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Abstract

The continuous threats posed by Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), the virus that causes COVID-19, including the emergence of potentially
more infectious and deadly variants, necessitate ongoing studies to uncover novel and
detailed mechanisms driving disease severity. Using single-cell transcriptomics, we con-
ducted a secondary data analysis of bronchoalveolar lavage fluid (BALF) from COVID-19
patients of varying severities and healthy controls to comprehensively examine immune
responses. We observed significant immune cell alterations correlating with disease sever-
ity. In severe cases, macrophages showed upregulation of pro-inflammatory genes TNFa
and IL1, contributing to severe inflammation and tissue damage. Neutrophils exhibited
increased activation, marked by S100A8, CXCLS8, and IL1§ expression, with extended
viability and reduced phagocytosis. Genes such as MCL1 and HIF1a supported extended
viability, while MSR1 and MRC1 indicated reduced phagocytosis. Enhanced formation of
neutrophil extracellular traps (NETs) and reduced clearance, indicated by NET-associated
markers, were linked to thrombo-inflammation and organ damage. Both macrophages
and neutrophils in severe cases showed impaired efferocytosis, indicated by decreased
expression of MSR1 and TREM2 in macrophages and downregulation of FCGR3B in
neutrophils, leading to the accumulation of apoptotic cells and exacerbating inflammation.
Severe cases were characterized by M1 macrophages with high TNFa and IL13, while
milder cases had M2 macrophages with elevated PPARy. Dendritic cells (DCs) in severe
cases exhibited reduced proportions and attenuated expression of MHC class | genes
(HLA-A, HLA-B, HLA-C) and co-stimulatory molecules (CD80, CD86), alongside increased
cytochrome c expression, indicating impaired antigen presentation and enhanced apopto-
sis. NK and T cells in severe cases demonstrated altered receptor and gene expression,
with increased activation markers IFNy and ISG15, suggesting a paradoxical state of
activation and exhaustion. This analysis highlights the critical role of dysregulated neutro-
phil, macrophage, dendritic cell, NK, and T cell responses in severe COVID-19, identifying
potential therapeutic targets and providing novel insights into the disease.
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Introduction

The COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has significantly impacted global health. As of July 14, 2024, over 775 mil-
lion cases have been confirmed, with more than 7 million deaths reported [1]. This crisis has
placed unprecedented strain on healthcare systems while also driving remarkable scientific
collaboration, particularly in immunology. This pandemic underscores the urgent need to
improve our understanding of viral pathogenesis and the immune system’s role in both driv-
ing and combating infectious diseases.

A key revelation from this pandemic is the central role played by the immune system in
determining the severity and outcomes of SARS-CoV-2 infection [2,3]. Despite significant
advances, the complexities of the innate immune response, especially in regulating inflamma-
tion and tissue damage during SARS-CoV-2 infection, are not fully understood. Critical areas
of focus include the roles of type 1 and type 2 innate lymphoid cells, NK cells, T cell regula-
tion, and the production of type 1 interferons (Interferon alpha and beta) and type 2 inter-
ferons (Interferon-gamma) [4]. Neutrophils and macrophages, key components of the innate
immune system, are crucial in the early stages of infection and significantly influence disease
progression and severity [4,5].

Neutrophils, the most abundant white blood cells, act as frontline defenders against
pathogens through mechanisms such as phagocytosis and the release of neutrophil extracel-
lular traps (NETs) [6]. While these processes are vital for controlling pathogens, excessive
neutrophil activation and NET formation can cause significant tissue damage, contributing to
the severe inflammatory responses seen in critical COVID-19 cases [7-9]. This phenomenon,
often referred to as a “cytokine storm,” is a hallmark of severe SARS-CoV-2 infection and
illustrates the double-edged nature of the immune response [7,10].

Macrophages, known for their versatility, exhibit a range of activation states from the
pro-inflammatory M1 phenotype, which is involved in pathogen killing and promoting inflam-
mation, to the anti-inflammatory M2 phenotype, which aids in tissue repair and the resolution
of inflammation [11-13]. Maintaining a balance between these phenotypes is crucial; an imbal-
ance skewed towards the M1 phenotype can lead to unchecked inflammation and significant
tissue damage, which are characteristic of severe COVID-19 [14]. Similarly, natural killer (NK)
cells and their interactions with macrophages and T cells are vital in modulating immune
responses, impacting viral clearance and tissue damage [15-18]. The production of type 1 and
type 2 interferons by these cells plays a crucial role in antiviral defense and immune response
regulation [19,20]. Understanding this balance is essential for developing therapeutic strategies
aimed at modulating the immune response to achieve better clinical outcomes.

Research indicates that alterations in receptor and interferon regulatory genes affect the
activity of type 1 and type 2 innate lymphoid cells, NK cells, and T cells, which in turn influ-
ence neutrophil and macrophage functions and correlate with disease progression [21-27].
For example, the presence of low-density neutrophils with enhanced activation markers in
severe cases points to a hyperactive state that likely exacerbates disease progression [28,29].
Moreover, elevated activation markers in M1 macrophages indicate a robust inflammatory
response, presenting potential therapeutic targets for modulating immune responses in
COVID-19 [30-32]. The regulation of T cell responses, particularly the balance between effec-
tor and regulatory T cells, is also crucial in determining the outcome of SARS-CoV-2 infection
[33-36]. These insights not only enhance our understanding of SARS-CoV-2 pathogenesis but
also underscore the urgent need for targeted therapeutic strategies to mitigate severe inflam-
matory responses and improve patient outcomes.

Our novel study demonstrates the transformative potential of single-cell transcriptomics in
providing unprecedented resolution into complex immune interactions [37-39]. By offering
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a comprehensive framework for future research and therapeutic development, our work
underscores the critical importance of advanced transcriptomic technologies in understand-
ing and combating infectious diseases. This research paves the way for innovative therapeu-
tic approaches that can be applied not only to COVID-19 but also to other viral infections,
highlighting the broader relevance and impact of our findings in the field of host-pathogen
interactions.

Materials and methods
Ethics statement

In this research, we conducted a secondary analysis using two publicly available datasets
obtained from the Gene Expression Omnibus (GEO), a functional genomics data reposi-

tory. As the participant data had already been anonymized and made publicly accessible,
institutional review board (IRB) and ethical approval were not required. GEO supports
MIAME-compliant data submissions, ensuring high standards for data quality and reporting.
Since the datasets were fully anonymized, there were no additional ethical concerns regarding
participant confidentiality or consent. Our approach aligns with established ethical guidelines,
recognizing the minimal risk involved in analyzing de-identified public data, and com-

plies with all relevant ethical standards while contributing valuable insights to the scientific
community.

Study data

We acquired single-cell RNA sequencing (ScRNA-seq) data from bronchoalveolar lavage
fluids (BALFs) of healthy individuals, moderately ill patients, and severe COVID-19 patients.
These datasets were obtained from the Gene Expression Omnibus (GEO) database, accessed
and downloaded between May 10" and June 10 2024, which is owned and operated by the
National Center for Biotechnology Information (NCBI), a part of the National Library of
Medicine (NLM) at the National Institutes of Health (NIH) in the United States. The GEO
database is a public archive and resource for gene expression data. Specifically, we used data-
sets with accession codes GSE151928 for healthy individuals, GSE145926 for moderately ill
patients, and GSE157344 for severe COVID-19 patients. Our study included SCRNA-seq data
from a total of 6 healthy controls, 3 moderately ill patients, and 21 severe COVID-19 patients.
The GEO codes for healthy control individuals included: GSM4593888, GSM4593889,
GSM4593890, GSM4593891, GSM4593892, GSM4593893. For moderate COVID-19 indi-
viduals the sample GEO codes for individuals used included: GSM4339769, GSM4339770,
GSM4339772. For severe alive patients sample GEO codes included: GSM4762146,
GSM4762141, GSM4762142, GSM4762143, GSM4762144, GSM4762155, GSM4762156,
GSM4762157, GSM4762148, GSM4762159, GSM4762160, GSM4762139 and GSM4762151.
For severe dead individuals samples analyzed had the following GEO codes: GSM4762140,
GSM4762153, GSM4762147, GSM4762149, GSM4762152, GSM4762158, GSM4762145,
GSM4762150. A comprehensive summary of the basic biological and clinical information of
the individuals and patients analyzed in this study can be found in Table 1. The data is fully
anonymized, and we never had access to any identifiable information about the participants,
either during or after data collection.

