies directly evalu-
ating patient tissues,””’ however, often lack the resolution
afforded by interrogation with advanced molecular methods.
Highly dimensional, patient-specific data sets can be gener-
ated through multiscale, next-generation sequencing of
well-preserved rapid autopsy tissues. Bulk sequencing yields
high-read depth profiling, whereas single-nuclei methods
and spatial profiling can interrogate distinct cellular

subpopulations. Mining of such data sets can facilitate novel
hypothesis generation, thus advancing the molecular under-
standing of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection and COVID-19 mechanisms.
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Materials and Methods

Clinical Information and Tissue Collection

Rapid autopsies (post-mortem interval of 6 hours) were
performed on two decedents (Patient 1 and Patient 2) with
appropriate consent and following COVID-19 safety pro-
tocols as part of the Mount Sinai COVID-19 autopsy study
cohort.” Patient 1 was a man in his 60s with a complex
medical history, including well-controlled HIV, organ
transplantation, and head and neck squamous cell carcinoma
in clinical remission (with no evidence of residual disease at
autopsy) who was admitted for treatment of COVID-19 at
Mount Sinai Hospital after experiencing fevers for over a
week and shortness of breath for 3 days. The hospital
admission for Patient 1 lasted over a month and was
complicated by hyperinflammatory, hypercoagulable, and
cardiac symptoms, leading to multiorgan failure. Patient 2,
also a man in his 60s, had diabetes and heart failure and was
admitted following 3 days of shortness of breath and no
fevers. Patient 2 did not wish to be intubated. His respiratory
status continued to decline, and he died shortly after
admission. Fresh tissues were frozen on dry ice and stored at
—80°C. Formalin-fixed, paraffin-embedded tissues were
collected and processed following routine protocols.

Bulk RNA Sequencing and Gene Set Enrichment Analysis

Bulk RNA sequencing (Illumina, San Diego, CA) was
performed on two technical replicates across 10 tissues
harvested from a single rapid autopsy (Patient 1). The raw
RNA-sequencing data were aligned to the hg38 genome
using the STAR mapper version 2.7.3a,” annotated using
GENCODE v35 gene annotations,'’ and counted using
featureCounts version 1.6.3."' Genes with <50 counts
across all samples were excluded from the analysis, and the
counts were subsequently log2 transformed for differential
gene expression analysis using DESeq2 version 1.32.0."”
The SARS-CoV-2 reference genome employed herein can
be found in Global Initiative on Sharing Avian Influenza
Data (GISAID, https://www.gisaid.org) under accession
EPI_ISL_414476. A pairwise comparison between
infected tissues (lung and nasopharynx) and uninfected
tissues (olfactory bulb, prefrontal cortex, oropharynx,
salivary gland, tongue, heart, liver, and kidney) resulted in
4376 differentially expressed genes with a false discovery
rate < 0.05. To assess the biological significance of the
differentially expressed genes, a Gene Set Enrichment
Analysis (clusterProfiler version 4.0.2'%) was performed to
probe for Gene Ontology (GO) categories that were
significantly overrepresented and statistically different in
infected versus noninfected tissues. The top four (false
discovery rate < 0.05) connected GO categories were
plotted as a network linking genes to biological functions
and revealed cell activation (green), structure and degrada-
tion (purple), cytokine production (blue), and blood vessel
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development (red) as overrepresented pathways. Large gray
nodes represent GO term biological processes, and smaller
nodes represent differentially expressed genes in infected
versus uninfected tissues and are shaded according to fold
change size.

