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ARTICLE INFO ABSTRACT

Keywords: Background: The COVID-19 pandemic has highlighted the need for reliable biomarkers to predict
COVID-19 disease severity and guide treatment strategies. However, the analysis of RNASeq data for
GANs

biomarker discovery using machine learning is constrained by limited sample sizes, primarily due
to cost and privacy considerations. In this study, we applied Generative Adversarial Networks
(GANs) to RNASeq data in the process of identifying biomarkers associated with COVID-19
severity.

Methods: RNASeq data from COVID-19 patients, along with severity metadata, were collected
from the GEO database. Differential expression analysis was conducted and GAN models were
trained to augment the original dataset. This enhanced subsequent machine learning models’
robustness and accuracy for biomarker discovery. Feature selection using Recursive Feature
Elimination with Cross-Validation (RFECV) identified key biomarkers on cGAN- and cWGAN-
augmented datasets.

Results: Several key biomarkers significantly associated with disease severity were identified.
Gene Ontology Enrichment analysis revealed upregulation of neutrophil degranulation and
downregulation of T-cell activity, consistent with previous findings. The ROC analysis using a
Random Forest machine learning model and the five most important biomarkers (CCDC65,
ZNF239, OTUD7A, CEP126, and TCTN2) achieved high accuracy (AUC: 0.98, Acc: 0.94) in pre-
dicting disease severity. These genes are associated with processes such as cilium assembly, IFN
activation, and NF-kB pathway suppression.

Conclusions: Our results demonstrate that GANs can effectively augment RNASeq data, leading to
consistent findings that align with known mechanisms and providing new insights into severe
COVID-19 transcriptional responses. Further experimental validation is needed to confirm the
applicability of these biomarkers in diverse populations.

Neutrophil degranulation
Cilium assembly
Biomarkers

1. Background

SARS-CoV-2, the virus behind COVID-19, a respiratory illness now classified as a global pandemic, has raised global health alarms
since December 2019. The World Health Organization (WHO) declared it a pandemic on March 11, 2020.! The WHO 28-day reports
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showed a rise in disease cases, with approximately 320,000 new cases and 4500 deaths between September 16, 2024, and October 13,
2024. As of October 13, 2024, the global count reached over 776 million confirmed cases and over 7 million deaths (WHO, 2024).
SARS-CoV-2 belongs to a group of viruses known as beta-coronaviruses (p-CoVs), which is a genus within the Coronavirinae subfamily of
the Coronaviridae family. These viruses are classified under the Nidovirales order and Riboviria phylum, which includes viruses with
RNA genomes.z’4

In response to viral infection, the innate immune system releases interferons (IFNs) and inflammatory cytokines, including IL-1
family, IL-6, and TNF, which activate the local and systemic immune responses against the infection.”

Initial symptoms of COVID-19 can vary in intensity from mild to severe and share similarities with various respiratory infections
and inflammatory conditions. The symptoms may include fever, sneezing, rhinitis, persistent cough, challenges in breathing,
diminished taste or smell, alongside fatigue accompanied by body aches.® Additionally, the virus has the potential to cause more severe
illnesses and symptoms, such as pneumonia, Acute respiratory distress syndrome (ARDS), sepsis, and organ damage, and can be
particularly fatal for older adults and individuals with underlying health conditions. Chronic diseases and lifestyle factors including
diabetes, obesity, smoking, and alcoholism, as well as factors like gender and advanced age, can further increase the risk of severe
outcomes.>’ ! Furthermore, some conditions have been observed to be linked with the severity and fatal outcome of COVID-19 such
as an overly aggressive immune response, sometimes referred to as a cytokine storm. An unbalanced immune response, marked by
excessive migration of immune cells and cytokines secretion, can trigger hyper-inflammation contributing to some of the severe
clinical manifestations associated with COVID-19. Previous reviews also indicate that severe COVID-19 cases exhibit abnormal lab-
oratory markers notably heightened inflammatory markers in serums like cytokines, along with other markers like D-dimer, fibrin-
ogen, C-reactive protein (CRP), lactate dehydrogenase, and additional factors.'>'® These findings frequently coincide with alterations
in hematologic and immune cell compositions, resulting in lymphopenia, elevated leukocytes, increased neutrophils, and decreased
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Fig. 1. Architecture of Generative Adversarial Networks (GANs). a A standard GAN framework, where a Generator Model (G) transforms random
noise (z) into fake data, which the Discriminator Model (D) evaluates against real data (x) to determine authenticity. The weights of both G and D
are updated through backpropagation based on their respective loss functions, indicated by dotted lines. b A conditional GAN, extending the
standard model by incorporating Labels (c) alongside Random Noise as inputs to G, allowing for the generation of class-specific fake data. This setup
also involves a Discriminator that assesses the authenticity of the data considering the labels.
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platelets. A report from Wuhan involving 99 COVID-19 patients indicated increased levels of neutrophils, Interleukin-6 (IL-6) serum,
and CRP, with a corresponding decrease in total lymphocytes. Specifically, there was an approximately 38 % increase in neutrophil
count, a 52 % increase in IL-6 serum levels, and an 86 % increase in c-reactive protein levels, along with a 35 % decrease in total
lymphocyte count.'* These conditions have been linked to the severity and fatal outcomes of COVID-19,'® and highlight the impor-
tance of gaining a deeper understanding of individuals’ molecular-level responses, emphasizing the need for further research in this
area.'®

The management of COVID-19 patients has remained challenging and a debated topic due to the highly variable clinical course of
the infection.” Identifying biomarkers that are predictive of disease severity could help determine individuals with an elevated risk of
developing severe infection and for guiding treatment decisions. RNA sequencing (RNASeq) has gained widespread acceptance as a
method for detecting and quantifying gene expression levels,'” and the analysis of differentially expressed genes can help identify
potential biomarkers.