Normalization, feature selection, and clustering

For this analysis, we utilized the R package Seurat v.5.1.0 [40] to perform data normalization,
scaling, dimensionality reduction, clustering, differential expression analysis, and visualiza-
tion. The following criteria were applied to each cell from all twenty-four patients and six
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Table 1. A detailed overview of the fundamental biological and clinical data of the individuals and patients examined in this study.

Status Healthy controls Moderate Severe alive Severe dead
Age (Mean-Range) 31.5 (26-50) 36 (35-37) 62.2 (51-77) 68.4 (58-80)
Sex (M/F) (2)/(4) (2)/(1) (10)/(3) (7)/(1)
Symptoms None Cough/Fever/Muscle aches - -

Clinical Outcome No Disease Cured Cured Dead

SOFA score - Mean (Range) - - 5.5(3-10) 6.1 (3-10)
BMI Mean - (Range) - - 31.8 (26.7-34.9) 28.2 (24.6-35.1)
SMOKER (#Yes/#No) - - (6)/(7) m/(7)
Hypertension (#Yes/#No) None None (5)/(8) (6)/(2)
Diabetes Type 2 (#Yes/#No) None None (5)/(8) (2)/(6)
COPD (#Yes/#No) None None (1)/(12) None
Cardiovascular disease (#Yes/#No) None None (2)/(11) (M/I(7)

https://doi.org/10.1371/journal.pone.0309880.t001

healthy controls: the number of genes was restricted to between 200 and 5,000, RNA counts
were capped at less than 40,000, and mitochondrial gene percentage was kept below 10%.
After applying these filters, a total of 68,576 cells remained for downstream analyses. Nor-
malization of all sample data was conducted using the LogNormalize method, followed by the
selection of the top 2,000 highly variable genes for integration. For dimensionality reduc-

tion and clustering, nearest neighbor graphs (FindNeighbours) were constructed to identify
cell-cell relationships. Subsequently, Louvain clustering (FindClusters) was performed with a
resolution parameter of 0.8 to define distinct cellular populations. To visualize the data in two
dimensions, Uniform Manifold Approximation and Projection (UMAP) was executed on the
top 20 principal components. Cell clusters were annotated based on the origin of the sam-
ples, distinguishing between healthy controls, moderately ill patients, and severe COVID-19
patients. Visualization using DimPlot facilitated the exploration of clustering patterns and the
identification of sample-specific clusters.

Data integration and annotation

To integrate datasets from healthy controls, moderately ill patients, and severe COVID-19
patients, we utilized an anchor-based canonical correlation analysis (CCA) method. This
approach aligns datasets by identifying shared sources of variation, improving comparability
and addressing batch effects across different studies [41]. After integration, neighbors were
recalculated based on the integrated data, and clustering was performed with a resolution of
1.2 to define integrated clusters. UMAP projection using the integrated coordinates provided
a unified visualization of cell populations across conditions.

Additionally, we accessed single-cell RNA sequencing (ScCRNA-seq) data from the Human
Primary Cell Atlas reference database using the celldex package in R. Automatic cell type
annotation was conducted with the SingleR package in R, which compares the gene expression
profiles of our dataset against the reference dataset from the Human Primary Cell Atlas.

Re-clustering of relevant immune cells and differential gene expression

We focused on re-clustering cells identified as neutrophils, monocytes/macrophages, NK cells,
and T-cells to concentrate on relevant innate immune cells and T-cells. For comparing gene
expression in individual cells, the FindMarkers function was used, considering genes with an
adjusted p-value < 0.05 as significantly differentially expressed. To compare differential gene
expression among patient groups for each cell type, we applied Seurat’s implementation of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0309880 February 10, 2025 4/26



https://doi.org/10.1371/journal.pone.0309880.t001

PLOS ONE

Single-cell transcriptomics identifies immune drivers of COVID-19 severity

Wilcoxon rank-sum test, using a two-sided p-value < 0.05 and the average log(fold-change) of
each differentially expressed gene.

Results

Single-cell RNA sequencing of Bronchoalveolar cells reveals differential
immune profiles with increasing severity in COVID-19 patients

The complexity and heterogeneity of immune responses to SARS-CoV-2 infection present
formidable challenges in understanding the pathology of COVID-19 [42,43]. To elucidate the
cellular dynamics within the lung microenvironment, we conducted a secondary data analysis
of single-cell RNA sequencing (scRNA-seq) datasets derived from bronchoalveolar lavage
fluid (BALF) cells. The study encompassed four distinct patient cohorts: healthy controls,
individuals with moderate COVID-19 (Moderate), patients with severe COVID-19 who sur-
vived (Severe Alive - SevereA), and those with severe COVID-19 who did not survive (Severe
Dead - SevereD). The use of bronchoalveolar lavage (BAL) represents a minimally invasive,
established technique for sampling the lower respiratory tract, offering an in-depth view of
the cellular components within the lung’s bronchioles and alveoli. This makes BALF an ideal
medium for investigating lung cellular dynamics, particularly in respiratory diseases such as
COVID-19.

Utilizing key cellular markers, we identified and confirmed the distribution of specific cell
types: CD68 and CD14 for monocytes/macrophages, FCGR3B for neutrophils, CD56 for natu-
ral killer (NK) cells, and CD3 for T cells. These markers enabled precise characterization of
the cellular landscape and facilitated differential expression analysis across the cohorts.

Our analysis delineated 29 distinct immune cell populations. The UMAP visualization
(Fig 1A and B) revealed clear segregation of macrophages/monocytes (clusters 2, 4, 10, 11, 12,
15,17, 19, 27), neutrophils (clusters 0, 1, 3, 5, 6, 8, 9, 14, 16), NK cells (cluster 22), and T cells
(clusters 7, 13, 18, 22).

Neutrophils, marked by high FCGR3B expression, were significantly elevated in severe
COVID-19 cases, particularly among those who did not survive (Fig 1C). This elevation
underscores the intense inflammatory response associated with severe disease. In moderate
cases, neutrophil levels remained relatively low, akin to those in healthy controls. Conversely,
macrophages/monocytes, identified by CD68 and CD14, were most abundant in healthy con-
trols and moderate cases, with a notable reduction in severe cases (Fig 1D). This depletion or
functional exhaustion of macrophages/monocytes in severe COVID-19 patients underscores
their critical role in disease progression and immune dysregulation.

NK cells, characterized by CD56 expression, were generally low across all groups but
exhibited a marked decrease in severe cases, suggesting a compromised innate immune
response critical for early viral defense. The NK cell percentages were significantly reduced
in severe cases compared to controls and moderate cases (Fig 1E). T cells, identified by CD3,
also showed significant reductions in severe cases, reflecting an impaired adaptive immune
response. The T cell depletion was particularly pronounced in patients who did not survive
(Fig 1F), highlighting the crucial role of T cells in disease control.

