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Abstract

The spread of SARS-CoV-2 and the increasing mortality rates of COVID-19 create an urgent need for
treatments, which are currently lacking. Although vaccines have been approved by the FDA for
emergency use in the U.S., patients will continue to require pharmacologic intervention to reduce
morbidity and mortality as vaccine availability remains limited. The rise of new variants makes the
development of therapeutic strategies even more crucial to combat the current pandemic and future
outbreaks. Evidence from several studies suggests the host immune response to SARS-CoV-2 infection
plays a critical role in disease pathogenesis. Consequently, host immune factors are becoming more
recognized as potential biomarkers and therapeutic targets for COVID-19. To develop therapeutic
strategies to combat current and future coronavirus outbreaks, understanding how the coronavirus
hijacks the host immune system during and after the infection is crucial. In this study, we investigated
immunological patterns or characteristics of the host immune response to SARS-CoV-2 infection that
may contribute to the disease severity of COVID-19 patients. We analyzed large bulk RNASeq and single
cell RNAseq data from COVID-19 patient samples to immunoprofile differentially expressed gene sets
and analyzed pathways to identify human host protein targets. We observed an immunological profile of
severe COVID-19 patients characterized by upregulated cytokines, interferon-induced proteins, and
pronounced T cell lymphopenia, supporting findings by previous studies. We identified a number of host
immune targets including PERK, PKR, TNF, NF-kB, and other key genes that modulate the significant
pathways and genes identified in COVID-19 patients. Finally, we identified genes modulated by COVID-
19 infection that are implicated in oncogenesis, including E2F transcription factors and RB1, suggesting
a mechanism by which SARS-CoV-2 infection may contribute to oncogenesis. Further clinical
investigation of these targets may lead to bonafide therapeutic strategies to treat the current COVID-19

pandemic and protect against future outbreaks and viral escape variants.
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Introduction

In December 2019, a cluster of pneumonia cases resembling viral pneumonia was detected in Wuhan,
China, and led to a rapid outbreak’. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
a novel coronavirus that was determined to be the causative agent’. The global spread of infection led
the World Health Organization to declare a pandemic on March 11, 20202. SARS-CoV-2 and the resulting
disease, COVID-19, has caused a worldwide health crisis. As of February 14, 2021, over 108 million
cases and 2.3 million deaths have been reported worldwide®. COVID-19 is highly transmissible, and
increasing mortality rates create an urgent need for vaccines and treatments. Currently, the only antiviral
treatment approved by the U.S. Food and Drug Administration (FDA) is Veklury (remdesivir) for use
hospitalized COVID-19 patients and combination with Barcitinib was authorized for emergency use, after
being shown to reduce recovery time and serious adverse effects*. Remdesivir, hydroxychloroquine,
lopinavir/ritonavir, and interferon regimens were promising treatment prospects until October 2020. WHO
concluded these treatments had little or no effect on mortality from the interim results of a large
international trial investigating the effectiveness of repurposed drugs for the treatment of COVID-19°.
Thus, there is no effective treatment as of date. Although vaccines have been authorized for emergency
use in the U.S and globally, complications with distribution, compliance, and efficacy against novel
variants make developing effective treatments crucial to our ability to combat the current pandemic and
prepare for future outbreaks. To develop safe and effective therapeutic strategies, understanding how
the mechanisms of infection impact host immunity are paramount. Increasing evidence from several
studies suggests the host immune response to SARS-CoV-2 infection may have a critical role in the
severity of COVID-19%. Consequently, immune mechanisms are becoming more recognized as potential
biomarkers and therapeutic targets for COVID-198. However, the immunopathology of COVID-19 is not

well understood and presents challenges to treatment development.

Coronaviruses (CoVs) belong to the family Coronaviridae and are named based on their surface's crown-
like appearance’. CoVs are enveloped, positive-sense, single-stranded RNA viruses with the largest
known RNA genome of 30 to 32 kilobases’. The outer envelope, made of phospholipid bilayers, is
covered by two different types of spike proteins: the spike glycoprotein trimmer (S) that can be found in
all CoVs, and the hemagglutinin-esterase (HE) that exists in some CoVs’. Inside the outer protein coating,
the virion has a nucleocapsid composed of genomic RNA and phosphorylated nucleocapsid (N) protein’.
The family Coronaviridae is divided into four genera, the Alphacoronavirus(a), Betacoronavirus (),
Gammacoronavirus(y), and Deltacoronavirus (3)8. Phylogenetic analysis of the viral genes molecularly
characterized SARS-CoV-2 as a new B-CoV?. It is now considered one of the seven CoV family members

that infect humans?®. Until the discovery of SARS-CoV-2, six CoVs were known to infect humans, including
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HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, SARS-CoV-1, and MERS-CoV®. SARS-CoV-1
and MERS-CoV have resulted in significant disease outbreaks with high mortality in 2002 and 2012,
respectively; however, the other human CoVs remain associated with mild upper-respiratory-tract
illnesses®. Coronaviruses impose a continuous threat to global public health, and therapeutic strategies

are needed to counteract current and future infections.

SARS-CoV-2 belongs to the same lineage that causes SARS-CoV-1, but is genetically distinct and more
infectious®. SARS-CoV-2 has structural differences in its surface proteins that enable stronger binding to
the ACE 2 receptor and greater efficiency at invading host cells'®. Also, SARS-CoV-2 has a greater affinity
for the upper respiratory tract, which permits the virus to infect the upper respiratory tract and airways
more easily'®. The first step in SARS-CoV-2 infection is receptor-binding to the host. The S1 subunit of
the S protein contains the receptor-binding domain that binds to the peptidase domain of angiotensin-
converting enzyme 2 (ACE 2)'°. Therefore, S protein is the mediator of host cell binding and entry. SARS-
CoV-2 binds to ACE 2 as the host target cell receptor in collaboration with the host's transmembrane
serine protease 2 (TMPRSS2), a cell surface protein primarily expressed in the airway epithelial cells and
vascular endothelial cells'. Binding to the host receptor leads to membrane fusion and releases the viral
genome into the host cytoplasm'. Afterward, viral replication occurs, leading to viral assembly,
maturation, and virus release'®. Host factors influencing coronavirus replication and protein expression
are crucial for regulating coronavirus infection''. Previous studies identified important host factors
associated with coronavirus cell entry and fusion, including CEACAM1, ACE2, APN, DPP4, TMPRSS2,
cathepsins, and furin''. Host antiviral, pro-inflammatory, translation, and unfolded protein response
factors influenced by SARS-CoV-2 infection include elF4F, GCN2, PERK, PKR, RIG-I, MDA-5, TLR3,
IRF3, IRF7, type | interferon pro-inflammatory cytokines, and chemokines ''. These results and others

underline the diversity of molecular pathways involved in SARS-CoV-2 infection.