Using machine learning techniques on RNA sequencing data can help reveal hidden patterns and correlations that might not be
readily evident from a single gene or piece of data. However, developing effective models requires a large amount of annotated training
data, which can be difficult and expensive to obtain, especially in transcriptomics due to factors like patient privacy and data gen-
eration costs.'® In other words, gene expression data typically includes expression levels of many genes across a small number of
patient samples.'®!° This leads to a lower generalization ability or overfitting when solving classification tasks.

Recent studies have drawn attention to the potential of augmented datasets in improving the classification accuracy of trained
models, reducing the risk of overfitting,'>”° and enhancing the generalization capabilities of the model.'® Techniques for data
augmentation (DA) involve artificially increasing the sample size by making modifications to instances of the original data.'® Con-
ventional methods of data augmentation, such as rotation or scaling, prove to be insufficient for gene expression data as they fail to
provide satisfactory biological insights.'® Techniques that have been used for transcriptomics data mainly include Generative
Adversarial Networks.'® The GANs were originally applied to imaging data but recent studies have demonstrated their effectiveness on
gene expression data.'”?! GANs are neural network systems introduced in 2014 by Goodfellow et al. as a robust type of generative
model (Fig. 1).?> A conventional GAN comprises two deep neural networks, the generator, denoted as G, and the discriminator,
denoted as D, which are embedded in a competitive process, (hence the “adversarial” nature of the model i.e., they are trained to
compete with each other).?"»?>?* The generator takes random input data from the latent space and aims to produce data that resembles
real samples.'®?° In contrast, the discriminator functions as a classifier, tasked to accurately distinguish real and fake samples.'%?* The
discriminator is presented with input samples, which can either be real samples from the original training dataset or generated samples
produced by the generator. The generator aims to capture or estimate the underlying distribution of the real data and generate fake
samples accordingly’® while the discriminator is trained to differentiate between original samples and those produced by the
generator.”® The training process of a GAN involves a minimax game with two players, where the discriminator D learns to minimize
the error between original and synthesized samples, and the generator G is trained to maximize the probability of the discriminator
making mistakes.”® Generative models can be used with labeled datasets through conditional GANs (cGANs), where they are trained to
learn the conditional probability of the input data given a certain output or class label.>° The cWGAN-GP differs from the standard
cGAN by employing the Wasserstein distance to measure the distribution dissimilarity between original and synthetic samples.”" It
utilizes the gradient penalty as a loss function, which is computed using the Wasserstein distance. This modification leads to enhanced
training stability compared to the original GAN approach.?’

After data augmentation, machine learning techniques can be used to identify the most relevant biomarker features among the list
of differentially expressed genes. Some potential biomarkers associated with the disease severity have been reported. However, only a
few approaches employ machine learning techniques and rarely integrate data augmentation to improve the model’s accuracy and
generalizability. Consequently, there is a need for validation of existing biomarkers to ensure their reliability, especially considering
that one of the most reported factors influencing the results is the sample size.

2. Material and methods
2.1. Data retrieval and pre-processing

A total of 126 samples (100 infected samples and 26 health controls) were obtained from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/), with accession number # GSE157103,'® along with severity metadata.

The Automated Reproducible MOdular Workflow for Preprocessing and Differential Analysis of RNAseq Data (ARMOR) was
subsequently employed for preprocessing and analyzing the data.

It involved quality control with FastQC-v0.11.7%” and MultiQC-v1.14*® with default parameters, trimming of adapters and
low-quality regions using Trimmomatic-v0.39 with parameters TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLI-
DINGWINDOW:4:15 MINLEN:36. Mapping of the reads to the indexes of the human reference genome, GRCh38, was done using the
HISAT2-v2.2.1 tool (https://daehwankimlab.github.io/hisat2/download/) with parameters: q for FASTQ input format, -rna-strand-
ness FR to specify a strand-specific RNA-seq protocol (forward-reverse), and -x grch38/genome to reference the GRCh38 human
genome index. Paired-end reads were provided with —1 "$file” for the forward reads and —2 "${file/_1_/_2_}" for the reverse read files.
The ${file/_1_/_2 } part uses parameter expansion to change the _1_ part of the forward read filename to _2_in order to match the
reverse read file name.

Quantification of the reads aligning to specific feature genes was done using featureCounts-v2.0.4 from the subread package with
the following parameters: p to indicate paired-end reads, -a Homo_sapiens.GRCh38.106.gtf.gz to specify the GTF annotation file for the
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GRCh38 human genome, and -o./quants/"$sample"_counts.txt to specify the output file for the counts. The input file for counting was
specified as "$file”, which refers to the aligned BAM file from the HISAT2 step.

After quantification, only protein-coding genes were maintained for differential expression analysis. Differential expression
analysis was conducted using the R package DESeq2-v1 .38.3% and Principal Component Analysis (PCA) was performed on normalized
data to explore potential batch effects. For differential expression analysis, an adjusted p-value (pAdj <0.01) was used as a criterion for
significance and a |log2FC| > 1 gave the direction of regulation. The choice of pAdj <0.01 was made to minimize false positives,
ensuring a more stringent and robust identification of differentially expressed genes for biomarker discovery.

