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Abstract
COVID-19 was declared by the World Health Organization in 2020 to be a pandemic. Analysis of COVID-19 related genetic
pathways allows for a better understanding of the possible effects and sequelae of the disease. Using 6178 scRNA sequenced
human cells, having a status of control/mild/severe COVID-19 disease status, differential expression of genes and pathways was
analyzed. Using Gene Set Enrichment Analysis (GSEA), mild COVID-19 was found to over-express the Influenza Pathway. In order to
identify genes important in COVID-19 severity, a deep learning classifier was trained. Classifiers were repeatedly trained for this task
using 10 randomly selected genes from the total number of 18,958 genes. The highest performing classifier (AUC=0.748) was
trained using: AC008626.1, SGO1, RHOBTB2, RBM41, NDUFAF4P1, COX5A, ZDHHC17, STX11, IPP, NUDT5 genes. These results
further illustrate the other factors contributing to mild versus severe COVID-19, as well as evidence of potential misdiagnosis or
overlapping pathway effects of Influenza and COVID-19.

Introduction
COVID-19 was declared by the World Health Organization in 2020 to be a pandemic.1 The public health response to COVID-19 has
consisted of three main factors: masks, isolation measures, and vaccination. In the case that someone is infected with COVID-19,
their body begins an aggressive immune response. The body’s first responses to infection are skin and inflammatory, and then
move on to a T-cell and the lymphatic system response.2

 

To understand and characterize COVID-19 pathophysiology, single cell genomic expression has been used. Uses of this include
differential expression and pathway analysis to analyze gene mutations in cancer, as well as to better understand the
cardiovascular system and reasons for heart failure.3,4 Pathway analysis, better known as Gene Set Enrichment Analysis (GSEA), is
a method to identify groups of genes that are overexpressed or underexpressed between two groups of cells, and may have an
association with disease phenotypes.5 GSEA has been used in prior research on COVID-19 to determine which cell types are
infected most and least.6

 

The analysis of pathways differentially expressed in mild and severe COVID-19 serves two main purposes. Firstly, it is used to lend
insight into functional effects and mechanistic causes of COVID-19 and its symptoms. Secondly, it is used to gain an
understanding of confounding variables that can impact COVID-19 diagnosis. Further exploring these subjects can potentially
increase the ability of researchers to explore the pathophysiology of COVID-19, as well as inform clinical understanding.
Information regarding the body’s immune response can also be uncovered through differential expression and pathway analysis.

 

The specific genes implicated in COVID-19 are not fully known, but through deep learning, more information on this topic can be
discovered. An increased understanding of the genetic changes undergone during mild and severe COVID-19 infections can be
invaluable for those treating this disease, as it can offer information about how COVID-19 affects the body, the body’s immune
response, and inform a research direction.

 

Deep learning methods have been applied to COVID–19 to predict diagnosis from CT scans as well as to design inhibitor drugs
with structural prediction making support.7,8 Using similar algorithms, it is the goal of this work to shed light on genetic differences
between mild and severe COVID cases. One key focus of this study was to determine factors that continue to the severity of a
COVID-19 infection, and if COVID-19 severity has a notable relationship with genetic expression. Lastly, we aimed to investigate if
the differential genetic expression can be used to predict the severity of a COVID-19 infection.

Methods
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The cells from the Single Cell Expression Atlas database were labeled according to the following definitions. Mild disease was
defined as having no or limited clinical symptoms and not requiring computed tomography (CT) scanning or hospitalization.
Moderate disease was defined as being symptomatic, with dyspnea and radiological findings of pneumonia upon thoracic CT
scan, requiring hospitalization with a maximum of 9 L/min of oxygen. Severe disease was defined as respiratory distress requiring
admission into the ICU.9 Mild and moderate cases were then combined for data analysis. Raw data was downloaded from the
Single Cell Expression Atlas website.9 Next, the package “Seurat” was used to combine the raw data, gene names, and cell names
into a Seurat object.10 The data was then normalized, and features (important genes) were determined. UMAP reduction was
performed on the Seurat object with the purpose of visualization of genetic differences.10 PCA was then used to perform linear
dimensionality reduction.10 Metadata from the Single Cell Expression Atlas was integrated into the dataset, and cells were grouped
into vectors by their COVID-19 status (control, mild COVID-19, severe COVID-19).9 Cells were then clustered using hierarchical
clustering. Differential expression of genes between COVID-19 status groups was calculated, and, using this information, the fGSEA
package was used to calculate differentially expressed pathways between these groups. Next, mild and severe COVID-19 cell data
were exported. All cells with a control/normal phenotype were not included in subsequent analysis. Preprocessed data was loaded
into Python 3. 4527 cells were separated into a training set of 3527 training set cells and 1000 validation set cells. The validation
set was held out and not used for the training of any models. A uniform random sample of 1000 genes was selected from the total
population of 18,958 genes (data available upon request). A fully connected, deep learning model was built using TensorFlow and
Keras.11,12 (Figures 1 and 2)