The host immune response against SARS-CoV-2 is critical to control and eliminate the infection. Several
studies have shown that SARS-CoV-2 dysregulates normal immune responses, resulting in uncontrolled
inflammatory responses in severe and critical patients with COVID-19%. Increasing evidence
demonstrates that immune patterns are closely associated with disease severity'>6. SARS-CoV-2
infection and replication trigger cytokine storm and a hyperinflammatory response, involving increased
secretion of the pro-inflammatory cytokines and chemokines IL-6, IFNy, MCP1, and IP-10 into the blood
of afflicted patients'. Studies show multiple viral structural and non-structural proteins antagonize
interferon responses contributing to inflammation’3. SARS-CoV-2 is able to inhibit type | IFN responses

in infected cells, leading to delayed or suppressed type | IFN responses and allowing the virus to replicate
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unchecked and induce tissue damage'. Lymphocytes are seemingly active but dysfunctional T cells in
severe COVID-19 seem to be more activated and may exhibit a trend toward exhaustion based on the
continuous expression of inhibitory markers'®. A robust B cell response is observed in COVID-19 patients;
however, high titers of antibodies are associated with severe clinical cases. Study data suggests crosstalk

with monocytes might impair NK cell recognition and killing of SARS-CoV-2-infected cells’®.

In summary, severe COVID-19 patients exhibit lymphopenia, lymphocyte activation and dysfunction,
granulocyte and monocyte abnormalities, high cytokine levels, and an increase in immunoglobulin G
(IgG) and total antibodies®. Thus, evidence from several studies suggests that the host immune response
to SARS-CoV-2 infection plays a critical role in disease pathogenesis, thereby making efforts to
characterize the host immune response critical to understanding COVID-19 and identifying potential
therapeutic targets. In this study, we investigated the immune characteristics of the host immune
response to SARS-CoV-2 infection that may contribute to the disease severity of COVID-19 patients. We
curated four publicly available datasets from the NCBI GEO database and performed differential gene
analysis'®. We then applied pathway analyses of differentially expressed genes to identify significant
pathways and upstream regulators to identify potential immune-related therapeutic targets for further

studies.

Materials and Methods

Acquisition and Processing of Data

To understand the host immune response to SARS-CoV-2 infection, four publicly available gene
expression datasets were selected from the Gene Expression Omnibus (GEO) repository. Relevant
datasets were identified from the queries “single cell COVID19” and “COVID19 SARS Cov 2. Selection
was primarily focused on sample sources upper respiratory system, lungs, and blood. Two RNA-seq and
two single cell RNA-seq datasets were acquired for data analysis (Table 1). For each dataset, a count
matrix table containing the raw gene counts was imported into Partek® Flow® software (v10.0). The

standard workflow within the software was used to process and quantify the gene counts (Figure 1).
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Table 1. Publicly available datasets from the NCBI Gene Expression Omnibus (GEQO) database included
in analysis. Datasets were identified from the queries “single cell COVID19” and “COVID19 SARS CoV
2” in GEO DataSets.

GEO Platform ID | Study Design Sample Sample | Infected | Controls | Disease
Accession Source Size State
GSE145926 | GPL23227 | Characterized the lung | BALF 12 9 3 (3) Healthy
immune (3) Moderate
microenvironment in the (6) Severe
bronchoalveolar lavage
fluid (BALF) using 10x
genomics to measure
single-cell RNA
sequence (scRNA-seq)

GSE154567 | GPL24676 | Examined immune | Blood buffy | 17 12 6 (6)
response using 10x | coat Convalescent
genomics to measure (5) Moderate
single-cell RNA (6) Severe
sequence (scRNA-seq)
of blood buffy coat from
COVID-19 patients

GSE152418 | GPL24676 | Systems biology | PBMC 34 17 17 (17) Healthy
approach to analyze (1)
immune responses of Convalescent
COVID-19 patients using (4) Moderate
RNA seg-analysis (8) Severe

(4)I1cu

GSE15207 | GPL1857 | Examined host gene | Naso- 484 430 54 N/A

5 3 expression across | pharyngea (Infected vs
infection status, viral | | swab Control)
load, age, and sex | from upper
among RNA- | respiratory
sequencing profiles of | tract
nasopharyngeal swabs

Totals 547 468 80



https://doi.org/10.1101/2021.02.17.431721
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.17.431721; this version posted March 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Differential Gene Expression Analysis in RNA-seq datasets

GSE152075 and GSE 152418 count matrix tables were pre-processed by the authors. Therefore, no
additional processing was necessary before performing differential gene analysis. Gene-specific analysis
(GSA) was applied to the quantified gene counts in Partek® Flow® software (v.10.0) to identify
differentially expressed genes in each dataset. Samples were labeled by the presence or absence of
SARS-CoV-2 infection. For GSE152418, multiple comparisons of COVID-19 patients were analyzed by
performing GSA twice. Similarly, to GSE152075, the first analysis was based on the presence or absence
of detected SARS-CoV-2. The comparison included the following: SARS-CoV-2 infected patients
(described by 4 moderate, 8 severe, and 4 ICU cases of COVID-19) vs healthy patients and one
convalescent COVID-19 patient vs SARS-CoV-2 infected patients. A second GSA was performed to
examine severity and the following comparisons were analyzed: Moderate vs Severe, Moderate vs ICU,
and Severe vs ICU. Differentially expressed genes from each comparison were considered significant if
the adjusted p-value (FDR) < 0.05 and log2 fold change = + 2. Genes are indicated by GeneCard codes,

but more information about each gene is listed in Supplementary Table 1.

PRE-PROCESSING DOWNSTREAM ANALY SIS

Count Matrices
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Figure 1. Schematic of standard single-cell RNA-seq pipeline in Partek® Flow®. Single cell count
matrices were imported from GEO and processed for downstream analysis.
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Pre-processing scRNA-seq data

The recommended scRNA-seq pipeline in Partek® Flow® consists of several tasks to process single cell
counts for further data analysis (Figure 1). First, low quality cells were filtered out using the single cell
QA/QC task. Next, a noise reduction filter was applied to exclude genes considered as background noise.
Genes that were not expressed by any cell in the dataset but were included in the matrix file were filtered
out. Finally, data was normalized using counts per million (CPM), the recommended method in Partek®
Flow®.