2.2. Data augmentation

Before data augmentation, preprocessing was applied to enhance the quality of the datasets for downstream analysis. The pre-
processing methods included data exploration and visualization, Principal Component Analysis (PCA) for data transformation, and
min-max normalization for data scaling. For data augmentation, two models, a conditional Generative Adversarial Networks (cGAN)
and a conditional Wasserstein Generative Adversarial Networks (c(WGAN-GP), were employed on the preprocessed datasets. These two
variants of the standard GAN model were selected to explore their distinct advantages: cGAN for conditional and balanced data
generation and cWGAN-GP for improved training stability using the Wasserstein distance. Both models yielded better results compared
to the standard GAN. The cGAN was trained to generate synthetic data that balanced the classes by conditioning the generator on the
desired class distribution. The GAN-based data augmentation for RNAseq data was implemented in a Google colab space with Python-
v3.10 using the Keras deep learning library from TensorFlow and the Adam optimizer. The neural network architectures for the
generator and discriminator, as well as hyperparameters such as the number of hidden layer units, latent space units, weight pa-
rameters, epochs, learning rate, and latent vector size, were determined through numerous trials. The distribution between real and
synthetic gene expression profiles was evaluated. Following data augmentation, the datasets underwent PCA and min-max inverse
transformation to restore them to their original dimensions and scale. The generated synthetic data was then evaluated using statistical
and machine-learning approaches such as t-SNE, absolute log mean and standard deviation comparisons, cumulative sums per feature,
and model evaluation before and after data augmentation.

2.3. Biomarkers identification

Since all differentially expressed genes are not necessarily good biomarkers,” the next step was to select a subset of genes likely to
be informative for predicting disease severity. The RFECV feature selection method was used, with a Random Forest classifier (pa-
rameters: max_depth = 100, random_state = 42, n_estimator = 100 trees, and the default Gini index as impurity criterion), to select
optimal subsets of features that are highly associated with the severity outcome. Since two methods were used for data augmentation,
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Fig. 2. Principal Component Analysis (PCA) of RNA-seq data. Samples are colored by severity status (blue for less severe, orange for severe). The

plot shows a clear separation between severe and less severe samples, suggesting that the primary variation in the data is driven by severity status
rather than technical or batch-related effects.
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two sets of features were identified from the two augmented datasets, and the Venny-2.1 online tool was used to identify overlapping
feature genes.

2.4. Gene Ontology functional enrichment analysis

The identified overlapping biomarkers underwent analysis for enrichment of GO terms using the SRPLOT web tool (https://www.
bioinformatics.com.cn/en).>’ A p-value <0.05 was used as the cut-off for enrichment analysis. Results were visualized in tables, cnet
plots, bar plots, and dot plots.

3. Results
3.1. Data preprocessing

A total of 126 samples were retrieved as fastq files. The reads were then trimmed and 90-99 % of sequence pairs were retained. All
the samples were then rechecked for quality and were all found to be of good quality (Phred score >34) with no adapters. Alignment of
reads to the reference genome indexes yielded an alignment rate between 97.05 % and 99.17 % and the process of quantification of
reads aligning to specific feature genes produced a matrix of 19,994 genes with 126 samples considering protein-coding genes. Dif-
ferential expression analysis produced 916 DEGs including 503 upregulated and 413 down-regulated genes. The Ensembl IDs in the
DESeq results were used to generate corresponding official gene symbols in R, using the Homo sapiens annotation package org.Hs.eg.
db, and the maplds(.) function.

All samples selected in this study were processed in a single sequencing run, with no differences in library preparation protocols,
sequencing dates, or other technical variables. The results from Principal Component Analysis (PCA) on DESeq2 normalized data
indicated that the observed variation was primarily due to biological factors (e.g., severity status) rather than technical or batch-
related differences (Fig. 2). Given the uniformity in experimental design and lack of technical variability, no significant batch ef-
fects were anticipated in the data.

3.2. Data augmentation

Before data augmentation, some optimal features were identified, here 337 genes out of 916 DEGs, corresponding to 36.79 % of the
total number of DEGs, to allow comparison with those selected on augmented datasets for feature consistency assessment.

3.2.1. Data preprocessing

The original dataset was prepared to meet the structure required for machine learning and explored to better understand its
characteristics and to choose the appropriate tools for preprocessing. The dataset comprised a total of 100 samples, including 51 less-
severe samples and 49 severe samples, out of 916 DEGs with no missing values. To prepare the dataset, DEGs were selected from the
normalized counts using the DESeq results. The severity status variable from the metadata was then added to the dataset. The matrix
was transposed to present the genes in table columns and samples in rows, and the severity status “severe” and “less severe” were
replaced by numerical values “1” and “0” respectively. Upon dataset exploration, this dataset exhibited a positively skewed distri-
bution (left-tailed). The data underwent scaling using the min-max scaler to bring it within the [0, 1] range, ensuring training stability
and equal contribution of all data during the training process. In this study, min-max normalization was chosen over log trans-
formation, z-score, or standard normalization because it yielded better results, particularly after data augmentation, by helping
produce more realistic data. Following scaling, PCA was employed to reduce dataset dimensionality, and the highest accuracy of 80 %
was attained with 20 principal components.