The model was trained for 50 epochs. To determine the performance of the model, an Area Under Curve (AUC) metric was
calculated using the validation set. The AUC is a metric to account for unequally weighted classes. It is the area under the Receiver
Operating Characteristic Curve which is a plot of True Positive Rate versus False Positive Rate for varying thresholds to judge the
predictive value of an algorithm. An AUC of 0.50 would represent no predictive value and an AUC of 1.0 would represent perfect
predictive value. 

 

Next, to determine predictive genes for Mild Versus Severe COVID-19 status, a random sample of 10 equally weighted genes is
selected from the population of all 18,958 genes. A model, using the architecture and hyperparameters as that specified above, was
built. Expression data of the 10 randomly selected genes was used as input for training the model. This process was repeated 1000
times. On every iteration, the validation AUC was compared to the current best performing model’s validation AUC. If the current
model scored higher, the current 10 random genes were recorded. The maximum validation AUC and its corresponding 10 genes are
returned.

Results
GSEA returned notable results when comparing pathway expression between cells with mild COVID-19 and those with severe
COVID-19 (Figure 3). Figure 3 details which pathways are most over and under-expressed in mild COVID-19 compared to severe
COVID-19. As seen in figure 3, the Reactome Selenoamino Acid Metabolism is significantly overexpressed in mild COVID-19
compared to in severe COVID-19, with an NES of 5.44 and an adjusted p-value of . The Reactome Influenza Infection is also
significantly overexpressed in mild COVID-19 compared to severe COVID-19, with an NES of 5.20 and an adjusted p-value of . The
Zhou Inflammatory Response FMA Up and Zhou Inflammatory Response Live Up pathways were both less expressed in mild
COVID-19 compared to severe COVD-19. The Zhou Inflammatory Response FMA Up pathway had an NES of -3.18 and an adjusted
p-value of. The Zhou Inflammatory Response LIVE Up pathway had an NES of -3.26 and an adjusted p-value of .

It was further determined that the Influenza pathway is overexpressed due to upregulation of the majority of genes, rather than a
select few outliers (Figure 4). Figure 4 details the Reactome Influenza Infection pathway, and each gene. The bars on the x-axis are
in the order of the ranked genes (genes sorted from most overexpressed to most underexpressed in mild COVID-19 compared to
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severe COVID-19), with each bar representing a gene in the Reactome Influenza Infection pathway. Enrichment scores are listed on
the y-axis, and the points are connected, showing that many genes that are part of the Reactome Influenza Infection pathway are
overexpressed in mild COVID-19 compared to severe COVID-19, and that the significant NES obtained is not due to outliers, but
rather to a general overexpression of genes contained in the pathway.

Upon repeated random selection of 10 genes to be used as input when training the deep learning models, the highest performing
model (Validation AUC of 0.748) was trained using input of the following genes: AC008626.1, SGO1, RHOBTB2, RBM41,
NDUFAF4P1, COX5A, ZDHHC17, STX11, IPP, NUDT5 (Figure 5). Figure 5 details that certain genes differentiate control cells from
those infected with COVID-19, ie. SGO1 and RHOBTB2. Additionally, according to figure 5, genes COX5A is highest expressed in
severe COVID-19. NUDT5, however, is highly expressed in both control cells and cells infected with mild COVID-19, but less so in
those infected with severe COVID-19.

Discussion
As determined by Differential Expression and GSEA, pathway analysis suggests that severe cases of Influenza may have been
improperly diagnosed as mild COVID-19. Not only is the Influenza pathway highly expressed in the mild COVID-19 group, but the
selenoamino acid metabolism is also positively enriched. The selenoamino acid metabolism pathway is a well-known pathway
that is implicated in successful immune responses to Influenza infection.14 However, misdiagnosis may not be the cause of this
result. Influenza may have similar mechanisms as does mild COVID-19, causing the overlapping pathway expression.