Clustering Analysis and Cell Identification

The dimensionality of the data was reduced by performing principal components analysis (PCA) using
50 principal components. To identify similar groups in patient samples graph-based clustering analysis
was performed and results were visualized in a 2D scatter plot using Uniform Manifold Approximation
and Projection (UMAP), a visual dimensional reduction technique. Cell identification was accomplished
by using UMAP to classify immune cell subsets by their phenotypic markers. NK cells were classified by
NKGT (Natural Killer Cell Granule Protein 7) and NCAM1 also known as CD56. T cells were classified
by TRAT1 (T Cell Receptor Associated Transmembrane Adaptor 1) which stabilizes the T-cell antigen
receptor/CD3 complex at the surface of T-cells. Macrophages were characterized by CD68 and B cells
were characterized by CD19. The classification result included a list of top featured biomarkers for each
immune cell subset using an ANOVA test. Significance was determined by p-value < 0.05 and fold
change + 2. The immune cell classifications were applied to normalized gene counts and a differential

gene analysis was performed to compare immune cell subsets in mild and severe COVID-19 patients.
Differential Gene Analysis of scRNA-seq data

After immune cells were classified for each sample, the one-way analysis of variance (ANOVA) was
performed to determine differentially expressed genes. For GSE145926, SARS-CoV-2 infected patients,
including 3 mild cases and 6 severe cases, were compared to healthy patients. Additionally, severe
versus mild COVID-19 patients were compared. For GSE154567, the following comparisons were
analyzed for differential genes: severe versus mild COVID-19 patients, and convalescent patients versus
severe COVID-19 patients. Furthermore, for each dataset, immune cell subsets were compared in mild
versus severe COVID-19 patients. To immunoprofile genes, the 10xGenomics Human Immunology Panel
was applied to the DEG output to filter and sort genes directly related to immunity. The panel contains
1,056 genes to profile innate and adaptive immunity, inflammation, and immuno-oncology from curated

content including recent publications spanning key biomarkers, pathways, and lineage and tissue
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markers. Differentially expressed genes from each comparison were considered significant if the adjusted
p-value (FDR) < 0.05 and log2 fold change = + 2.

Pathway Analysis and Interaction Mapping

Differentially expressed genes identified by GSA or ANOVA in Partek® Flow® imported into Qiagen Inc.
Ingenuity Pathway Analysis (IPA) software application. To identify significant pathways associated with
the patterns of differential gene expression, core analyses were run in IPA separately for upregulated
and downregulated genes in each dataset. Associated networks determined by the analyses were used
to identify host-viral protein interactions and upstream or downstream regulators. Networks maps
included an overlay of either the Coronavirus Pathogenesis Pathway or Coronavirus Replication
Pathway. The comparison analysis function in IPA was used to compare the upregulated pathways and

downregulated pathways across datasets.

Results and Discussion

RNA-seq profile of nasopharyngeal swabs of COVID-19 patients show upregulation of IFN-

stimulated genes

The RNA-seq profile of nasopharyngeal swabs collected from the upper respiratory tract of 430 SARS-
CoV-2 infected patients and 54 uninfected patients were retrieved from GSE152075. To identify
differentially expressed genes (DEGs), gene-specific analysis (GSA) was performed in Partek® Flow®
software. Genes were defined as significantly downregulated or upregulated if the threshold FDR value
< 0.05, and fold change was + 2. The volcano plot showed a greater number of genes were
downregulated in SARS-CoV-2 patients, suggesting the infection has an inhibitory effect in the host's
upper respiratory tract (Figure 2A). The topmost significantly downregulated genes (FDR <0.01) were
DPM3, ROMO1, MT3, MRPL53, SCGB3A1. These are protein-coding genes that do not directly relate to
the immune response, suggesting that other processes affected by SARS-CoV-2 infection may overlap
with the immune system (Supplementary Table 1). In contrast, the topmost significantly upregulated
genes (FDR <0.05) were found directly related to immunity or immune response in SARS-CoV-2 infected
patients. These genes, including IFI44L, IFIT1, OAS3, and RSAD2, are primarily related to interferon-
induced proteins that play important roles in the antiviral response (Supplementary Table 1). The
significant upregulation of interferon stimulated genes suggests an activation of the interferon response
in COVID-19 patients. The actions of interferon induced proteins may be a major component in antiviral
host defense to SARS-CoV-2.
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Figure 2. RNA-seq profile of nasopharyngeal swabs and PBMCs from COVID-19 patients. (A)
Volcano plot of differentially expressed genes in SARS-CoV-2 infected patients versus uninfected
patients from GSE152075 analysis. (B) Volcano plot of differentially expressed genes in SARS-CoV-2
infected patients versus uninfected patients from GSE152418 analysis. An adjusted p-value (g-value <
0.05) and fold change (log2 fold change = +2) were used to determine significantly downregulated or
upregulated genes. The log2 fold change of the five topmost significantly upregulated and downregulated
genes (FDR <0.01) are highlighted.

Pathway analysis of significantly downregulated genes from nasopharyngeal swabs reveals

indirect interactions that may overlap with the host immune response

Next, we applied IPA core analyses on DEGs to identify significant pathways and associated networks.
The lists of significantly upregulated and downregulated were uploaded to IPA separately. In IPA, the
core analysis for downregulated genes ranked “elF2 signaling” as the most significantly affected pathway
(Figure 3A). Viruses hijack host machinery to complete viral replication and protein synthesis. In
response, host cells shut down these systems, which is regarded as an integrated stress response'’. The
stress response induces translational shutdown via the phosphorylation elF2a'’. Therefore, sustained
phosphorylation of elF2a inhibits host or viral protein synthesis. Our IPA core analysis shows elF2a
downregulated in the elF2 signaling pathway, as well as other mediators of the elF2 complex, including
elF2y. It remains unclear from the analysis which upstream regulator of the integrated stress response
(PERK, HRI, PKR) plays a maijor role. It was previously reported that PERK is an important host factor
that influences viral protein expression''. SARS-coronavirus infection activates PERK and PKR by
phosphorylation, leading to sustained phosphorylation of elF2a in 293T/ACE2 cells that inhibits protein
synthesis'’. SARS-CoV has also been shown to block the action of PKR to evade detection and suppress

IFN production®. Thus, PERK and PKR may be potential targets for therapeutic strategies that prevent
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SARS-CoV-2 from hijacking the host’s machinery for protein synthesis, while targeting PKR may also
help modulate the interferon response. IPA analysis indicated “Mitochondrial Dysfunction” as the second
most significantly downregulated pathway, and “Oxidative Phosphorylation” as the third, based on p-
value. Two of the most significantly downregulated genes from the differential gene analysis, MRPL53
and ROMO1, are potentially related. MRPLS53 is a protein-coding gene for a mammalian mitochondrial
ribosomal protein involved in protein synthesis within the mitochondrion. Interestingly, mitochondria can
play a regulatory role in the activation, differentiation, and survival of immune cells?°. Mitochondrial
dysfunction may be an indirect cause of the lymphopenia that is often observed in severe COVID-19
patients. While the analysis of downregulated genes in this RNA-profile does not directly relate to the
immune response, there is a relationship between these genes and the host-viral interaction, which

requires further investigation.