Single-Nuclei Isolation and snRNA Sequencing of
Olfactory Bulb and Prefrontal Cortex Tissues

Nuclei were isolated from frozen tissue following the recom-
mended protocol from 10x Genomics (Pleasanton, CA). In
short, lysis buffer (10 mmol/L Tris-HCI, 10 mmol/L. NaCl, 3
mmol/L MgCl,, and 0.1% Nonidet P40 substitute in nuclease-
free water) was added to frozen tissue, which was gently ho-
mogenized. Following centrifugation, nuclei were washed in
phosphate-buffered saline + 0.04% bovine serum albumin and
strained to remove aggregates. Single-nuclei RNA sequencing
was performed on these samples using the Chromium platform
(10x Genomics) with the 3’ gene expression V3 kit, and an
input of approximately 10,000 nuclei from a debris-free sus-
pension. Briefly, Gel Bead-in-Emulsions (GEMs) were
generated on the sample chip in the Chromium controller.
Barcoded cDNA was extracted from the GEMs by post GEM-
reverse transcription cleanup and amplified for 12 cycles, fol-
lowed by fragmentation of amplified cDNA, end repair, poly
A-tailing, adapter ligation, and 10 x-specific sample indexing,
following the manufacturer’s protocol. Libraries were quanti-
fied using QuBit (Thermofisher, Waltham, MA) and Bio-
analyzer (Agilent, Santa Clara, CA). Libraries were sequenced
in paired end mode on a NovaSeq instrument (Illumina) tar-
geting a depth of 50,000 to 100,000 reads per nucleus. The Cell
Ranger Single-Cell Software Suite version 3.1 (10x Genomics)
was used to align and quantify sequencing data against the
provided GRCh38 human reference genome. Downstream
analyses, such as graph-based clustering and differential
expression analysis/visualization were performed using the
Loupe Cell Browser version 3.0 (10x Genomics). Count
matrices of all samples were imported and prepared using the R
Seurat package version 3.5.3."* Quality control for doublets
and low-quality cells was achieved through exclusion of cells
with <200 or >5000 transcripts and those with a >20%
mitochondrial gene contribution, respectively. Count data were
log normalized and transcripts were scaled and centered, using
built-in Seurat functions. Then, filtered and normalized counts
of all samples were merged using the Seurat-
specific merge() function.

Next, dimensionality reduction and clustering were per-
formed where variable transcripts were calculated on the
basis of standardized feature values using observed mean
and expected variance of a local polynomial regression
model. On the resulting variable transcripts, 20 principal
components were computed, which, in turn, were used as
input for uniform manifold approximation and projection
dimensionality reduction. For clustering analysis, a shared
nearest neighbor graph was performed, and the modularity
function was optimized using the Leiden algorithm. Last,
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Bulk RNA-sequencing and Gene Set Enrichment Analysis (GSEA) pathway analysis. A: Samples from multiple organs were collected at the time of

autopsy for Patient 1, a man in his 60s with a complex medical history and a long disease course. Reads mapping to the SARS-CoV-2 genome in unenriched
host tissue were detected in nasopharynx and lung, whereas no reads were detected in olfactory bulb, prefrontal cortex, oropharynx, salivary gland, tongue,
heart, liver, or kidney. Organ-specific data sets were grouped by infected-uninfected status for further analysis. B: Visualization of GSEA, showing the top four
most statistically significant pathways. Nodes represent specific transcripts, and edges are color coded to reflect the pathways where the node is enriched.
Nodes can have edges from multiple pathways. Illustration in A by Jill Gregory, reprinted with permission from © Mount Sinai Health System.

cell types were identified and annotated automatically
through machine learning using the singleCellNet R pack-
age version 0.1.0,I5 as described in the developer’s manual.
Briefly, a random forest classifier was trained on a small
conditional RNA-sequencing data set of olfactory neuro-
epithelium from a healthy donor following cell type anno-
tation'® and assessed on a withheld subset thereof. The
classifier was then applied to the current data set, and a cell
type was predicted for each cell.