3.2.2. Models architecture and data augmentation

The objective was to develop cGAN models trained on the transformed data’s principal component features, generating conditional
synthetic data (Fig. 1 b). This implies that the model, trained on the entire dataset, is capable of generating specific data tailored to a
particular class. Following multiple iterations, adjustments of model architectures and hyperparameters, and evaluations of generated
data, a Generator (G) was derived, comprising a noise input with a shape of 10 generated from a random normal distribution, a label
input of shape 1, two dense layers with 1024 neurons each, leaky ReLU activations with a coefficient of 0.2, two dropout layers with
coefficients of 0.3 after each dense layer, and an output layer with the same shape as the input dataset, using a linear activation
function.

The Discriminator (D) architecture used an Input layer with the same shape as the original input dataset, a label input of shape 1,
two dense layers with 1024 neurons each and the leaky ReLU activations with a coefficient of 0.2, and an output layer with shape 1 and
a sigmoid activation function.

The training process involved hyperparameters, with 12,000 epochs for cGAN and 5000 epochs for cWGAN-GP, a batch size 64, the
Adam optimizer with a learning rate of 0.00001, and a python Keras default initialization for the weights using a random initialization
from a normal distribution. Binary cross-entropy loss was employed for the cGAN discriminator, while Wasserstein loss was used for
cWGAN-GP discriminator. These parameters were chosen to optimize the performance of each model in generating synthetic data for
the desired class.

The training objective was formulated as follows:
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Ming Maxp E,[log(D(x,c) )]+ E;[log(1 — D([G(2,¢),c]))]

Ming is the minimization of the Generator’s loss

Maxp is the maximization of the Discriminator’s loss

G denotes the generator network.

D denotes the discriminator network.

x denotes real data samples.

z denotes noise samples.

¢ denotes conditional labels.

E denotes the expectation over the corresponding distributions.

log represents the natural logarithm.

E,[log(D(x,c))] is the expected value of the logarithm of the discriminator’s output D(x,c), where x is a real data sample, and c is the
condition. It measures how well the discriminator D can correctly classify real data x conditioned on a given label c.

E,[log(1— D([G(z,c), cD)] is the expected value of the logarithm of 1 — D(G(z,c),c), where G(z,c) is the fake sample generated by the
generator G using latent noise z and condition c. It measures how well the discriminator can distinguish fake samples generated by G(z,
¢) (i.e., fake data G(z,c) conditioned on c) from real ones.

Some strategies were employed to enhance the robustness and stability of the cGAN and cWGAN-GP models during training. In the
case of cGAN, dropout layers were incorporated in the generator after the first and second dense layers with a rate of 0.3, to prevent
overfitting by randomly disabling a fraction of neurons during training. Additionally, the discriminator and generator were trained
alternately to maintain a balance between them and avoid mode collapse. For the cWGAN-GP, a gradient penalty was employed in the
discriminator’s loss function to enforce the Lipschitz constraint and stabilize training, with a penalty weight of 10. The discriminator
(or critic) was updated five times per generator update, ensuring it remained well-trained. Moreover, the use of the Wasserstein loss
function provided more stable gradients than traditional GANSs, further mitigating the risk of mode collapse.

After training, the models were used to generate 10,000 synthetic samples including 5000 synthetic data points for class 1 (severe)
and 5000 for class O (less severe).

3.2.3. Data postprocessing and inverse transformation

Min-max scaling and PCA inverse transformation were utilized to revert the generated synthetic data to the original scale and
feature space. Following this, cosine similarity was calculated between vectors of the original data and those of synthetic data
belonging to the same class, and for each vector in the dataset of the real sample, the five closest neighbors in the dataset of fake
samples were selected based on the highest cosine similarity values. A cosine similarity value of 1 signifies that the vectors are
identical, O denotes that they are orthogonal (perpendicular), and —1 indicates they are opposed.

The general cosine similarity between two vectors was computed as follows:

dot(vectorl, vector2) / ((norm(vectorl)* (norm(vector2))))

dot(vectorl,vector2) calculates the dot product of the two vectors.
norm(vectorl) and norm(vector2) calculate the Euclidean norm (magnitude) of each vector.
After cosine similarity computing, a total of 453 synthetic samples were identified for data generated by the cGAN model and 463
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Fig. 3. t-SNE visualizations of fake data generated by the cGAN models. a. t-SNE visualization of fake data generated by the cGAN (conditional
Generative Adversarial Network) model. Points are color-coded by severity from less severe (purple, class 0) to severe cases (yellow, class 1). b t-SNE
visualization of fake data generated by the cWGAN-GP (conditional Wasserstein Generative Adversarial Network with Gradient Penalty) model.
Color coding reflects severity levels, with the same color scheme as a.
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synthetic samples for the cWGAN-GP model (Fig. 3).

3.2.4. Synthetic data evaluation

While synthetic data evaluation covered the entire feature set, only the first 25 features were displayed. Generated data was
visually evaluated using statistical approaches such as absolute log mean and standard deviation of real and fake data, cumulative
sums per feature, t-SNE, and PCA plots (Fig. 4). In addition, a machine-learning approach was used to assess the model performance
before and after data augmentation (Table 1).