The cohort analysis revealed distinct patterns in immune cell distributions (Fig 1). Healthy
controls exhibited balanced immune cell distributions, with high levels of monocytes/macro-
phages and T cells, and low levels of neutrophils and NK cells. Moderate COVID-19 patients
showed increased immune activation compared to controls but maintained relatively balanced
proportions, with a slight rise in neutrophils and a decrease in NK cells. Severe COVID-19
patients who survived displayed drastic immune alterations, with elevated neutrophil levels
and reduced monocytes/macrophages and NK cells, along with significant T cell depletion.
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Fig 1. Single-cell atlas of immune subsets in Bronchoalveolar lavage fluid from healthy and COVID-19 patients. (A) Two-dimensional UMAP represents

the major immune cell types and associated clusters from bronchoalveolar lavage fluid among healthy donors and COVID-19 patients. (B) UMAP clustering
distribution of four immune cell populations [Neutrophils, Monocytes-Macrophages (Mono/Mac), NK cells, and T cells]. The proportion of BALF immune cell
types focusing on (C) Neutrophils, (D) Mono/Mac, (E) NK cells, and (F) T cells among Healthy Controls (n=6), Moderate COVID-19 patients (n=3), Severe Alive
COVID-19 patients [SevereA] (n=13), and Severe Dead COVID-19 patients [SevereD] (n=8). Statistical analysis utilized the t-test with posttest Wilcox verifica-
tion. Significance levels are indicated as follows: p < 0.001 (*¥¥), p < 0.01 (**¥), and p < 0.05 (¥).

https://doi.org/10.1371/journal.pone.0309880.9001

The most profound immune dysregulation was observed in patients who did not survive,
characterized by dominant neutrophil presence, minimal monocyte/macrophage and NK cell
levels, and severe T cell depletion (Fig 1C, D, E and F).

Elevated neutrophil activation, trap formation, and survival in
Bronchoalveolar lavage correlate with increased disease severity in
COVID-19

Neutrophils are crucial components of the innate immune system, playing both protective
and harmful roles in inflammation and tissue damage across various diseases. They form neu-
trophil extracellular traps (NETs) to capture and kill pathogens, but excessive NET formation
can contribute to tissue damage and exacerbate disease severity. To better understand the role
of neutrophils in both protecting and damaging the respiratory system, their characteristics in
bronchoalveolar lavage (BAL) fluid from healthy donors and COVID-19 patients were exam-
ined using single-cell transcriptomics data analysis.

Through UMAP data clustering of neutrophils (Fig 2), we identified 6 neutrophil clusters.
Neutrophils from Severe Alive (SevereA) and Severe Dead (SevereD) were clustered within
populations 0, 1, 2, 3, 4, 5, while populations 1, 2 and 3 showed an increase in SevereD com-
pared to SevereA, associating these clusters with potential roles in impacting disease outcomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0309880 February 10, 2025

6/26



https://doi.org/10.1371/journal.pone.0309880.g001

PLOS ONE

Single-cell transcriptomics identifies immune drivers of COVID-19 severity

A. Neutrophils B.
Control Moderate SevereA SevereD
44
N
e 0 | -
® 1 Q |
© e 1
s g |° ® 2
e 3 S A .3
® 4 -44 g °
e 5 N g
-5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5
umap_1 umap_1
C. Neutrophils D. Neutrophils
55 Slai e T 2 o & 4 . Average Expression s ® 5 & @ ® W . -
SevereD o ¢ - 0e@0 o0 @00 0+ 00 @ [ T ) B SevereD Average Expression
05 10
o s . € = : s ® " 0.0
SevereA e - (XY T XY @0 0 e - @ @ o %0 SevereA] - N PO . L. . Ig:g
-1.0 05
-1.0
Moderate{:* * ¢+ @ @@ ::¢- @ - +s0. 00 0. .. . Percent Expressed
Percent Expressed
-8 Moderate{ s - o ©-0000c000 - . .. TN
Control [ ] [ ] [ ] ; 50 .
75
® 75
NN RNy O DG Zo MY oo < OnNIxo0No——anyy @ 100 Control ® ®
A NS S R e ® 10
OPSEX " XoWeiQw~ GXSOSTEXOT NN GXIJLSuFF
O ==%0 0ogn~gF P0TasWo FO0Z  g© =700 - a =~ - - ¥ m o T N © - N ©® @YY = N oo
= K EEEEEEEEEEEEEEEECESEREE
T bh-*22Z66F3==EcE"EESE353
E L] ICAM Expression L] MCL1 Expression G L] IL1B Expression H L] S$100A12 Expression
5
T 5 T 5
>4 > > >
0] 4 [0} [0}
] - - _l4
53 83 84 8
32 22 3 ?
o 1 ] 02
& o] o o] ]
0 0 = 0 = i
Control Moderate SevereA SevereD Control Moderate SevereA SevereD Control Moderate SevereA SevereD Control Moderate SevereA SevereD

Fig 2. Comparative neutrophil cluster trajectories in Bronchoalveolar lavage from healthy and COVID-19 patients. (A) UMAP plot shows six neutrophil
subclusters from healthy individuals and COVID-19 patients. (B) Proportions and distribution of the various neutrophil clusters showing differential expressions
across healthy donors and three patient groups (Moderate, SevereA, and SevereD). (C) Dot plot illustration of gene expression profiles of neutrophils focusing on
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https://doi.org/10.1371/journal.pone.0309880.g002

(Fig 2A, B, and C). Population 0, found in healthy controls at very low levels, showed a
progressive significant increase in moderate, SevereA, and SevereD COVID-19 patients (Fig
2B). Populations 1, 2, and 3, not present in healthy controls and moderate patients, showed a
significant and progressive increase in SevereA cases, with even greater elevation observed in
SevereD COVID-19 patients (Fig 2B).

In healthy controls, neutrophils maintained a resting state with low expression levels of
genes such as C-X-C Motif Chemokine Ligand 2 (CXCL2), C-X-C Motif Chemokine Ligand
3 (CXCL3), and S100 Calcium Binding Protein A8 (S100A8). In patients with moderate
COVID-19, there was a significant upregulation of L-selectin (SELL/CD62L) and C-X-C Motif
Chemokine Receptor 2 (CXCR2), indicating an activated state aimed at moderate inflamma-
tion control and pathogen clearance (Fig 2C).

In severe COVID-19 cases, both in survivors (SevereA) and non-survivors (SevereD), gene
expression profiles shifted dramatically. Significant upregulation of chemokine ligand, MCP-1
(CCL2), and C-X-C Motif Chemokine Ligand 10 (CXCL10) increased in the moderate cases
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but decreased with increased disease severity. The macrophage inflammatory protein 1-beta
(CCL4) increased across moderate to severe cases while C-X-C Motif Chemokine Ligand 8
(CXCL8), C-X-C Motif Chemokine Ligand 2 (CXCL2), and S100A8 increases were observed
in both severe groups, pointing to an intense inflammatory response (Fig 2C). However, the
heightened expression of Triggering Receptor Expressed on Myeloid Cells 1 (TREM1), IL-1p
and Nuclear Factor Kappa B Subunit 1 (NFkB1) was more pronounced in SevereD, indicat-
ing a further intensified immune response in non-survivors. NFE2L2 expression in neutro-
phils was significantly higher in COVID-19 patients compared to the healthy controls (Fig
2C). This increased expression suggests a pivotal role of NFE2L2 in the heightened immune
response seen in severe COVID-19 cases, likely as a compensatory mechanism to counteract
elevated oxidative stress (Fig 2C). These findings indicate that NFE2L2 could serve as a bio-
marker for disease severity and a potential therapeutic target.

The expression of CD274 (Programmed Death-Ligand 1, PD-L1) was elevated in moderate
cases but showed lower levels in SevereA and SevereD (Fig 2C). Upregulation of genes such as
Fc Gamma Receptor I1Ib (FCGR3B) and Selectin L (SELL, L-selectin) was noted in moderate
cases, highlighting neutrophils’ role in adhesion and migration, facilitating their accumula-
tion at the infection site (Fig 2C). However, these genes decreased in SevereA and SevereD,
suggesting increased recruitment and phagocytosis in moderate cases but decreased in severe
cases (Fig 2C).

Strikingly, our data analysis revealed reduced BCL2 Associated X, Apoptosis Regulator
(BAX) and increased Myeloid Cell Leukemia 1 (MCL1), suggesting direct regulatory roles in
neutrophil viability (Fig 2C). In severe COVID-19 cases, elevated levels of MCL1 indicative
of enhanced neutrophil survival, with a higher expression in SevereA compared to SevereD
(Fig 2C). Interestingly, there was a reduction in the expression of Transmembrane Protein 173
(TMEM173) in severe cases, with a more pronounced decrease in SevereD (Fig 2C).