Digital Spatial Profiling Data Generation and Annotation

Unstained sections were freshly cut from formalin-fixed,
paraffin-embedded blocks (4 pm thick) onto positively
charged slides and stored at 4°C; immunofluorescence tissue
profiling was performed using pan-cytokeratin (488), CD45
(647) leukocyte common antigen, CD68 (568) macrophage
marker, and DAPI DNA staining to enable selection of 12
regions of interest (ROIs) for targeted spatial tran-
scriptomics using the commercial platform GeoMx (Nano-
String, Seattle, WA). ROIs were not divided into specific
positive and negative combinations of markers; instead, the
markers were used to identify relevant histologic structures
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along with composition of inflammatory cells to inform
reasonable histologic choices. Circular ROIs measured 600
pm in diameter, and square ROIs measured 600 x 600 pm.
The spatial transcriptomic panel included >1600 targeted
cancer transcriptome atlas panel with 27 additional
SARS-CoV-2 targets added (including ORFlab and S) to
encompass a comprehensive detection of host immune and
inflammatory response alongside direct SARS-CoV-2
infection genes. Once digital spatial profiling data quality
control was completed, downstream differential expression
of six ROIs (three high and three low inflammation) from
each patient were concatenated, and differentially expressed
genes between patients were determined to demonstrate the
ability to differentiate hallmark infection and inflammatory
and/or immune response between the two patients in this
study. Briefly, reads were processed for high quality with
adapter removal, resulting in trimmed reads, and the paired-
end reads were merged and aligned. Then, PCR duplicates
were removed by matching on the unique molecular index,
resulting in deduplicated reads. Quality control (QC) was
done in two steps, first segment QC and then biological
probe QC. In segment QC, raw read threshold, percentage
aligned reads, sequence saturation, and technical
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Figure 2  Single-nuclei sequencing of olfactory bulb and prefrontal cortex (PFC). A: Left side: Anatomic illustration indicating the location of the olfactory
bulb and the overlying PFC collected from Patient 1. Diagram demonstrating 10x Genomics technology for single-nuclei sequencing. Right side: Briefly, fresh-
frozen (FF) tissue is lysed, and nuclei are cleaned up and flowed into a microfluidic chamber, where they combine with barcoded gel beads to generate gel
bead-in-emulsions (GEMs) that are subsequently amplified and sequenced. B: Uniform manifold approximation and projection (UMAP) dimensionality
reduction graph shows nuclei subpopulations where prefrontal cortex origin is labeled in gray and olfactory bulb origin is labeled in navy blue, showing
anatomically distinct subcompartments as well as clusters with a mixture of cell populations. C: UMAP dimensionality reduction graph illustrating 25 distinct
nuclei subpopulations based on their transcriptional profiles. D: Cell types for each nuclei subpopulation were annotated using machine learning. The x axis
shows the frequency of each annotated cell type, whereas the y axis has each distinct nuclei subpopulation shown in B and C. As expected, given the anatomic
source of these tissues, most cell types fall under the categories of olfactory ensheathing cells, neurons, and mature neurons. There are also less frequent but
important cell types, such as glia, macrophages, CD4™ T lymphocytes, fibroblast and stromal cells, vascular cells, vascular smooth muscle (SM) cells, and
pericytes. E: Exploration of the expression of coronavirus-related receptors ACE2 (bottom right panel), BSG (bottom left panel), and ANPEP (top panels),
with a higher-power view of ANPEP in clusters 18 and 19 (top left panel). The arrow connects the two highlighted clusters (18 and 19) with increased
expression of ANPEP with their annotation in D. Illustration in A by Jill Gregory, reprinted with permission from © Mount Sinai Health System.
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Figure 3  Digital spatial profiling of lung and lymph nodes from Patients 1 and 2. A: Whole slide images of immunostained formalin-fixed, paraffin-
embedded (FFPE) lung sections from Patient 1 (top left panel) and Patient 2 (bottom left panel). Small circles denote selected regions of interest (ROIs).
Representative ROIs are highlighted: ROI 11 from Patient 1 (top right panel) and ROI 3 from Patient 2 (bottom right panel). B: Whole slide images of
immunostained FFPE lymph node sections from Patient 1 (top left panel) and Patient 2 (bottom left panel). Small circles and squares denote selected ROIs.
Representative ROIs are highlighted: ROI 10 from Patient 1 (top right panel) and ROI 11 from Patient 2 (bottom right panel). Scale bars: 2 mm (A and B, left