Before evaluating the synthetically generated data using the ML approach, both the real and synthetic datasets were merged and
assessed. Using an RF model with five-fold cross-validation (and parameter n_estimator = 100) on the original and augmented datasets,
the achieved accuracies were compared. While before data augmentation, the severity analysis dataset achieved an accuracy of 82.00
%, after data augmentation, the accuracies improved to 94.58 % with a dataset augmented by the cGAN and to 95.21 % with the
cWGAN-GP-augmented dataset (See Table 1). This highlights the importance of using data augmentation to improve the ML model’s
accuracy.

3.3. Feature selection and model evaluation

The cGAN-augmented dataset identified 56 optimal features out of 916 DEGs while the cWGAN-GP-augmented dataset identified
815 optimal features out of 916 DEGs. Optimal features selected after data augmentation were compared to those selected before data
augmentation. As a result, out of the 337 optimal features initially selected before data augmentation on the original dataset, 319
features, corresponding to 94.65 % of the total number of features, were identified either using the cGAN-augmented dataset or the
cWGAN-GP-augmented dataset. Among these, 56 features overlapped between the cGAN and cWGAN-GP-augmented datasets (Fig. 5).

Feature validation involved comparing the list of optimal features to those associated with disease severity and status in earlier
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Fig. 4. Synthetic data evaluation using statistical approach. a Absolute log mean and standard deviation of real and fake data generated by the
cGAN model. b Absolute log mean and standard deviation of real and fake data generated by the cWGAN-GP model. The closer the data points are to
the line, the more similar the synthetic data is to the original data. Overall, the evaluation demonstrates that synthetic data was realistic using the
absolute log mean and standard deviation. This method helped in assessing the statistical properties and performance of the synthetic data generated
by the model compared to real data. ¢ Cumulative sums of the first 25 features in real and fake data generated by the cGAN model. d Cumulative
sums of the first 25 features in real and fake data generated by the cWGAN-GP model. The closer the curves overlap, the more similar the synthetic
data is to the original data. Real data is represented in blue, and fake data is in orange. Specific variables or features in both the real and generated
data were assessed to understand the overall trends and distributions of the data and assess the synthetic data’s fidelity to the real data. e PCA of real
and fake data generated by the cGAN model. f PCA of real and fake data generated by the cWGAN-GP model. g t-SNE of real and fake data generated
by the cGAN model. h t-SNE of real and fake data generated by the cWGAN-GP model. i UMAP of real and fake data generated by the cGAN model. j
UMAP of real and fake data generated by the cWGAN-GP model The PCA, t-SNE and UMAP plots were used to visualize the distribution of real data
(in blue) compared to that of fake data (in orange). The more the two distributions overlap, the more fake data is similar to real data.
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Table 1

Synthetic data quality evaluation using the ML approach.
DL model cGAN cWGAN-GP
Before DA 82.00 % 82.00 %
After DA 94.58 % 95.21 %

COVID-19 studies. Consequently, a total of 168 optimal features were validated. Combining these with the 47 features overlapping
between the cGAN and cWGAN-GP-augmented datasets, a total of 215 overlapping features were identified as biomarkers for the
current study, among which 112 upregulated genes and 103 downregulated genes (See supporting information).

Evaluation of these 215 overlapping features using an RF model (parameters: n_estimators = 100, random_state = 42) with 5-fold
cross-validation achieved an improved accuracy of 95.31 % compared to 94.58 % achieved when using the complete set of features on
the cGAN-augmented dataset. Subsequently, the optimal 215 features achieved an accuracy of 94.86 % compared to 95.21 % achieved
when using the complete set of features on the cWGAN-GP-augmented dataset (Table 2). As the model using the cGAN-augmented
dataset achieved better accuracy using the 215 optimal features, this dataset was used to select the narrowed list of biomarkers.

3.4. Gene Ontology functional enrichment analysis

The GO enrichment revealed that SARS-CoV2 severity was mostly related to the dysregulation of biological processes such as
neutrophil degranulation, neutrophil activation involved in the immune response, organ or tissue-specific immune response, among
others (Fig. 6).

3.5. Top biomarkers and clinical utility evaluation

The measurement of gene expression levels across a large gene pool (in this case, 215 genes) could pose challenges for clinical
implementation, given that current real-time PCR technology only assesses a limited number of genes. The top 5 genes (highest RF
importance score), from the dataset augmented with cGAN, were selected as biomarkers and evaluated using the ROC curve analysis
(Fig. 7).

A combined signature considering the expression patterns of the 5 genes successfully distinguished less severe patients from severe
patients in a Random Forest model (AUROCC 0.98, optimal threshold 0.49, and accuracy 0.94) (Fig. 7 b). The ROC curve and the
corresponding area under the curve (AUC) were calculated using the Python “roc_curve, roc_auc_score” packages.

Before DA After DA ¢cGAN Litterature After DA ¢cGAN

After DA cwGANGP After DA cwGANGP

Fig. 5. Venn diagram of overlapping genes. a Overlapping features before (Before DA) and after data augmentation (After DA cGAN, After DA
cWGAN-GP). b Partial validation of features selected after data augmentation (After DA cGAN, After DA cWGANGP) using genes screened from the
literature (Litterature).
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Table 2
Evaluation of the 215 overlapping features.
Features Metric Original dataset cGAN cWGAN-GP
Complete set of features Mean Accuracy(%) 82.00 94.58 95.21
Sensitivity(%) 81.63 94.66 96.41
Specificity(%) 80.39 94.11 94.01
215 overlapping features Mean Accuracy(%) 82.00 95.31 94.86
Sensitivity(%) 81.63 96.44 96.05
Specificity(%) 82.35 94.11 93.66