Pathway analysis of significantly upregulated genes from nasopharyngeal swabs reveals

interferon-alpha as an upstream regulator

IPA core analysis of upregulated genes ranked “Role of Pattern Recognition Receptors in Recognition of
Bacteria and Viruses” as the most significantly activated pathway (Figure 3B). This pathway comprises
numerous genes related to the innate immune response, such as toll-like receptors, TNF, complement
proteins, and RNA-activated protein kinases. One of the activated networks observed from the IPA
analysis was a “cell-mediated immune response” network highlighting interferon-alpha. (Supplementary
Figure 1). Interferon-alpha was identified as an upstream regulator in the pathway analysis. Several
genes involved in the innate immune response appear related, such as ISG15, IFITM3, IFITM2, which
are interferon-induced proteins. mTORC1, a regulator of cell metabolism in immunity, is also upregulated.
These results show evidence of an active innate immune response. The reasons why this innate immune
response is inadequate to combat viral infection and disease progression in COVID-19 patients remains
to be determined. Several studies suggest an association of defective interferon activity with more severe
disease in COVID-19 patients?'. Thus, a dysregulated interferon response may cause a weakened innate
response. It is unclear from the IPA analysis whether interferon signaling contributed to mild or severe
disease in this RNA-seq profile because disease severity was not an available attribute in the original
study imported from GEO. To characterize the immune characteristics that result in COVID-19, disease

severity is an important attribute to study and analyze.
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Figure 3. Pathway analysis of DEGs in nasopharyngeal swabs from COVID-19 patients. (A) Most
significantly downregulated canonical pathways in IPA, determined by —log(p-value). The orange and
blue-colored bars in the bar chart indicate predicted pathway activation or predicted inhibition,
respectively, based on z-score. Gray bars indicate pathways for which no prediction could be made by
IPA. (B) Most significantly upregulated canonical pathways in IPA.

Differential gene expression in the RNA-seq profiles of PBMCs collected from COVID-19 patients

suggests host-virus interactions via EIF4E

GSE152418 consisted of the RNA-seq profiles of the peripheral mononuclear blood cells (PBMCs)
collected from 17 SARS-CoV-2 infected patients and 17 uninfected patients. SARS-CoV-2 infected
patients were compared based on disease severity for one convalescent, 4 mild, eight severe, and 4 ICU
COVID-19 cases. Differentially expressed genes (DEGs) were identified by comparing RNAseq profiles
of SARS-CoV-2 infected patients with uninfected patients. Genes were defined as significantly
downregulated or upregulated if the threshold FDR value < 0.05, and fold change was + 2. The volcano
plot showed a more significant number of genes were upregulated in SARS-CoV-2 patients, suggesting
the infection leads to activation in PBMCs. (Figure 2B). The most significantly upregulated genes (FDR
<0.01) were not directly related to genes relevant to the immune response. However, the genes with the
greatest differential expression (fold change = 5) were constant or variable regions of immunoglobulin
heavy and light chains (Figure 2B). Among the most significantly upregulated were IGHG1, IGHV4-59,
IGHV1-24, IGHV1-46, IGKC. This result reflects the immunopathology of COVID-19 described in
previous studies in which high titers of antibodies are correlated with severe disease®. This suggests that
successful antibody response is not enough to counteract severe disease. The only genes significantly
downregulated in SARS-CoV-2 infected patients in comparison to uninfected patients were CACNA2D3,
LINC00877, DHRS9, and CASC8. The most significantly downregulated gene (FDR <0.01) out of the
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four was CACNA2D3, which encodes a protein in the voltage-dependent calcium channel complex.
LINC00877 and CASC8 are non-coding RNA genes. In a study investigating the interaction between the
cardiovascular system and the host antiviral defenses to SARS-CoV-2, non-coding RNAs reported to be
dysregulated by transcriptomic profiling in cardiovascular diseases were also involved in viral innate
immune responses??. DHRS9 is a dehydrogenase that has been shown as a stable marker for human
regulatory macrophages?3. Thus, although these genes are not directly related to the immune system,
DHRS9 and non-coding RNAs have the potential to be indirectly related to the host immune response.
Additionally, DEGs were identified by comparing the single convalescent patient with SARS-CoV-2
infected patients. Genes were defined significantly downregulated or upregulated if the threshold FDR
value < 0.05 and fold change =+ 2. All four of the significantly downregulated genes in SARS-CoV-2
infected patients were significantly upregulated in the convalescent patient. Similarly, all the significantly
upregulated genes in SARS-CoV-2 infected patients were significantly downregulated in the
convalescent patient. When other comparisons of disease severity were analyzed, no statistically
significant genes were generated. Therefore, disease severity was not investigated in this dataset.
Instead, the focus for the analysis of this dataset was the differential gene expression based on the

presence or absence of SARS-CoV-2 infection, which excluded the one convalescent patient.

Pathway analysis of differentially expressed genes in RNA-seq profiles of PBMCs reveals

relationship between Coronavirus Pathogenesis Pathway and CSF2

Next, we applied IPA core analyses on DEGs to identify significant pathways and associated networks
for GSE152418. Because there were few downregulated genes, the upload was not separated by
upregulation or downregulation. All significant genes were imported into IPA. The analysis ranked
“Kinetochore Metaphase Signaling Pathway” first and “Mitotic Roles of Polo-Like Kinase” second as the
most significantly upregulated pathways. Interestingly, multiple pathways related to cell cycle regulation
were among the most significantly affected, with “Cell Cycle: G2/M DNA Damage Checkpoint Regulation”
indicated as the single most significantly inhibited pathway (Figure 4). While the genes annotated within
these pathways do not appear relevant for host immune response to viral infection, the pathways

indicated suggest dysregulation of the cell cycle, a possible connection to oncogenesis.
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Figure 4. Pathway analysis of DEGs in PMBCs from COVID-19 patients. Kinetochore Metaphase
Signaling Pathway was ranked first in the significant IPA canonical pathways for GSE152418 based on
—log(p-value). The orange and blue-colored bars in the bar chart indicate predicted pathway activation or
predicted inhibition, respectively. Gray bars indicate pathways for which no prediction can be made for
the data provided.