DAPI

column); 50 um (A and B, right column). LN, lymph node; PanCK, pan-cytokeratin; PT, patient.

background were compared with an expected range to
determine the overall quality of the data. Next, biological
probe QC was performed to determine the thresholds for
excluding outlier probes. Once all ROIs were processed, the
raw counts were upper quartile (Q3) normalized against
housekeeping genes by averaging to the geometric mean of
the internal spike-in controls by which system variation was
accounted for. Desired ROIs were annotated with their in-
flammatory and pathologic status and grouped. The volcano
plot illustration shows results of a paired #-test of ROIs from
each patient tissue section.

Data Availability

Data sets generated and analyzed in this study have been
deposited into the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (htp://www.ncbi.nlm.nih.
gov/geo) under accession numbers GSE182297, GSE182298,
and GSE182299.

Results

Fresh-frozen tissue from several organs was obtained at the
time of autopsy for Patient 1, a man in his 60s with a
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complex medical history, including HIV, status post-
transplant, and cancer in clinical remission, whose
COVID-19 hospital admission lasted over a month. Bulk
RNA-sequencing evaluation revealed viral RNA in the
nasopharynx and lung (148 and 120 reads, respectively,
mapping to SARS-CoV-2 reference genome), but not in the
olfactory bulb (OB), prefrontal cortex (PFC), oropharynx,
salivary gland, tongue, heart, liver, or kidney (Figure 1A).
Differential gene expression analysis between infected and
uninfected tissues resulted in 4376 differentially expressed
genes (false discovery rate < 0.05). To assess biological
significance, Gene Set Enrichment Analysis was performed
to probe for GO categories significantly overrepresented in
infected versus uninfected tissues (false discovery rate <
0.05) (Figure 1B). The top four connected GO categories
include blood vessel development, cytokine production, cell
activation, and structure and degradation. All four pathways
share TNF-o induced protein 3 (TNFAIP3), complement
C3a receptor 1 (C3AR1), and ADAMS, a metalloproteinase
involved in leukocyte extravasation. Other examples of
conserved molecules across multiple pathways include
angiopoietin 1 (ANGPT1), calcitonin receptor—like receptor
(CALCRL), and decorin (DCN), an activator of autophagy.

snRNA sequencing was performed on OB and PFC of
Patient 1 to highlight functionally significant expression
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Figure 4  Gene expression differences in lung and lymph node tissues from Patient 1 and Patient 2. A: Volcano plot comparing gene expression profiles of
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heterogeneity =~ within  niche cellular =~ compartments
(Figure 2A). Dimensionality reduction and clustering showed
expected separation between OB and PFC (Figure 2B) and
identified 25 unique subpopulations (Figure 2C) that were
annotated using existing databases (Figure 2D). Expression
levels of any transcript from nuclei within these sub-
populations can inform hypotheses unresolvable by bulk
RNA analyses. For example, examination of multiple
coronavirus-associated receptors reveals only scattered
expression of angiotensin-converting enzyme 2 (ACE2) in
rare cells and robust expression of basigin (BSG) throughout,
whereas alanyl aminopeptidase, membrane (ANPEP) is
exclusively expressed in two subpopulations enriched for
pericytes and vascular, fibroblastic, and stromal cells
(Figure 2E).