Caspase 3 (CASP3), BAX, and Gasdermin D (GSDMD) did not show significant
changes, suggesting that cell death pathways might not be heavily induced in these patient
groups (Fig 2C). TREM1 expression increased in healthy controls, decreased in moderate
cases, then showed a progressive increase in SevereA and SevereD, suggesting a role in
modulating the immune response across disease severity (Fig 2C). Superoxide Dismutase
(SOD) showed a progressive increase in moderate, SevereA, and SevereD, suggesting
its involvement in managing oxidative stress. NLR Family Pyrin Domain Containing 3
(NLRP3) increased in SevereA, and SevereD, indicating its role in inflammasome activation
and inflammation (Fig 2C).

Additionally, a differential expression pattern between high-density neutrophils (HDNs)
and low-density neutrophils (LDNs) across patient groups was revealed. In severe cases
(SevereA and SevereD), there was an increased presence of LDNs, characterized by elevated
expression of C-X-C Motif Chemokine Receptor 4 (CXCR4) and CD274 (increased only in
moderate and decreased in severe cases), while HDNs showed reduced activity, as indicated
by lower expression levels of C-X-C Motif Chemokine Receptor 2 (CXCR2) and SELL, more
so in Severe cases (Fig 2C).

Toll-Like Receptor 2 (TLR2) expression increased with moderate and severe COVID-19,
suggesting its role in recognizing pathogens and triggering immune responses. C-Type Lectin
Domain Family 4 Member E (CLECA4E) expression increased with disease severity in moder-
ate, SevereA, and SevereD, suggesting its involvement in pathogen recognition and immune
modulation (Fig 2C). CCAAT/Enhancer Binding Protein Zeta (CEBPZ) showed high levels
in healthy controls but decreased in moderate cases and showed a tendency towards increas-
ing in severe cases, indicating its potential role in neutrophil function and differentiation.
Conversely, CCAAT/Enhancer Binding Protein Delta (CEBPD) had low levels in controls
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but showed a marked increase in SevereA and SevereD, suggesting its involvement in inflam-
mation and immune response regulation (Fig 2C). Histone Cluster 1 H2AC (HIST1H2AC)
showed increased expression in moderate cases but reduced expression with increased
COVID-19 severity, suggesting its role in chromatin structure and gene regulation in the
context of inflammation (Fig 2C).

Spleen Tyrosine Kinase (SYK) expression was very low in control cases but increased in
SevereA, and SevereD, indicating its role in regulating inflammation and other pathways,
which might become more relevant in severe cases (Fig 2C). The signal transducer and
activator of transcription 1 & 2 (STAT1 and STAT?2), Interferon Regulatory Factor 1 (IRF1),
and Interferon Regulatory Factor 7 (IRF7), showed varied expression patterns across patient
groups, highlighting their roles in antiviral responses and immune regulation (Fig 2D).
Increased expression of Interferon Induced Transmembrane Protein 3 (IFITM3), Interferon
Induced Protein with Tetratricopeptide Repeats 1 (IFIT1), Interferon Induced Protein with
Tetratricopeptide Repeats 2 (IFIT2), Interferon Alpha Inducible Protein 6 &16 (IF16 and
IFI16), and guanylate binding proteins 1 & 2 (GBP1 and GBP2) was observed in moderate
cases, correlating with heightened antiviral immune activation (Fig 2D). In addition, other
interferon-induced genes such as Oligoadenylate Synthetase 1 (OAS1), Oligoadenylate Syn-
thetase 2 (OAS2), Oligoadenylate Synthetase 3 (OAS3), Myxovirus resistance 1 and 2 (MX1
and MX2) showed increased expression in moderate cases, emphasizing their roles in antiviral
defense mechanisms (Fig 2D).

Next, we concentrated on evaluating the significant upregulation of genes vital to immune
response and inflammation in neutrophils. Intercellular Adhesion Molecule 1 (ICAM1)
increased notably in severe COVID-19 patients who survived, with an even greater rise in
those who died, highlighting its role in leukocyte adhesion and migration during severe
inflammation (Fig 2E). Similarly, Myeloid Cell Leukemia 1 (MCL1) showed a progressive
increase from severe alive to severe dead patients, indicating its involvement in cell sur-
vival and apoptosis regulation during severe infection (Fig 2F). Interleukin 1 Beta (IL1p)
also exhibited a substantial rise from severe alive to severe dead patients, underscoring its
role in mediating fever and systemic inflammation (Fig 2G). S100 Calcium Binding Protein
A12 (S100A12) followed a similar trend, emphasizing its contribution to the inflammatory
response and disease progression (Fig 2H). The consistent increase in ICAM1, MCLI, IL1,
and S100A12 expression in neutrophils from severe alive to severe dead patients underscores
the critical role of neutrophils in COVID-19 severity. This pattern reflects a heightened and
potentially dysregulated immune response in neutrophils, contributing to poorer prognosis in
severe cases.

Heightened inflammatory macrophage phenotypes with progressive disease
severity in COVID-19 patients from single cell analysis of Bronchoalveolar
lavage

Macrophages are pivotal in immune responses, recognizing and destroying pathogens, aid-
ing tissue repair, and modulating inflammation. Disruptions in these processes can lead to
poor pathogen clearance and excessive inflammation, causing tissue damage. We conducted
a single-cell transcriptomics analysis of bronchoalveolar lavage (BAL) samples from healthy
individuals and COVID-19 patients to investigate how monocyte-macrophage functions
vary with disease severity. By further sub-setting monocytes and macrophages (Mono_Mac),
we identified eight macrophage subclusters, highlighting the diversity among patient groups
(Fig 3A).

Through UMAP subgrouping of macrophage populations, we identified three primary
clusters: Group 1, Group 2, and Group 3, associating these clusters with patient groups,
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https://doi.org/10.1371/journal.pone.0309880.9003

including healthy controls (Fig 3B). Group 1 mainly comprised healthy controls, Group 2
consisted primarily of patients with mild COVID-19, and Group 3 predominantly included

patients with severe COVID-19 (Fig 3B).

In healthy controls (Group 1), monocyte-macrophages showed baseline expression of
key inflammatory markers like Tumor Necrosis Factor alpha (TNFa) and Interleukin 1 beta
(IL1P), with higher levels of anti-inflammatory markers such as Peroxisome Proliferator-
Activated Receptor Gamma (PPAR-y), Mannose Receptor C Type 1 (MRC1), and Macro-
phage Receptor with Collagenous Structure (MARCO), suggesting a regulatory and tissue
repair phenotype (Fig 3C). Additionally, genes like Cluster of Differentiation 274 (CD274),
Fatty Acid Binding Protein 4 (FABP4), and Macrophage Scavenger Receptor 1 (MSR1) had
higher expression levels, reinforcing an anti-inflammatory and tissue repair function (Fig 3C).
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With increasing COVID-19 severity, the expression of inflammatory markers intensified.
In moderate cases (Group 2), genes such as C-X-C Motif Chemokine Ligand 8 (CXCLS),
Apolipoprotein C1 (APOC1), Bcl-2-associated X protein (BAX), Serpin Family A Member 1
(SERPINAL), Triggering Receptor Expressed on Myeloid Cells 2 (TREM2), and Gasdermin D
(GSDMD) were highly expressed, linking this group to inflammation and cell stress responses
(Fig 3C). Three Prime Repair Exonuclease 1 (TREX1) expression also showed an increase in
moderate cases, suggesting a potential capacity for macrophages to degrade neutrophil NETs.
Elevated chemokines like C-C Motif Chemokine Ligand 2 (CCL2) and C-C Motif Chemok-
ine Ligand 3 (CCL3) suggested increased recruitment of more immune cells to the infection
site. Moreover, genes like Transforming Growth Factor Beta 1 (TGFp1), Tissue Inhibitor of
Metalloproteinases 1 (TIMP1), and Vascular Endothelial Growth Factor A (VEGFA) had
increased expression in severe cases (SevereA and SevereD), indicating a shift towards an
anti-inflammatory state (Fig 3C). Increased GSDMD expression in moderate cases suggested
potential cell stress and pyroptosis, with decreases in severe cases suggesting reduced pyropto-
sis. TREM2 upregulation in moderate cases indicated an increased capacity for macrophages
to clear damage associated molecular patterns (DAMPs) and apoptotic cells via enhanced
phagocytosis/efferocytosis. However, TREM2 expression decreased in severe cases (SevereA
and SevereD), suggesting decreased clearance of DAMPs/apoptotic cells in these groups (Fig
30).