Biological Process

neutrophil degranulation g 3 .
e . i i Count
neutrophil activation involved in immune response i e .
i ® 10
MUCOSal IMMUNE FESPONSE v st ® 15
: @® 2
organ or tissue specific immune response 4 L 3 i . 25
, @ »
antimicrobial humoral response o @]
response to molecule of bacterial origin 4 . s i pvalue
defense response to Gram-negative bacterium A O _—
e_
response to lipopolysaccharide 1 .
1e-10
innate immune response in mucosa -
response to fungus |- @

11 13 15 17
EnrichmentScore (-log10(pvalue))
Fig. 6. Dot plot of Biological processes dysregulated in severe COVID-19 patients (padj <0.05). The count or dot size reflects the number of genes

linked to a specific term, while the p-value indicates significance through color. A red color, which is associated with the smallest p-value shows
more significance.

4. Discussion

Despite progress in vaccine development, COVID-19 remains a global threat, necessitating additional studies for deeper insights.>’
While previous studies have identified specific biomarkers linked to COVID-19 severity, continuous research is indispensable for
several reasons. Existing research findings validation and replication using independent research entities are crucial to ensure their
reliability, especially considering potential influences like sample size. Additionally, ongoing research holds promise in uncovering
novel biomarkers, potentially offering deeper insights into the severity of the disease. In this study, the primary objective was to
identify biomarkers associated with SARS-CoV-2 severity and reveal the biological processes underlying these selected biomarkers.
The initial step involved identifying genes exhibiting varying expression levels under different conditions, following a standard
pipeline for differential expression analysis, which includes quality control, trimming, alignment, quantification, and differential
expression analysis. To address sample size limitations, data augmentation strategies were implemented to increase the dataset size
and diversity, enhancing the accuracy of downstream machine learning models in predicting COVID-19 severity. Specifically, the
Random Forest algorithm was utilized to select the most optimal subsets of feature genes using datasets augmented by cGAN and
cWGAN-GP. The overlap of optimal genes was analyzed for enrichment, and the top genes with the highest importance scores were
identified as potential biomarkers. Differential expression analysis identified 916 genes exhibiting significant change between severe
and less severe conditions. Highly upregulated genes were associated with the immune response (C8B, DEFA1, DEFA1B) as well as
those related to blood group antigens Rh, MNS, and Do (RHAG, ART4, and GYPA).

4.1. Dataset augmentation and model accuracy

After differential expression analysis, the severity dataset was augmented using cGAN and cWGAN-GP models to improve sub-
sequent machine learning models’ accuracy. The two augmentation strategies produced two slightly different datasets, from which
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Fig. 7. Evaluation of the top five genes with the highest importance score. a Bar plot of the top five features with the highest importance score:
CCDC65 (Coiled-coil Domain Containing 65): 0.062765, ZNF239 (Zinc-Finger protein 239): 0.056777, OTUD7A (Ovarian Tumor Deubiquitinase 7A,
aka Zinc-Finger anti-NF-kB): 0.054512, CEP126 (Centrosomal Protein 126, aka KIAAA1377): 0.041386, TCTN2 (Tectonic family member 2):
0.036861. b The ROC curve provides the model performance distinguishing between less severe and severe COVID-19 patients when using an RF
model (parameters: n_estimators = 100, random_state = 42) trained with the combination of the five genes.

optimal features were selected using the RFECV method. The feature selection process produced two sets of optimal features with 215
overlapping genes, including 112 genes upregulated and 103 genes downregulated, among which 168 genes, 78.13 % were validated
using literature (Fig. 5 b). To assess the prognostic value of selected genes in distinguishing between severe and less severe COVID-19
cases, ROC curve analysis was performed for the 215 overlapping genes. As a result, the cGAN-augmented dataset performed better on
the 215 overlapping genes (Acc: 95.31 %, AUC: 0.99), compared to the cWGAN-augmented dataset (Acc: 94.86 %, AUC: 0.97), and was
considered for the selection of the top five biomarkers used for constructing the final RF model.

4.2. Gene Ontology Enrichment analysis

Gene Ontology enrichment analysis of the 215 overlapping genes revealed that SARS-CoV2 severity involves the dysregulation of
multiple biological processes associated with the immune response which components are affected during the infection. The most
enriched GO terms included neutrophil degranulation (GO:0043312) and neutrophil activation involved in the immune response
(G0:0002283). While neutrophils can exhibit antiviral activities during the initial stages, they can also contribute to dysregulated
inflammation in coronavirus-induced pneumonia.®” A dysregulated immune response, including excessive neutrophil degranulation,
can result in severe symptoms. This excessive immune reaction can lead to tissue damage, inflammation, and ARDS, which is a major
cause of mortality in severe cases of COVID-19. Overall, the analysis revealed that the upregulated genes were significantly enriched in
the neutrophil activation terms, while the downregulated genes were linked to T cell activation. This aligns with previous publications
suggesting that elevated neutrophil activity compared to T cells may suggest a severe response to COVID-19.°>* The immune response
against the virus, especially in severe cases, is often ineffective because the virus can evade interferon-mediated antiviral immunity,
leading to decreased T-cell counts and lymphopenia.®*>°