Digital spatial profiling was performed on formalin-fixed,
paraffin-embedded tissue across multiple organs from two
COVID-19 autopsy patients. Patient 1 was as above, and Pa-
tient 2 was a man in his 60s with diabetes and heart failure who
died after only 3 days of symptoms. Following immunostain-
ing, 12 ROIs per slide (Figure 3) were selected for targeted
spatial sequencing. Viral transcripts (ORFlab and S) were
detected in the lungs of Patient 2 (Figure 4A), along with a
more robust inflammatory response compared with Patient 1,
including higher expression of MX1, an interferon-induced
GTPase with antiviral activity against RNA viruses, IL-1 re-
ceptor type 1 (IL1R1), and interferon-o. inducible protein 6
(IFI6), a negative regulator of apoptosis (Figure 4A). Com-
parison of lymph node ROIs between these two patients
showed diverging inflammatory signatures (Figure 4B). Pa-
tient 1 had higher expression of the chemotactic factors CCL15
and CCL18, along with TNF and ITGB2, a receptor for the
iC3b complement fragment and fibrinogen, whereas Patient 2
had higher expression of transcripts related to cell proliferation
and division, including thymidylate synthetase (TYMS),
CCNA2, NASP, lymphocyte antigen 6 family member E
(LY6E), and multiple histone subunits (Figure 4B).

Discussion

Multiscale, high-resolution molecular profiling of select tis-
sues from COVID-19 patients, collected at autopsy, demon-
strates how these technologies can facilitate hypothesis
generation, as evidenced by this and other studies leveraging
the power of single-cell and spatial transcriptomic technolo-
gies.'"'® First, bulk RNA sequencing was employed to eval-
uate presence of viral RNA across organs from Patient 1. Next,
infected and uninfected tissues were compared to determine
key regulatory pathways associated with infection, including
blood vessel development, cytokine production, cell activa-
tion, and structure and degradation. Numerous specific regu-
lators, including C3AR1, a complement receptor controlling
neutrophil extracellular trap formation, can lead to a pro-
thrombotic state,'” both important mechanisms implicated in
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COVID-19 progression.” C3AR1 is thus one of many exam-
ples that could serve as a valuable target.

Next, snRNA sequencing was performed on OB and PFC
tissues from Patient 1 to illustrate the feasibility and importance
of mapping expression heterogeneity within cellular niches.
Although significant attention has been directed towards
ACE2, there are numerous coronavirus-associated receptors.””
ACE2 was rarely expressed in the brain tissues analyzed
herein, whereas BSG was more widely expressed, and ANPEP
showed preferential expression in vascular cell types, such as
endothelial cells and pericytes. Even though Patient 1 had no
detectable virus in OB or PFC at the time of autopsy, these
results remain important as they provide evidence of infection
potential in the brain via alternative receptors. In addition, these
findings illustrate how expression heterogeneity in micro-
anatomic compartments can underlie systemic, variable host-
driven responses affecting uninfected tissues, as may be seen
in the context of hyperinflammatory and hypercoagulable
syndromes. Understanding the true complexity of SARS-CoV-
2 infection and COVID-19 will require careful mapping of all
entry receptors and other host regulatory factors in a manner
that can resolve each cellular niche.

Last, digital spatial profiling was demonstrated in
formalin-fixed, paraffin-embedded tissues, emphasizing the
importance of integrating transcriptional profiling with his-
tologic features and microanatomic detail. This technology
allows evaluation of a larger sample set, yet still provides
viral detection and the ability to compare patients with
different characteristics and disease courses. Although many
factors could account for the differences seen between these
two patients, it is tempting to speculate that some of these
findings reflect early versus late-stage COVID-19, in terms
of both viral presence and robustness of lymphocytic acti-
vation in Patient 2, with a shorter disease course; and
phagocytic and coagulopathic signatures in Patient 1, with a
prolonged hospitalization and extended organ damage. The
limited cohort size and the complexity of the clinical his-
tories preclude further generalization of these findings.

In summary, this work describes four key pathways seen
in severe COVID-19 and provides specific effectors for
further study as potential diagnostic and therapeutic targets.
Single-nuclei technology reveals remarkable heterogeneity
of coronavirus receptors within well-defined anatomic
compartments, and digital spatial profiling of formalin-fixed
tissues reveals diverging molecular signatures between pa-
tients with different clinical courses. These findings,
although limited by small sample size, underline the need to
deploy advanced molecular techniques to dissect the
complexity of COVID-19 pathophysiology and their
promise when applied to much larger patient cohorts.
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