Deeper analysis of the significant networks and pathways from this dataset indicated connections
between SARS-CoV-2 infection and potential mechanisms of oncogenesis. One of the networks
associated with this dataset revealed relationships between the Coronavirus Pathogenesis Pathway and
E2F7 and RB1 (Supplementary Figure 2). E2F transcription factors control the transition from G1 to S
phase in the cell cycle. Rb is a tumor suppressor gene that regulates the cell cycle by modulating the
activity of E2F. Rb is often targeted by viral oncoproteins to inactivate its function and dysregulate the
cell cycle, promoting entry into S phase and cell proliferation?. RB1 was significantly downregulated in
COVID-19 patients while multiple E2F transcription factors were significantly upregulated, suggesting
that SARS-CoV-2 may inactivate Rb tumor suppressor genes to promote the activity of E2F transcription
factors, similar to other tumor viruses (Figure 5). This would inhibit regulation of the cell cycle and
promote cell proliferation, suggesting a mechanism by which SARS-CoV-2 infection could contribute to
oncogenesis. While these results do not directly implicate the immune response, they reveal more

potential damage SARS-CoV-2 infection could cause, such as cancer.
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Figure 5. Potential oncogenesis mechanism of SARS-CoV-2 through interaction of the N protein
with the Rb-E2F complex. This figure was created in BioRender based on the Coronavirus
Pathogenesis Pathway from IPA and the G1/S Checkpoint in BioRender, modified to highlight the key
genes most significant in the dataset GSE152418. Genes significantly downregulated are indicated in
red and genes significantly upregulated are indicated in blue. Genes not significant in this dataset are
indicated in gray and viral proteins are indicated in yellow. Adapted from “G1/S Checkpoint”, by

BioRender.com (2020). Retrieved from htips://app.biorender.com/biorender-templates.

Classification and cell identification of scRNA-seq profile of BALF suggest T cell lymphopenia in
severe COVID-19

GSE145926 consists of scRNA-seq data for the bronchoalveolar lavage fluid (BALF) of 9 SARS-CoV-2
infected patients and three uninfected patients. SARS-CoV-2 infected patients were compared based on
disease severity, including three mild and six severe COVID-19 cases. We performed a graph-based
cluster analysis to collate similar groups and classify four immune cell subsets (Figure 6C). Top
biomarkers featured in this classification task were identified using ANOVA test with a threshold p<0.005.
The output was used to verify markers for cell identification. (Figure 6D). We compared COVID-19

patients by disease state (Figure 6A) and the classified immune cell groups, including NK cells, T cells,
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B cells, and Macrophages (Figure 6B). A more significant number of T-cells were observed in the cluster
of mild COVID-19 patients than severe. Conversely, a larger population of macrophages in the cluster of
severe COVID-19 patients compared to mild. Considering the number of severe patients in this analysis
is more significant than mild patients, this result suggests T cell lymphopenia in the severe COVID-19.
Furthermore, when the classification counts were examined, there were 951 T cells in severe COVID-19
patients and 872 T cells in mild COVID-19 patients (Supplementary Table 1). Since a more significant
portion of macrophages was observed in the T cell population, perhaps the macrophages can reduce T-
cell activation through a dysregulated macrophage response. Numerous studies have reported
lymphopenia as a common characteristic of immunopathology in severe COVID-19 patients, but the
underlying mechanisms are not well understood®. Careful immune monitoring during clinical studies

should be considered in future studies to help reveal these mechanisms.

A) ! ; B) ?
- «
L
- w
) D)
4 o B o cD68 KIRDI  CD4
« : B <y ADAMTS2 GNLY CD8A
. 3 RSN NKG7  CXCR6
. E _ TACSTD2 TNFSF13 TRDC cDsB
:: s B ccis GZMB  CD3E
4 o B sicsn: soc2 KIRC3  CD3G
. ge § FXYD3 ceL KIRC1  CD3D
. y N sq: ccL2 PRF1 cp2
s PES cTss GZMH ceLs

Figure 6. BALF Clustering Analysis results visualized by Global UMAP. (A) Patient samples were
grouped by disease severity. (B) Cells were classified by four immune cell subsets: B-cells,
Macrophages, NK cells, and T cells. N/A defines all unclassified cells. (C) Graph-based analysis was
performed in Partek® Flow®. 25 clusters were reported. (D) Top features in each immune cell subset
generated by clustering analysis.
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Differentially expressed genes in scRNA-seq of BALF in COVID-19 patients suggests immune

markers of disease severity

Differentially expressed genes were identified by comparing infected versus healthy COVID-19 patients
and severe versus mild COVID-19 patients to characterize immune patterns that contribute to disease
severity. Genes were defined as significantly downregulated or upregulated if the threshold FDR value <
0.05, and fold change was + 2. For several genes, the FDR value = 0. To determine the most significant
values, genes with an FDR value = 0 were assigned the same FDR value as the next most significant
value and sorted by the largest fold change. The 10xGenomics Human Immunology Panel was applied

to the DEG output to filter and sort genes directly related to immunity.

The top ten significantly downregulated genes in infected patients were CD52, JAML, HLA-DPB1,
TNFSF12, HLA-DQB2, HLA-DQB1, CES1, VMO1, MME, and CAMP (Figure 7B). The top ten
significantly upregulated genes in infected patients were IFITM2, LAG3, SLAMF7, CCL3L1, CXCL10,
IDO1, CCL2, CCL7, and CCL6 (Figure 7B). Three host factors (HLA-DPB1, HLA-DQB2, HLA-DQB1)
were significantly downregulated, and several chemokines (CCL3L1, CXCL10, CCL2, CCL7, CCL6) were
upregulated. It is well known that SARS-CoV-2 infection triggers high cytokine and chemokine levels.
This result was consistent with observations made in previous studies, however, the role of HLA genes
is not well established. HLA genes are human MHC Il molecules, and their primary function is antigen
presentation. A previous study showed downregulation of HLA class Il proteins to be especially prominent
in severe COVID-19 patients dependent on ventilation?®. Downregulation of HLA class || molecules may

be a potential strategy employed by SARS-CoV-2 to evade elimination by the host immune response.