4.3. Top five biomarkers

The measurement of gene expression levels for a large number of genes (here 215) will make it difficult to implement in clinical
practice as current real-time PCR technology measures only a small number of genes. To narrow down the list, we focused on bio-
markers with the highest RF importance score, which appeared to give the highest performance individually and in combination. As
mentioned earlier, the top five most important genes, including CCDC65, ZNF239, OTUD7A, CEP126, and TCTN2, were selected from
the cGAN-augmented dataset and evaluated for clinical utility. Consequently, a Random Forest (RF) model utilizing a combination of
these five features appeared to perform better, achieving an accuracy of 0.94 and an AUC of 0.98. In comparison, the performance
(AUC) of models using individual features was 0.93 for TCTN2, 0.91 for ZNF239, 0.91 for CCDC65, 0.91 for OTUD7A, and 0.90 for
CEP126. TCTN2 (Tectonic family member 2) gene codes for a type I membrane protein involved in cilium assembly (NCBI, Genecard,
DAVID). In a previous study, the TCTN2 was overexpressed in colorectal, ovary, and lung cancer, and its downregulation significantly
affected cilia formation and enhanced apoptosis.*> CCDC65 (Coiled-coil Domain Containing 65) gene encodes a protein required in the
Nexin-Dynein Regulatory Complex (N-RDC) assembly, thus contributing to the regulation of cilia motion and cilia assembly
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(ciliogenesis).>” The CCDC family plays an important role in various essential biological functions, including the regulation of T cell
activity, motile cilia function, and DNA sensors.“® Alterations in the N-RDC affect cilia beating, contributing to upper or lower res-
piratory problems.>® CEP126 (Centrosomal Protein 126), aka KIAAA1377, is a poorly characterized protein located at the centrosome
and the base of the primary cilium.*” It also plays a role in cilium assembly, microtubule organization, and centrosome function.*® The
COVID-19 disease is known to exhibit immune responses that overlap with sepsis.*’ CEP126 is a DNA-methylation marker gene® and
has been associated with sepsis outcome prediction and pneumonia,”’ one of the complications of COVID-19. The ZNF239 (Zinc-Finger
protein 239) gene encodes a protein (Transcription Factor) known to contribute to the anti-SARS-CoV-2 response by activating in-
terferons (IFNs).”” Gene ontology annotations link it to DNA-binding and RNA-binding transcription factor activities (Genecard,
2024). Its expression has been demonstrated to restrict SARS-Cov-2 replication in human lung cells showing a negative correlation
with the viral load.””>° It has already been associated with cancer and obesity.>* °® Finally, OTUD7A (Ovarian Tumor Deubiquitinase
7A), aka Zinc-Finger anti-NF-kB, belongs to the ovarian tumor deubiquitinase family.>® °' It facilitates deubiquitination of its target
protein, consequently suppressing the NF-xB signaling pathway, a regulator of the immune response and inflammation.' In other
words, the protein it encodes exerts a negative regulatory effect on I-kappaB kinase/NF-kappaB signaling by acting on TRAF6 (TNF
receptor-associated factor 6).°> Reduced expression of OTUD7A might lead to increased activity of the NF-kB pathway, potentially
contributing to heightened inflammation in severe COVID-19 cases.

4.3.1. Top biomarkers: implications in SARS-CoV-2 mechanisms

The five identified biomarkers (TCTN2, CCDC65, CEP126, ZNF239, and OTUD7A) are intricately linked to SARS-CoV-2 mecha-
nisms through their roles in cilium assembly, immune regulation, and inflammatory responses. Cilia are hair-like structures that extend
from cells and are involved in signaling.® Defects in cilia structure or function can cause respiratory problems. In other words, defects
in cilia structure or function (shape, length or size, movement coordination, disassembly, and shedding) lead to a spectrum of human
diseases called ciliopathies, which impact nearly all organ systems, including the lungs and middle ears.>® When functioning properly,
cilia beat in a wave-like motion to clear mucus, bacteria, and any foreign particles up toward the mouth, where they can be coughed or
sneezed out. Mutations or downregulation of genes that govern the structure and function of cilia cause Primary Ciliary Dyskinesia
(PCD), making the cilia dysfunctional, affecting mucus clearance, and resulting in foreign particles building up in the airways. This
condition leads to breathing difficulties and susceptibility to secondary respiratory infections in the ears, sinuses, and lungs,*” as well
as upper and lower respiratory complications, including chronic sinopulmonary disease, chronic bronchitis, and congenital cardiac
defects.*® ** PCD is often initially misdiagnosed as asthma, pneumonia, or bronchitis. Repeated infections damage the lungs and
airways, eventually leading to respiratory failure.

SARS-CoV-2 infects ciliated cells due to their affinity for ACE2 ciliary receptors*' and has been reported to induce the loss of cilia.*?
Its protein ORF10 increases the activity of E3 Ubiquitin ligase adapter ZYG11B, leading to the degradation or downregulation of
multiple ciliary proteins. This ciliary loss affects mucus clearance and facilitates the spread of SARS-CoV-2 in the respiratory tract.’” E3
ubiquitin ligases are enzymes that catalyze the addition of ubiquitins to proteins. Little is known about the regeneration of cilia after
virus clearance and the potential long-term consequences of COVID-19 on mucociliary clearance.** Additionally, Primary cilia are
involved in various immune responses, including inflammation, which is a major issue for patients with COVID-19.** Severe COVID-19
infections are marked by a “cytokine storm,” a massive proinflammatory response that is believed to result in acute respiratory distress
syndrome and multiorgan dysfunction/failure.”® Another finding about cilia is that the immune system may also impact primary cilia
function, as several cytokines have been shown to permanently lengthen primary cilia.*®

Overall, TCTN2, CCDC65, and CEP126 contribute to ciliary function and assembly, processes disrupted by SARS-CoV-2 via
mechanisms such as ACE2 receptor targeting and viral protein-induced cilia degradation, which impair mucociliary clearance and
exacerbate respiratory complications. ZNF239, a transcription factor involved in interferon activation, plays a critical role in antiviral
defense by restricting SARS-CoV-2 replication, while OTUD7A, a negative regulator of the NF-xB pathway, modulates inflammation.
The downregulation of these genes in severe cases highlights their potential as biomarkers reflecting SARS-CoV-2’s ability to evade
immune responses, trigger hyperinflammation, and compromise respiratory function.