 

The highest achieving AUC (0.748) obtained by the deep learning training demonstrates that the neural network can successfully
model to a reasonable extent a genetic component of COVID-19 severity. However, it is likely that there are non-genetic factors
contributing towards COVID-19 severity (eg: socioeconomic circumstances, region, and demographics). Ten genes were discovered
in this study to be sufficient to train a highly predictive deep learning model. SGO1 is involved in cell replication by promoting
centromeric cohesion.15 RHOBTB2 is a GTPase also involved in mitotic cell division.16 COX5A, which assists in establishing the
proton gradient in the mitochondrial respiratory chain, possibly implicates this pathway as a defining characteristic of severe
COVID-19.17 IPP codes for an actin interacting protein; actin is involved in cell movement, cell structure, and stability which
responds to GTPase activity and thus may be linked to RHOBTB2.18 GTPase function has been implicated by some members of
the 10 gene set; furthermore, an additional member of the gene set, NUDT5 is responsible for hydrolysis of modified nucleosides.19

ZDHHC17, a Zinc Finger Palmitoyltransferase has been implicated in initiating endocytosis at the plasma membrane; endocytosis
is crucial for SARS–CoV-2 cellular uptake.20-22 Related to the endocytosis events, STX11 is involved in fusion of transport vesicles
subcellularly.23 Single cell expression data of these genes was sufficient to train a deep learning model with high predictive value,
thereby implicating their expression patterns in the distinction between mild versus severe COVID–19.

 

A limitation of this study is that the database utilized cells with COVID-19 severity determined by severity of clinical symptoms, as
well as whether a CT scan, oxygen supply, or hospitalization was necessary. Statistically, these metrics accurately label the cells,
however, the diagnosis of these cells is subjective and future work should use more systematic approaches to label the COVID-19
cell severity. Possibility for future analysis can include a control group of normal cells as well as a control group of Influenza
infected cells. This would allow for the comparison of Influenza infected cells to mild COVID-19 infected cells. Additionally, future
experiments should include a larger number of cells to improve the statistical power of the analysis. scRNA and informatics will
offer crucial insights into fighting COVID-19 on both the cellular and epidemiological level.
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Figure 1

Dimensional Reduction Plot of All Cells, Labeled by Control/COVID-19 Severity

The UMAP dimensional reduction plot provides evidence that there does not exist any linear boundary that would have great
predictive power in classifying COVID cell severity. Thus, deep learning was necessary rather than a simple logistic regression that
is confined to a linear decision boundary prediction.
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Figure 2

Deep Learning Model Construction

Layer sizes were: 50, 20, 5, 2; the input layer was of size 10. Activations of ReLU were used except a sigmoid activation for the last
layer. ADAM optimizer and a Sparse Categorical Cross Entropy loss function were used.13

Figure 3

Top Up and Down Expressed Pathways Between Mild and Severe COVID-19

Figure 3 gives a column of gene ranks, where each vertical line represents a gene in the pathway and shows how over or under-
expressed that particular gene is. The NES column contains normalized enrichment scores, a quantitative measurement of how
much a pathway is over/under-expressed. P-values and adjusted p-values (adjusted as the dataset is very large) are also listed to
determine if the normalized enrichment scores are significant.The Reactome Selenoamino Acid Metabolism (a well-known pathway
in Influenza) and the Reactome Influenza Infection pathway are both significantly overexpressed in mild COVID-19.14
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Figure 4

Enrichment Plot for Influenza Infection Pathway

The enrichment score reflects the degree to which the genes in a gene set are overrepresented at the top or bottom of the entire
ranked list of genes. This demonstrates how many genes are in support of this pathway being higher expressed in mild COVID-19
than in Severe COVID-19.
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Figure 5

Heat Map of DL Model Input Genes Differentially Expressed by COVID-19 Severity

Out of the 10 genes used to train the deep learning model, 8 of them were found to be differentially expressed between COVID-19
status (control, mild, severe). 2 genes (AC008626.1 and NDUFAF4P1) were not differentially expressed, and therefore are not
included in Figure 5. Figure 5 is a heat map that depicts expression levels of genes between COVID-19 status, where yellow is most
expressed, and pink is least expressed. This offers a visual interpretation of how these genes are used to differentiate COVID-19
status.