The top ten significantly downregulated genes in infected patients were CTSW, CD3E, CD8B, CD3G,
CXCR3, CXCR®6, XCL1, FASLG, ZNF683, CD8A. The top ten significantly upregulated genes in infected
patients were CCL3, FOSB, CCL2, CCL3L1, CXCL8, CCL7, S100A12, interleukin (IL)1R2, and SPP1.
CCL7, CXCL8, CXCL3L1, and CCL2 were commonly upregulated between SARS-CoV-2 patients
compared to healthy patients and when severe is compared to mild COVID-19 patients. This suggests
that severe COVID-19 patients have a greater expression of chemokines. Figure 7A shows the 10Gx
Genomics Human Immunology Panel gene annotation for function. All the DEGs were tallied and
annotated according to the panel. The majority of DEGs in BALF are related to “glycoprotein” or
“secreted” (Figure 7A). Glycoproteins are located on the cellular surface and can bind to receptors. This
is important for innate sensing of pathogens, but more importantly, viruses bind to the host cell receptor

to gain access. “Secreted” could correlate to secreted immunoglobulins, but not many of these genes
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were observed among the DEGs. Overall, these results indicate an activated innate immune response in
the scRNA-seq profile of BALF collected from COVID-19 patients.

A DEG B SARS-CoV-2 vs Healthy COVID-19 Patients
Glycoprotein CD52 IFITM2
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Figure 7. Differential gene expression analysis of RNAseq data from BALF of COVID-19 patients.
(A) 10xGenomics Human Immunology Panel was used to filter differentially expressed genes for
GSE145926 and annotated based on function. (B) The top row shows the DEGs for SARS-CoV-2
infected COVID-19 patients (mild+severe) versus healthy patients. The bottom row shows the DEGs for
severe versus mild COVID-19 patients. The ten most significantly upregulated genes are ranked in green
and the ten most significantly downregulated genes are ranked in red, based on log2(fold change).

scRNA-seq profile of BALF of severe vs. mild COVID-19 patients shows IKZF2 and HLA-DQA2

downregulated across immune cell subsets

To immunoprofile genes and characterize immune patterns that contribute to severity, we performed a
differential gene analysis on each immune cell subset in severe vs. mild COVID-19 patients.
10xGenomics Human Immunology Panel was used to filter the gene directly related to immunity. A total
of 18 genes for each immune cell subset was generated. Across all four immune cell subsets there was
relatively the same level of upregulated genes in severe COVID-19 patients (Figure 8A). IKZF2 and HLA-
DQA2 were commonly downregulated in all subsets, except for the B cells (Figure 8A). HLA-DQA2 was

the only downregulated gene in B cells (Figure 8A). IKZF2 encodes a protein member of the Ikaros family
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of zinc-finger proteins, a group of transcription factors involved in regulating lymphocyte development.
The downregulation of IKZF2 across all four immune cell subsets suggests hindered lymphocyte
development in severe COVID-19 patients compared to mild COVID-19 patients. HLA-DQAZ2, a human
class Il MHC, was also commonly downregulated in NK cells, T cells, B cells, and macrophages.
However, the expression seemed more pronounced in macrophages than the other immune cell subsets
(Figure 8C.) HLA class 1I-DQ has been found to play crucial immunological roles, including antigen
presentation to T lymphocytes and recognition of self and non-self-proteins?’. Therefore, HLA

polymorphisms could be associated with severe COVID-19.
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Figure 8. Differential gene expression analysis across immune cell subsets in RNAseq data from
BALF of COVID-19 patients. (A) 10X Genomics Human Immunology Panel was used to filter
differentially expressed genes in each immune subset (NK cells, T cells, B cells, and Macrophages) of
severe versus mild COVID-19 patients. (B) Scatter plot for IKFZ2, one of the most downregulated genes,
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in immune cell subsets. (C) Scatter plot for HLA-DQAZ2, one of the most downregulated genes, in the
immune cell subsets.
Pathway analysis of differentially expressed genes in severe COVID-19 patients suggests an

upregulated inflammatory response and inhibited Th1 response

Next, we applied IPA core analyses on DEGs for severe vs. mild patients to identify significant pathways
and associated networks. The analysis ranked “TH1 Pathway" as the most significantly downregulated
pathway and “TREM1” as the most upregulated pathway. A graphical summary was generated to provide
an overview of the most predicted biological processes in the IPA core analysis (Supplementary Figure
3). T helper type 1 (Th1) cells are a lineage of CD4+ effector T cells that are responsible for cell-mediated
immunity and protection against intracellular viral and bacterial pathogens?®. CD4+ T cell responses are
primarily based on their cytokine profile, producing interferon-gamma, interleukin (IL)-2, and tumor
necrosis factor (TNF)-beta. This promotes neutrophil and monocyte-mediated inflammatory responses
leading to phagocytosis®. Earlier studies demonstrated the downregulation of cytokines in SARS-CoV-2
infected patients. A reduction in IL-12 expression was observed in dendritic cells to quell the conversion
of the Th1 cell phenotype, which is a vital type of cell-mediated immune response that is involved in viral

clearance?®.

Uncommon upregulation of cytokines and chemokines due to unsuccessful infection of dendritic cells can
imbalance the stimulation of T-helper cell subsets by affecting the migrating and antigen-presenting
function of dendritic cells to distort T-cell activation?®. Our differential gene analysis indicates an
upregulation in the expression of CCL2, an IFN-stimulated chemokine, as well as several other
chemokines and cytokines. This suggests the immunological profile of SARS-CoV-2 patients includes a
surge of chemokines and cytokines that could induce various immune responses, such as a helper T cell
lymphopenia caused by a dysregulated Th1 response. TREM1 activation induces secretion of TNF-a, IL-
6, IL-1B, IL-2, IL-12p40 by monocytes, macrophages, and dendritic cells, enhancing inflammation during
infections by different pathogens?°. This may potentially be another immunopathological event of severe
COVID-19. Our IPA analysis predicts several upregulated biological processes related to myeloid cells,
including chemotaxis of myeloid cells, cell movement of myeloid cells, a respiratory burst of myeloid cells,
and the response myeloid cells, and inflammatory response (Supplementary Figure 3). Some of the
cytokines involved are IFN-gamma, TNF, IL-6, IL-1A, IL-1B (Supplementary Figure 3). This suggests
an upregulated inflammatory response due to chemokine and cytokine increase, but an inhibited Th1
response, resulting in a dysregulated immune response. Upregulation of the TREM1 pathway may

comprise cellular and molecular mechanisms contributing to an impaired immune response.
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Clustering analysis and cell identification for the scRNA-seq profile of blood buffy coat reveals