Group 3 predominantly expressed genes like Toll-Like Receptor 2 (TLR2), CXCLS,
Myeloid Cell Leukemia Sequence 1 (MCL1), Jun Proto-Oncogene, AP-1 Transcription Factor
Subunit (JUN), Hypoxia Inducible Factor 1 Subunit Alpha (HIF1a), IL1B, TNFa, CCL3,
TGFp1, and MAF BZIP Transcription Factor B (MAFB), reflecting a highly inflammatory
and hypoxia-adapted phenotype (Fig 3C). In severe cases, especially in SevereA and Sev-
ereD groups, there was significant upregulation of pro-inflammatory markers such as IL1p,
TNFa, and Interleukin 6 (IL6). Genes involved in hypoxia and metabolic adaptation, such as
HIF1a, were notably elevated in severe cases, with more pronounced expression in SevereD.
Decreased SERPINAL levels in severe cases indicated impaired anti-protease activity, partic-
ularly in SevereD (Fig 3C). Decreased phagocytosis in severe COVID-19 was evident by the
downregulation of MSR1, Neuropilin 1 (NRP1), and MRC1, with more significant decreases
in SevereD (Fig 3C). Elevated JUN expression in severe cases suggested increased cellular
stress responses and potential promotion of inflammatory gene expression. NFE2L2 expres-
sion was elevated in macrophages from patients with severe disease compared to controls (Fig
3C). This suggests that NFE2L2 plays a crucial role in macrophage function and the inflam-
matory response during severe COVID-19. The gene’s involvement in modulating antioxidant
responses and inflammation underscores its potential as a target for therapeutic interventions
aimed at mitigating the cytokine storm and tissue damage in severe cases.

Additionally, increased expression of inflammasome-related markers like Absent In
Melanoma 2 (AIM2), NLR Family Pyrin Domain Containing 3 (NLRP3), and GSDMD in
monocyte-macrophages suggested a higher incidence of pyroptosis during severe SARS-
CoV-2 compared to moderate infection (Fig 3C). Activation of the NLRP3 inflammasome
pathway was linked to enhanced TLRs-NF-«B axis activation. Elevated levels of TLRs such as
TLR2 and Toll-Like Receptor 4 (TLR4), alongside increased expression of the Nuclear Factor
Kappa B (NF-kB) transcription factor, were observed more so in severe compared to moder-
ate COVID-19 patients (Fig 3C). NF-kB activation downstream of TLR signaling pathways
drives the expression of pro-inflammatory cytokines like IL-1f, TNFa, and IL-6, especially
prominent in severe SARS-CoV-2 infections.

Our analysis also identified distinct monocyte-macrophage phenotypes, specifically M1
(pro-inflammatory) and M2 (anti-inflammatory), across patient groups. In severe cases,
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M1 monocyte-macrophages dominated, indicated by elevated expression of IL1B, TNFa,
and IL6, with higher levels in SevereA (Fig 3C). Conversely, M2 monocyte-macrophages,
characterized by higher expression of MSR1, MRC1, and PPAR-y, were more prevalent

in control and moderate cases. PPAR-y promotes monocyte-macrophages towards an M2
phenotype with increased expression of anti-inflammatory genes like Interleukin 10 (IL-10)
and TGEF-p (Fig 3C).

Distinct gene expression patterns were also observed across different patient groups. In the
control group, key genes such as MSR1, MRC1, PPAR-y, CD274, FABP4, and MARCO were
upregulated, indicating a tissue repair and anti-inflammatory profile. Moderate cases showed
increased expression of CXCL8, APOC1, TREM2, TGFf1, TIMP1, and VEGFA, indicating
an intermediate inflammatory response (Fig 3D). Severe cases exhibited very high levels of
TLR2, HIF1a, IL1B, TNFa, CCL3, TLR4, and NLRP3, reflecting a hypoxia-adapted and highly
inflammatory phenotype (Fig 2C). Additionally, the increased expression of genes related to
hypoxia (HIF1a), pyroptosis (NLRP3, IL1 ), and the NF-«B pathway (TLR2, TLR4, NF-kB)
in Group 3 from mostly SevereA and SevereD patients underscores the severe inflamma-
tory response and cellular stress in these patients (Fig 3C). The gene expression profiling of
inflammatory genes, chemokines, inflammasomes, and immune sensing genes in both healthy
controls and COVID patients (Fig 3C) showed a close correlation in expression profiles.
These profiles align with the three macrophage clusters’ unique gene profiles, which link
distinct macrophage subpopulations to either healthy donors, moderate COVID-19, or severe
COVID-19 (Fig 3B).

Next, we evaluated gene expression profiles for top genes modulating Antiviral Response,
Interferon Signaling, and Interferon-Stimulated Genes (ISGs) (Fig 3E). We found that genes
such as Signal Transducer and Activator of Transcription 1 (STAT1) and STAT2, Interferon
Regulatory Factor 1 (IRF1) and IRF7 play crucial roles in antiviral responses and immune
regulation. Interferon Gamma Receptor 1 (IFNGR1), Interferon Alpha and Beta Receptor
Subunit 1 (IFNAR1), Interleukin 1 Receptor (INFLR1), and ISGs like Interferon-Induced
Transmembrane Protein 3 (IFITM3), ISG15 Ubiquitin-Like Modifier (ISG15),
Tryptophanyl-tRNA Synthetase (WARS), Myxovirus Resistance Proteins 1 and 2 (MX1 and
MX2), Interferon Gamma Inducible Protein 16 (IFI16), and Oligoadenylate Synthetases 1, 2,
and 3 (OAS1, OAS2, OAS3), which are pivotal in interferon signaling and antiviral defense,
increased markedly in moderate COVID-19 patients. However, a dramatic decrease in their
expression was observed in severe COVID-19 cases, suggesting an impaired immune response
and potential immune exhaustion. Conversely, FOS, which was low in healthy and moder-
ate patients, showed a dramatic increase in severe COVID-19 cases, indicating heightened
inflammation and ineffective interferon antiviral responses (Fig 3F). Strikingly, the gene
expression profiling of the top modulating Antiviral Response, Interferon Signaling, and
Interferon-Stimulated Genes (ISGs) in both healthy controls and COVID patients (Fig 3E)
showed a close correlation in expression profiles. These profiles align with the three macro-
phage clusters’ unique gene profiles, which link distinct macrophage subpopulations to either
healthy donors, moderate COVID-19, or severe COVID-19 (Fig 3B).

Infection with SARS-CoV?2 is associated with differential gene expression
in NK cells that can impact COVID-19 severity

Natural Killer (NK) cells are crucial elements of the immune system, essential for con-
trolling viral infections. These cells can detect and eliminate virus-infected cells without
prior sensitization by releasing cytotoxic granules containing perforin and granzymes,
which trigger apoptosis in infected cells. Additionally, NK cells produce cytokines such as

PLOS ONE | https://doi.org/10.1371/journal.pone.0309880 February 10, 2025 12/26




PLOS ONE

Single-cell transcriptomics identifies immune drivers of COVID-19 severity

interferon-gamma (IFNy), which possess potent antiviral properties and help modulate the
adaptive immune response, enhancing the body’s ability to combat infections. Our single-cell
analysis of bronchoalveolar lavage (BAL) samples from healthy individuals and COVID-19
patients reveals distinct clustering patterns correlating with disease severity. These clusters
highlight the heterogeneity in NK cell response among different severity groups, indicating
differential expression profiles among Control, Moderate, SevereA, and SevereD patient
groups (Fig 4A).