4.3.2. Top biomarkers: clinical relevance

The five biomarkers (TCTN2, CCDC65, CEP126, ZNF239, and OTUD7A) hold significant clinical relevance as they provide insights
into disease severity and potential therapeutic targets for COVID-19. TCTN2, CCDC65, and CEP126, associated with ciliary function,
could serve as indicators for respiratory dysfunction and mucociliary clearance impairment, aiding in the identification of patients at
higher risk for severe complications. ZNF239’s role in antiviral defense through interferon activation positions it as a potential marker
for immune competency. Low expression levels might identify patients who could benefit from therapies targeting immune system
augmentation or interferon-based treatments. Finally, OTUD7A’s regulation of the NF-kB pathway suggests its utility in identifying
patients prone to excessive inflammation or cytokine storms. Its expression could be a diagnostic marker to guide the use of NF-kB
inhibitors. Collectively, these biomarkers could be integrated into diagnostic panels, used to guide personalized treatment strategies,
and employed as prognostic tools to improve the management of COVID-19 severity.

Moreover, the final Random Forest model, trained on the five biomarkers, offered significant clinical utility as a predictive tool for
stratifying COVID-19 patients by disease severity (Fig. 7 b). With its high performance (AUC: 0.98, Acc: 0.94), the RF model could be
integrated into diagnostic workflows, and assist clinicians in making data-driven predictions based on input biomarker values,
enabling early identification of high-risk patients and informing timely interventions. However, its clinical application must follow
strict validation on independent and diverse patient cohorts to ensure generalizability and reliability, as well as regulatory approvals to
meet clinical standards.
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It is worth noting that four of all the top five genes, the TCTN2, CCDC65, OTUD7A, and CEP126, were identified as optimal features
both before and after data augmentation, and with both the cGAN and cWGAN-GP-augmented datasets. This indicates the robustness
and reliability of these genes as important markers and validates the effectiveness of these advanced data augmentation techniques,
including the cGAN and the cWGAN-GP, on RNASeq data. This consistency suggests that these genes are reliable indicators of COVID-
19 severity, irrespective of data augmentation techniques. This also reinforces the value of sophisticated data augmentation techniques
in biomedical research, particularly when dealing with limited or imbalanced data. Further research is needed to fully understand the
specific mechanisms and implications of these biomarkers in severe COVID-19.

The significance of this study lies in the potential for these biomarkers to improve diagnosis, prognosis, and treatment strategies for
COVID-19 patients, ultimately aiding in better management of the pandemic. Additionally, the study contributes to the broader field of
transcriptomics and machine learning applications in understanding infectious diseases by providing a practical application of
Generative Adversarial Networks for RNAseq analysis to predict SARS-CoV2 infection severity. Moreover, it contributes novel insights
into the transcriptional host responses observed in severe COVID-19 patients, suggesting five novel potential biomarkers that could
achieve high prediction accuracy in distinguishing between patients at a severe and less severe risk of infection.

5. Conclusions

This study underscores the importance of ongoing research in identifying reliable biomarkers for predicting COVID-19 severity.
Using advanced data augmentation techniques and machine learning models, 215 genes associated with disease severity were iden-
tified, with five key biomarkers (CCDC65, ZNF239, OTUD7A, CEP126, and TCTN2) demonstrating strong predictive capabilities. The
Random Forest model exhibited high accuracy, highlighting its potential clinical utility. Gene Ontology enrichment analysis revealed
that severe COVID-19 involves dysregulated immune responses, particularly neutrophil activation and degranulation, which aligns
with clinical observations of severe symptoms caused by excessive immune reactions.

While the focus is on the top five biomarkers, the potential of other identified genes should not be overlooked. Exploring com-
binations of these biomarkers, alongside the top-ranking ones, could uncover novel insights into disease mechanisms and provide
valuable directions for future research. Additionally, this study concentrated on protein-coding genes due to their direct functional
roles and relevance to biomarker discovery for clinical applications. Protein-coding genes are more likely to serve as immediate
candidates for diagnostic or therapeutic development. However, regulatory elements such as non-coding RNAs and enhancer regions
also play crucial roles in gene expression regulation and disease mechanisms. Future studies should integrate these regulatory elements
to provide a more comprehensive understanding of the molecular pathways underlying COVID-19 severity.

This research makes a significant contribution to the field of transcriptomics and the application of deep learning in infectious
diseases. The identified biomarkers and the robust predictive model offer promising avenues for improving the management of COVID-
19, ultimately aiding in mitigating the pandemic’s impact. Further research is required to validate these findings on independent
datasets and to explore the specific mechanisms of the identified biomarkers in severe COVID-19.
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