key differences in immune cell subsets in varying disease states

GSE154567 consisted of the scRNA-seq data for blood buffy coat samples of 12 SARS-CoV-2 infected
patients and six convalescents. SARS-CoV-2 infected patients were labeled by disease severity,
including five mild and six severe COVID-19 cases. We performed a graph-based cluster analysis to
collate similar groups and classify four immune cell subsets (Figure 9C). Top biomarkers featured in the
classification task were identified using ANOVA test with a threshold p<0.005. The output was used to
verify the markers for cell identification. (Figure 9D). We compared COVID-19 patients by disease state
and the classified immune cell groups, including NK cells, T cells, B cells, and macrophages (Figure 9A,
9B). A more significant number of NK cells and T-cells were observed in the cluster of mild COVID-19
patients than severe. There was a larger population of T-cells in the cluster of severe COVID-19 patients
compared to mild. There were no large gaps in the number of counts per sample (Supplemental Table
2). This finding is still meaningful because it raises the question of what immune patterns appear for
convalescent or recovering immunoprofile, which is not investigated thoroughly in the literature. It is
unclear if the severe patients on the way to recovery or if the recovered patient was a recent severe
patient. Again, careful immune monitoring during clinical studies could help uncover the cause and be

considered for future studies.
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Figure 9. Blood Buffy Coat Clustering Analysis results visualized by Global UMAP (A) Patient
samples were grouped by disease severity. (B) Cells were classified by four immune cell subsets: B-
cells, Macrophages, NK cells, and T cells. N/A defines all unclassified cells. (C) Graph-based analysis
was performed in Partek® Flow®. 25 clusters were reported (D) The top features generated by clustering
analysis in each immune cell subset.

Differentially expressed genes in blood buffy coat samples reveals key genes that characterize

immunological profiles of severe and recovered COVID-19 patients

To characterize immune patterns that contribute to disease severity differentially expressed genes were
identified by comparing severe versus mild COVID-19 patients and convalescent versus severe COVID-
19 patients. Differentially expressed genes (DEGs) were identified with ANOVA, defined as significantly
downregulated or upregulated if the threshold FDR value < 0.05, and fold change was + 2. The
10xGenomics Human Immunology Panel was applied to the DEG output to filter genes directly related to

immunity.
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Eight genes were differentially expressed in severe COVID-19 patients in comparison to mild COVID-19
patients: SLC25A37, SNCA, CXCLS8, IFIT1, IFI127, HLA-DQA2, MEFV, ARG1 (Figure 10). CXCLS, IFIT1,
and MEFV were significantly downregulated, and SLC25A37, SNCA, IF127, HLA-DQA2, ARG1 were
significantly upregulated (Figure 10). Conversely, the reverse is observed in recovered patients when
compared to severe COVID-19 patients, in which CXCLS8, IFIT1, and MEFV were upregulated, and
SLC25A37, SNCA, IFI127 were downregulated (Figure 10). HLA-DQA2 and ARG1 were commonly
upregulated in both severe and recovered COVID-19 patients (Figure 10). This suggests the immune
patterns of CXCLS8, IFIT1, MEFV, SLC25A37, SNCA, and IFI27 characterize the immunological profile of
severe COVID-19 patients. CXCL8 and MEFV are involved in regulating the inflammatory response while
IFIT1 and IFI27 are interferon-induced proteins involved in the antiviral response, reflecting an activation
of these processes in severe COVID-19. SLC25A37 and SNCA are less clearly involved in the host
immune response (Supplementary Table 1). Our analysis does not indicate these genes work in

conjunction but are involved in several different processes that may overlap with host immune response.
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Figure 10. Differential gene expression of RNAseq data from blood buffy coat samples of severe
and recovered COVID-19 patients. 10X Genomics Human Immunology Panel was used to filter
differentially expressed genes of severe versus mild COVID-19 patients (left panel) and recovered versus
severe COVID-19 patients (right panel).

Differentially expressed genes in blood buffy coat samples reveals consistent upregulation of
MX1, IFIT1, and HLA-DQA2 across immune cell subsets in severe COVID-19 patients

Next, we compared the DEGs in each immune cell subset and each disease state (mild, severe,
recovered). Three genes were significantly upregulated across the immune cell subsets in severe
COVID-19 patients compared to mild COVID-19 patients, MX1, IFIT1, and HLA-DQAZ2. The scatter plots
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of the gene expression changes are shown in Supplementary Figure 4. Expression across the immune
cell subsets was relatively similar for the three genes, however, IFIT1 and MX1 were more enriched in
severe COVID-19 patients than mild or recovered patients. HLA-DQAZ2 is more enriched in recovered
COVID-19 patients. This suggests an immune pattern for severe patients' immunological profile, involving
the upregulation of IFIT1 and MX1 genes. Regained expression of the host factor, HLA-DQA2, may
characterize the immunological profile of recovered patients. A total of 10 genes for each immune cell
subset were generated in recovered patients compared to severe patients. (Figure 11). Across all four
immune cell subsets, there was relatively the same level of upregulated genes and downregulated in
severe COVID-19 patients (Figure 11). Our analyses for severe COVID-19 patients suggest that
upregulated interferon-induced proteins, chemokines, and cytokines contribute to the severity of COVID-
19 compared to mild patients. It remains unclear what immune patterns the immunological profile of a
recovered patient may entail. The recovered patients may retain some of the immune characteristics in
early recovery or perhaps a complete reversal of the immunological gene signature. There may be stages
of recovery and immunological gene signatures that define the progression of recovery. This requires

further investigation to understand how the host immune response overcomes severe COVID-19.
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Figure 11. Differential gene expression of RNAseq data from blood buffy coat of recovered COVID-
19 patients. Differentially expressed genes across immune cell subsets (NK cells, T cells, B cells, and
macrophages) found in recovered versus severe COVID-19 patients.
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Pathway analysis reveals upregulation of MSP-RON signaling and arginine degradation pathways

in severe COVID-19 patients

Next, we applied IPA core analyses on DEGs for severe vs. mild patients to identify significant pathways
and associated networks. The analysis did not demonstrate any predictions of activation or inhibition;
however, MSP-RON Signaling in Macrophages and Arginine Degradation | (Arginase Pathway) were
ranked as the top two most significant (p-value <0.05). Macrophage-stimulating protein (MSP), is the only
known ligand for recepteur d'origine nantais (RON), a member of the MET proto-oncogene family.
Arginine is an amino acid shown in non-clinical studies to be essential in many viruses' life cycle®'. As

such, arginine depletion may represent a practical therapeutic approach against SARS-CoV-23'.