In severe COVID-19 cases (both SevereA and SevereD), NK cells exhibit significantly
higher expression levels of IFNy, while interferon-stimulated gene 15 (ISG15), and Myxovirus
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Fig 4. Gene expression profiling of NK cell in Bronchoalveolar lavage fluid from healthy individuals and COVID-19 patients. (A) UMAP distribution of NK
cells among healthy control individuals and the three COVID-19 patient groups (Moderate, SevereA, and SevereD). (B) Dot plot representation of top gene expres-
sion profiles of NK cells from healthy individuals and the three groups of COVID-19 patients (Moderate, SevereA, and SevereD).

https://doi.org/10.1371/journal.pone.0309880.g004
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resistance protein 1 (MX1) were highly expressed in moderate cases (Fig 4B). IFNy, a crit-

ical cytokine in antiviral responses and immune regulation, is markedly upregulated in
SevereA, while its expression in SevereD is elevated but not as pronounced, suggesting
potential dysregulation or exhaustion of NK cells in fatal cases (Fig 4B). ISG15 and MX1, both
interferon-stimulated genes essential for antiviral defense, show significant upregulation in
moderate cases, indicating an intensified antiviral response, which, although crucial for con-
trolling the virus, can lead to tissue damage and inflammation if not properly regulated (Fig 4B).

Chemokine (C-X-C motif) ligand 8 (CXCL3, also known as IL-8) is notably higher in
SevereD compared to SevereA, Moderate, and Control groups (Fig 4B). This chemokine plays
a role in neutrophil recruitment to the lungs, contributing to the inflammatory response
observed in severe COVID-19 cases. Interferon-induced transmembrane protein 3 (IFITM3)
and Guanylate binding proteins (GBP1 and GBP4), which play roles in antiviral defense and
immune regulation, are upregulated in moderate cases (Fig 4B).

Negative regulators of inflammation, such as TNFa induced protein 3 (TNFAIP3),
which acts as a negative regulator of NF-kB signaling and inflammation, are upregulated
in SevereA compared to Moderate and Control groups, suggesting a feedback mechanism
attempting to limit excessive inflammation in severe cases (Fig 4B). Similarly, stress response
and apoptosis-related genes FOS, JUN, and activating transcription factor 3 (ATF3) show
increased expression in severe cases, highlighting the role of NK cells in modulating cell death
pathways in response to viral infection (Fig 4B). Nuclear factor, erythroid 2-like 2 (NFE2L2)
expression is markedly increased in NK cells from patients with severe COVID-19, indicating
its role in influencing NK cell activity and antiviral responses, likely reflecting an attempt to
mitigate oxidative stress and inflammation (Fig 4B). Dual specificity phosphatase 1 (DUSP1)
and suppressor of cytokine signaling 1 (SOCS3), involved in the negative regulation of cyto-
kine signaling and immune responses, exhibiting differential expression with upregulation in
Severe cases, indicating attempts by NK cells to control excessive inflammation (Fig 4B).

Perforin 1 (PRF1) and granzyme A/B (GZMA/B), critical for NK cell cytotoxic functions,
exhibit differential expression with upregulation in SevereA and SevereD, indicating enhanced
cytotoxic activity in severe cases (Fig 4B). This highlights the increased potential for NK cells
to induce apoptosis in virus-infected cells in severe COVID-19. Killer cell lectin-like receptor
subfamily D member 1 (KLRD1) and natural killer cell granule protein 7 (NKG7), involved in
NK cell activation and degranulation, are upregulated in moderate and severe cases, suggest-
ing enhanced activation and degranulation activity, essential for the cytotoxic function of NK
cells during SARS-CoV-2 infection (Fig 4B).

Inhibitory receptors, such as lymphocyte activating 3 (LAG3) and T cell immunorecep-
tor with Ig and ITIM domains (TIGIT), show differential expression with higher levels in
moderate compared to severe cases, indicating NK cell ability to induce increased inhibitory
signaling in moderate COVID-19 but not in fatal cases. SOCS3 shows upregulation in SevereA
compared to SevereD, playing a critical role in controlling the cytokine signaling cascade and
preventing excessive inflammatory responses. The decreased expression of SOCS3 in the non
survivors suggest a failed attempt of NK cells to mitigate the inflammatory damage associated
with severe COVID-19 (Fig 4B).

Finally, in individuals with moderate SARS-CoV-2 infection, 2’-5’-Oligoadenylate Synthe-
tase 1 (OAS1), OAS2, OAS3, and T cell Immunoreceptor with Ig and ITIM domains (TIGIT)
were elevated, but these levels significantly decreased with increased COVID-19 severity (Fig
4B). OAS1, OAS2, and OAS3 are crucial in the antiviral response by degrading viral RNA,
while TIGIT regulates NK cell activity to prevent excessive inflammation. The dramatic
decrease in these genes with increased severity suggests a compromised antiviral defense and a
dysregulated NK cell response.
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Differential T-cell gene expression correlates with severity and T-cell
dysfunctions in COVID-19

T cells are a crucial component of the adaptive immune system, pivotal in the antiviral
response. These cells identify and destroy virus-infected cells, coordinate immune responses,
and provide long-term immunity [44,45]. T cell functions include cytotoxic activities medi-
ated by cytotoxic T lymphocytes (CTLs), helper functions carried out by helper T cells (Th),
and regulatory functions mediated by regulatory T cells (Tregs) [45]. The effectiveness of T
cells in antiviral responses is governed by a complex interplay of gene expressions that control
their activation, function, exhaustion, and survival [45].

In the context of COVID-19, we analyzed single-cell transcriptomics data from bronchoal-
veolar lavage fluid (BALF) across different patient groups: healthy controls (Control), mod-
erate infection (Moderate), SevereAlive (SevereA), and SevereDead (SevereD). We focused on
key genes involved in T cell functions, evaluating their expression levels and implications for
disease severity, with sub clustering based on classical T cell markers.

Fig 5A shows the total cell distribution across different patient groups. In healthy controls,
we observed a balanced distribution of T cell populations. In moderate cases, there was a notable
shift towards increased cytotoxic T lymphocyte (CTL) populations. Severe cases, both SevereA
and SevereD, displayed disrupted cell distributions, indicating significant immune dysregulation.

Fig 5B shows the gene distribution in total T cells across Control, Moderate, SevereA, and
SevereD COVID-19 patients. The expression of CD8 alpha chain (CD8A) is minimal in the
Control group, suggesting baseline expression in T cells from healthy individuals. In the Mod-
erate group, there is a notable increase in CD8A expression, indicating an active cytotoxic T
cell response. CD8A expression decreases in SevereA but remains elevated relative to Control.
In SevereD, CD8A expression is further diminished, indicating a significant reduction in cyto-
toxic T cell activity in the most severe cases.

Perforin 1 (PRF1), granzyme A (GZMA), and granzyme B (GZMB) are elevated in the
Moderate group, highlighting increased cytotoxic activity crucial for the destruction of
virus-infected cells (Fig 5B). In SevereA and SevereD, the expression of these genes decreases,
reflecting a reduced cytotoxic response. T-box transcription factor 21 (TBX21), also known
as T-Det, is significantly increased in the Moderate group, promoting the development of
effective CTLs and influencing Th1 differentiation. Its expression decreases in SevereA and
SevereD, indicating impaired CTL function in severe disease.

Signal transducer and activator of transcription 1 (STAT1) and signal transducer and activator
of transcription 2 (STAT2) show higher expression in the Moderate group, suggesting a regulated
antiviral response. Their expression is reduced in SevereA and SevereD, indicating impaired
antiviral signaling. Interferon-gamma (IFNG) levels are notably higher in severe cases, reflecting
an intense inflammatory response. Elevated IFNG levels in SevereA and SevereD correlate with
increased expression of its receptor IFNy R1 on macrophages, enhancing their activation.