Comparison across data sets reveals significant pathways affected consistently in COVID-19

patient samples

A comparison analysis was applied to all datasets in IPA to identify common significant pathways across
all four datasets. A heat map of the analysis results was generated with IPA Canonical Pathways
(Supplementary Figure 6). Hepatic Fibrosis Signaling, Osteoarthritis, and Neuroinflammation pathways
were associated with activation while Interferon Signaling was inhibited among severe COVID-19
patients. This suggests that these pathways contribute to the severity of COVID-19 disease. Further

investigation of each pathway and active molecules should be performed in future studies.

Upstream immune regulators present potential therapeutic targets for COVID-19

We next sought to identify potential therapeutic targets for COVID-19 based on key genes within the most
significant pathways we identified. We applied the “Regulator Effects” function in IPA onto all the pathway
analyses to determine the biological impact of upstream molecules according to the genes they regulate.
A list of 547 upstream regulators and associated target molecules were generated from the analysis
(Supplementary Table 3). However, these targets and corresponding drugs require further analysis in
our future studies. As previously noted, our scRNA-seq differential gene analyses were filtered based on
the 10xGenomics Human Immunology Panel. Therefore, there are several DEGs that were not included
in our queries that may not directly relate to the immune system but may also be potential targets. Genes
that were noted as the topmost significantly expressed in this study was determined by an FDR value of

<0.01, but not by fold-change. It is possible that several statistically significant genes that may exhibit
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notable variations in gene expression were missed during the analysis. Although our list requires further
analysis to determine druggability of each target, many existing drugs have potential to target these key
regulators involved in COVID-19 pathogenesis, which is encouraging for drug repurposing efforts or novel
therapeutics discovery. We propose many potential host immune therapeutic targets for COVID-19 that
our results show have the most significant impact on the gene expression profiles observed in COVID-

19 patients.

Conclusion

In this study, we analyzed the RNA seg-profiles of nasopharyngeal swabs, PBMCs, BALF, and the blood
buffy coats collected from COVID-19 patients. We performed differential gene analyses and pathway
analyses to characterize the host immune response and severe COVID-19 patients’ immunological
profile. Our results showed various immune responses that are consistent with those reported in other
studies, including increased action of interferon-induced proteins and increased chemokine/cytokine
production in SARS-CoV-2 infected patients® %1%, We observed interferon-alpha to be a major upstream
regulator of ISG15 and IFITM-family proteins, important for antiviral defense and adaptive immunity, as
well as proteins encoding cell metabolism in immunity. As previously reported, we find that interferon
alpha plays a major role in antiviral host defense but over-activation may contribute to the

hyperinflammatory responses reported in cases of COVID-19 patients.

IPA pathway analysis identified several pathways significantly affected in COVID-19 patients, including
multiple pathways involved in cell cycle regulation (Figure 4). These findings suggest that host cells
employ defense mechanisms that are either directly involved in or overlap with cell division processes to
counteract viral replication and release. There is potential for genes involved in cell division pathways to
be adversely modulated in SARS-CoV-2 infection and lead to cancer. SARS-CoV-2 may also directly be
involved in mechanisms of oncogenesis. Based on the gene expression changes and significant
pathways indicated in our analysis, we propose one potential mechanism by which SARS-CoV-2 may
dysregulate the cell cycle through interaction with the Rb-E2F complex, leading to cell proliferation and
potentially contributing to oncogenesis (Figure 5). Further investigation is necessary to examine the
relationship between SARS-CoV-2 infection and the cell cycle in order to elucidate a mechanism for
oncogenesis as a result of viral-induced expression changes. It is critical to investigate the potential
connection between SARS-CoV-2 infection and cancer. The process of oncogenesis could begin
undetected in COVID-19 patients and not become apparent for many years after infection, at which point

intervention may come too late.
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In our analysis, many differentially expressed genes that were seemingly non-immune related genes
were downregulated. For example, DHRS9, a type of dehydrogenase involved in metabolic processes,
was one of the most significantly downregulated genes in SARS-CoV-2 patients. This suggests that
immune pathways or processes may overlap with metabolic processes during a host immune response.
This result was further emphasized in pathway analysis that ranked Mitochondrial Dysfunction and
Oxidative Phosphorylation as significantly downregulated in COVID-19 patients. Previous studies report
lymphopenia as part of the immunopathology of COVID-19. This lymphopenia may be connected to
dysfunctional cell metabolism of different immune effector cells. Recent gene expression studies have
also shown evidence for metabolic changes in COVID-19 patients3?33, However, few studies have
investigated how metabolic processes might be correlated to the host immune response to SARS-CoV-

2 infection.

Lastly, a major component of our analysis was examining immune cell subsets in severe COVID-19
patients compared to mild or recovered COVID-19 patients. HLA gene expression was commonly
modulated in the two scRNA-seq profiles we analyzed. These are important host factors that are affected
in SARS-CoV-2 infection and further investigation of the HLA polymorphisms may provide important

insight about the antiviral host defense and susceptibility to severe COVID-19 in patients.

Overall, this study affirms that immune characteristics can be potential biomarkers or therapeutic targets
for severe disease. The differentially expressed genes and significant pathways found in this analysis
should be further investigated for novel understanding of the mechanisms underlying the host response

to SARS-CoV-2, as well as selecting potential therapeutic targets and drug candidates for COVID-19.
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Supplemental Information
Supplementary Figure 1. Network map associated with upregulated canonical pathways from
GSE152075 shows interferon alpha as a key regulator.

Supplementary Figure 2. Network map associated shows relationships among significant canonical
pathways from GSE152418.

Supplementary Figure 3. Network map shows significant biological processes affected in
brochoalveolar lung fluid of severe COVID-19 patients.

Supplementary Figure 4. 10X Genomics Human Immunology Panel filtered differentially expressed
genes in each immune subset (NK cells, T cells, B cells, and Macrophages) of severe versus mild
COVID-19 patients.

Supplementary Figure 5. Network map shows interactions between differentially expressed genes in
severe versus mild COVID-19 patients.

Supplementary Figure 6. Comparison analysis across the four analyzed datasets reveals canonical
pathways consistently significant in COVID-19 patient samples.

Supplementary Table 1. Descriptions of relevant genes mentioned in paper.

Supplementary Table 2. Classification counts for GSE145926 quantifies immune cell populations in
each BALF sample.

Supplementary Table 3. Classification counts for GSE154567 quantifies immune cell populations in
each blood buffy coat sample.

Supplementary Table 4. Upstream regulators of significant dataset molecules present potential host
therapeutic targets for COVID-19.
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