Markers of immune regulation and exhaustion show significant changes across the patient
groups (Fig 5B). Programmed cell death protein 1 (PDCD1 or PD-1) expression is elevated
in SevereA and SevereD, indicating T cell exhaustion. Interleukin 10 receptor subunit alpha
(IL1I0RA) and zeta chain of T cell receptor-associated protein kinase 70 (ZAP70) show
increased expression in the Moderate group, suggesting enhanced cytokine signaling and
immune regulation. In SevereA and SevereD, the expression of these genes is reduced, indicat-
ing compromised immune regulation. Cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
is elevated in severe cases, indicating attempts at immune regulation. Lymphocyte activation
gene 3 (LAG3) is upregulated in moderate and severe cases, reflecting immune activation
regulation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0309880 February 10, 2025 15/26




PLOS ONE Single-cell transcriptomics identifies immune drivers of COVID-19 severity

A B T_Cells
. T_Cells =
SevereD{@-e:+00@00 00 :: c0:-¢ 06@-20-: 000 - o@- [ B
Average Expression
SevereA{e o -+o @00 -0 e:0- - 0@-09: ¢+ -000 (1] Y . B I10
0.5
® 0 0005
® 1 -1.0
Percent Expressed
Moderate {@ * @+ - e0@c@® o@: - - 00@ - -00 0000 - 20000000 e0oe 0
e 25
® 50
@75
Control * s e +-00 PO
SSEN eSS X PR N ERE s 239053 ﬁu)-—mcgguv;ru:(gvmnmgmzm_-mn
= o zkkk: " =PErFem w
(2]
D. TBX21
o
>
Sia
@ Control -
® Moderate )
® SevereA 29
® SevereD 5
x
u.l
] B
8 Control Moderate SevereA SevereD
-10 5 0 5 10
umap_1
E. IFNG GZMB PRF1
T4 o o4
3 3 3
— 4 -3
c 3 c c
kel k) k)
® 2 7] » 2
%] (%} 2 (%]
[0} [0 [0}
= L D
&1 3 g1
[N N w
0 0 0
Control Moderate SevereA SevereD Control Moderate SevereA SevereD Control Moderate SevereA SevereD

Fig 5. Gene expression alterations in T cells from Bronchoalveolar lavage fluid of healthy and COVID-19 patients. (A) UMAP plot showing T cell distribution
among healthy individuals (Control) and COVID-19 patients (Moderate, SevereA, and SevereD). (B) Dot plot representation of top gene expression profiles of T
cells from healthy individuals and the three groups of COVID-19 patients (Moderate, SevereA, and SevereD). (C) UMAP of CD8 T cells showing the distribution
of cells in distinct groups among healthy subjects and COVID-19 patients (Moderate, SevereA, and SevereD). (D, E, F, & G) Violin plot illustrations of the four top
genes associated with direct antiviral functions of CD8 cells, including (D) TBX21, (E) IFNy, (F) Granzyme B (GZMB), and (G) Perforin (PRF1).

https://doi.org/10.1371/journal.pone.0309880.9005

Genes involved in apoptosis and cell survival also show differential expression (Fig 5B).
Myeloid cell leukemia 1 (MCL1), an anti-apoptotic gene, is upregulated in severe cases,
potentially reflecting survival signals from the microenvironment, whereas BCL2-associated X
(BAX) is upregulated, indicating ongoing cellular apoptosis. Transforming growth factor beta
1 (TGFB1) is elevated in severe cases, indicating attempts to regulate the hyperinflammatory
environment.

Inflammatory markers and genes involved in the inflammasome pathway show signifi-
cant upregulation in moderate and severe cases (Fig 5B). Interleukin 1 beta (IL1p) and tumor
necrosis factor-alpha (TNFa) are substantially upregulated in the Moderate group, indicating
a strong inflammatory response. Their expression decreases in SevereA and SevereD, reflect-
ing a diminished inflammatory response in severe cases. Gasdermin D (GSDMD) follows
a similar expression pattern, being elevated in Moderate cases and reduced in SevereA and
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SevereD. NLR family pyrin domain containing 3 (NLRP3) and PYD and CARD domain
containing (PYCARD or ASC) are significantly higher in severe groups, suggesting robust
inflammasome activation contributing to the severe inflammatory response.

Interferon-stimulated genes and antiviral response genes exhibit distinct patterns
(Fig 5B). Interferon-induced transmembrane protein 3 (IFITM3) and guanylate-binding
proteins 1 and 4 (GBP1 and GBP4) show minimal expression in controls but are signifi-
cantly upregulated in the moderate infection, indicating a strong antiviral response. Their
expression decreases in SevereA and SevereD, reflecting a weakened antiviral response in
severe disease. Interferon-stimulated genes such as ISG15 ubiquitin-like modifier (ISG15),
tryptophanyl-tRNA synthetase (WARS), MX dynamin-like GTPase 1 and 2 (MX1 and MX2),
and interferon gamma-inducible protein 16 (IFI16) are upregulated in moderate cases,
indicating robust antiviral responses, but their expression decreases in SevereA and SevereD.
Similar patterns are observed for interferon-stimulated gene 20 (ISG20), interferon alpha 1
(IFNAL), interferon lambda 1 (IFNL1), interferon beta 1 (IFNB1), interferon-induced pro-
teins with tetratricopeptide repeats 1, 2, 3, 5, and 6 (IFIT1, IFIT2, IFIT3, IFIT5, and IFIT6),
Fos proto-oncogene (FOS), Jun proto-oncogene (JUN), activating transcription factor 3
(ATF3), and interferon-induced protein 44 (IFI44). Oligoadenylate synthetase 1, 2, and 3
(OAS1, OAS2, and OAS3) show minimal expression in Control but are significantly upregu-
lated in Moderate cases, indicating a strong antiviral response. Their expression decreases in
SevereA and SevereD, reflecting a weakened antiviral response.

Given the direct antiviral role of CD8 T cells, we then went further to subset and charac-
terize these cells in more detail. Fig 5C shows the UMAP distribution of CD8 T cells accord-
ing to different patient groups. The analysis reveals distinct clustering patterns, reflecting
functional heterogeneity and varying responses to SARS-CoV-2 infection. We further ana-
lyzed the expression of key genes involved in CD8 T cell functions: TBX21 (T-bet), IFNG,
GZMB, and PRF1.

The violin plots in Figs 5D, E, F, and G reveal critical information on CD8 T cell func-
tions across different patient groups compared to controls. TBX21 (T-bet) expression is
significantly elevated in Moderate cases, promoting effective CTL responses. In SevereA and
SevereD, reduced T-bet expression indicates impaired CTL differentiation and function.
IFNG is elevated in severe cases, underscoring the intense inflammatory response and its role
in immune-mediated pathology. GZMB expression is increased in Moderate cases, correlat-
ing with enhanced cytotoxic activity. Decreased expression in SevereA and SevereD reflects
diminished CTL function. PRF1 follows a similar pattern, being elevated in Moderate cases,
supporting effective cytotoxic responses, but decreasing in SevereA and SevereD, indicating
compromised CTL-mediated cytotoxicity.

Dendritic cell dysfunction in severe COVID-19 patients

Building on observed changes in T cells, such as reduced CD8 + cytotoxic T cell populations
and elevated exhaustion markers, we expanded our analysis to dendritic cells (DCs). DCs are
pivotal for antigen presentation and T-cell activation, making their dysfunction a critical fac-
tor in understanding immune variability in COVID-19. Our study focused on key DC func-
tions, including antigen presentation, maturation, and interferon-driven antiviral responses,
across patient groups categorized as control, moderate, severe alive (severeA), and severe dead
(severeD). Using single-cell transcriptomics, we profiled DC-specific gene expression and
viability across these cohorts.

The UMAP clustering (Fig 6A) reveals distinct transcriptional signatures of DCs across
the groups. While control samples formed a tight cluster, moderate cases exhibited a slightly
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Fig 6. Impaired dendritic cell functions and viability correlate with disease severity in COVID-19. (A) UMAP clustering of dendritic cells (DCs) showing
transcriptional profiles across control, moderate, severe alive (severe A), and severe dead (severe D) patient groups. (B) Quantification of DC percentages in each
patient group; data are presented as mean + SD with significance levels indicated (**p <0.01, **¥p <0.001). (C) Dot plot showing expression levels of antigen
presentation and co-stimulatory genes (HLA-A, HLA-B, HLA-C, CD80, CD86), maturation marker (CD83), and trafficking molecule (CCR?7) in DCs across
patient groups. The size of the dots represents the percentage of expressing cells, and the color intensity reflects the average expression level. (D) Dot plot displaying
interferon-stimulated genes (ISG15, MX1, IFITM3, IFIT1, OAS1) and interferon signaling regulators (STAT1, STAT2, IRF7, TLR7) in DCs. (E) Violin plot showing
cytochrome ¢ (CYCS) expression levels in DCs, highlighting increased apoptosis in severe groups, particularly severe dead (severe D) cases.

https://doi.org/10.1371/journal.pone.0309880.9006

dispersed pattern with partial overlapping with controls. In contrast, severeA and severeD
groups displayed markedly altered clustering, indicating significant transcriptional dysregula-

tion in these patients.

Quantitative analysis of DC proportions (Fig 6B) highlighted a substantial reduction in
severe cases. DC levels were highest in control samples, followed by moderate cases, with
severeA and severe D groups showing pronounced declines (p <0.01 to p<0.001). SevereD
samples exhibited the most significant loss of DCs among all groups.

Antigen presentation-related gene expression analysis revealed a stark contrast across
groups. MHC class I genes (HLA-A, HLA-B, HLA-C), which enable intracellular viral antigen
presentation, were highly expressed in controls and moderate cases (Fig 6C). However, their
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expression was markedly diminished in severeA and severeD groups, with the lowest levels
observed in severeD cases. Similarly, co-stimulatory molecules CD80 and CD86, crucial for
T-cell activation, were significantly downregulated in severe cases. Markers of DC maturation
(CD83) and trafficking (CCR7), necessary for migration to lymph nodes, were also consider-
ably reduced in severeA&D groups compared to controls and moderate cases.

Interferon signaling and antiviral responses were critically impaired in severe groups.
Interferon-stimulated genes (ISGs) such as ISG15, MX1, IFITM3, IFIT1, and OASI were
robustly expressed in moderate cases, as shown in Fig 6D. However, these genes were pro-
foundly downregulated in severe A and D groups. Additionally, STAT1, STAT2, IRF7, and
TLR7 expression levels - key mediators of interferon signaling and viral ssRNA sensing - were
significantly lower in severe cases than controls and moderate cases.

DC viability was assessed via cytochrome ¢ expression, an indicator of apoptosis. The violin
plot (Fig 6E) shows elevated cytochrome c levels in severe groups, particularly in severeD
cases, reflecting increased DC apoptosis. This heightened cell death likely contributes to the
severe reduction in DC percentages and amplifies immune dysregulation in patients with
severe COVID-19.

Discussion

Despite the availability of multiple vaccines and antiviral treatments, COVID-19 continues to
pose formidable and recurring threats to human health globally. Understanding the evolving
pathology is crucial for better disease management. Our extensive single-cell RNA sequenc-
ing (scRNA-seq) analysis of secondary bronchoalveolar lavage (BAL) single-cell transcrip-
tomics data from COVID-19 patients and healthy controls reveals novel insights into the
immune landscape of the lung during SARS-CoV-2 infection. Our findings highlight critical
immune dysregulation correlating with disease severity, offering groundbreaking perspectives
on COVID-19 pathogenesis and potential therapeutic targets. By elucidating the complex
interplay among neutrophils, macrophages, NK cells, T cells, and dendritic cells (DCs) in the
context of COVID-19, this study significantly advances the understanding of cellular dynam-
ics within the lung microenvironment during this devastating disease.

The severity of COVID-19 cases, as indicated by clinical parameters, demonstrated higher
mean ages and a greater prevalence of comorbidities such as hypertension, diabetes, and
cardiovascular disease compared to healthy controls and moderate cases. Additionally, body
mass index (BMI) values were elevated in severe cases, indicating a potential link between
higher body mass and disease severity. Smoking status and Sequential Organ Failure Assess-
ment (SOFA) scores, available only for severe cases, highlighted significant organ dysfunction,
with higher SOFA scores correlating with worse outcomes, particularly in non-survivors.
These clinical observations are supported by previous studies that have identified simi-
lar trends, underscoring the importance of these factors in the progression and severity of
COVID-19 [46-51]. However, the reliance on secondary data, as in this study, can limit con-
trol over demographic variables and pre-existing conditions, potentially influencing immune
profiles and requiring careful interpretation of patient-specific differences.

Our analysis of neutrophils indicates their substantial elevation in severe COVID-19 cases,
particularly in non-survivors. This observation aligns with previous studies suggesting that
neutrophil extracellular traps (NETs) contribute to lung damage and thrombosis in COVID-
19 patients [52]. Neutrophils from severe COVID-19 cases exhibit a hyperinflammatory pro-
file, with upregulated expression of IL13, CXCL10, and S100A8, corroborating the findings
of cytokine storm syndromes reported in severe COVID-19 [32,53]. The elevated expression
of TREM1 and NF«B1 in non-survivors suggests an exaggerated immune response that could
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exacerbate lung injury, as TREM1 amplifies inflammatory signaling [54,55]. This enhanced
inflammatory response in severe and fatal cases of COVID-19 indicates that neutrophil activ-
ity is not merely a marker of disease severity but may actively contribute to the pathogenesis
of severe disease. Moreover, the differential expression patterns observed in moderate versus
severe cases suggest that while neutrophils play a protective role in moderate COVID-19

by controlling inflammation and aiding in pathogen clearance, their excessive activation in
severe cases might result in excessive tissue damage and worse clinical outcomes.

Furthermore, we observed differential neutrophil subpopulations, with an increased
presence of low-density neutrophils (LDNs) in severe cases, particularly non-survivors,
adding another layer of complexity to our findings. LDNs have been associated with chronic
inflammation and immunosuppression in various diseases [56]. The heightened expression of
CXCR4 and CD274 (PD-L1) in LDNs indicates a potential mechanism for immune evasion
and persistent inflammation, adding a new dimension to the understanding of neutrophil
heterogeneity in COVID-19. These findings suggest that targeting LDN's and their signaling
pathways could be a promising therapeutic strategy to mitigate severe COVID-19 outcomes.
The presence of these immunosuppressive neutrophil subsets may contribute to the impaired
antiviral responses observed in severe COVID-19, further complicating the immune land-
scape. By delineating the specific roles and states of neutrophil subsets, this study offers a
detailed map of neutrophil dynamics, providing a foundation for targeted therapies that could
selectively modulate harmful neutrophil functions without compromising their protective
roles. While the single-cell transcriptomics data used in this analysis offer detailed insights
into immune gene expression, the absence of functional validation limits our ability to
confirm the physiological consequences of these findings. Future studies integrating func-
tional assays could better elucidate the impact of neutrophil heterogeneity and other immune
responses on disease progression.

Transitioning to the role of macrophages, these cells play a pivotal part in orchestrating
immune responses and maintaining tissue homeostasis. Our data reveal a shift towards a
pro-inflammatory M1 phenotype in severe COVID-19 cases, with elevated expression of
TNFa, IL1B, CCL2, and CCL3, which are markers of classical activation and inflammation
[32]. This shift is more pronounced in the severe group compared to the moderate group,
suggesting that persistent M1 activation contributes to severe lung pathology [57]. The upreg-
ulation of genes involved in hypoxia (HIF1a) and metabolic adaptation (NFE2L2) in macro-
phages from severe COVID-19 cases indicates a metabolic reprogramming that supports their
inflammatory function. Additionally, the increased expression of pyroptosis-related genes
(GSDMB, AIM2, NLRP3) during SARS-CoV-2 infection highlights cell death pathways con-
tributing to lung damage and inflammation. This reprogramming enhances the macrophages’
ability to sustain prolonged inflammation, contributing to the severe pathology observed in
these patients [58]. This is supported by studies showing that pyroptosis is a key mechanism
of immune-mediated tissue injury in COVID-19 [59,60]. The reduced expression of phago-
cytic receptors (MSR1, MRC1) in severe cases, especially non-survivors, suggests impaired
macrophage clearance of apoptotic cells and debris, potentially exacerbating inflammation
and tissue damage. This aligns with the concept of “cytokine storm” where dysregulated mac-
rophage activity leads to overwhelming inflammation [10,61,62].

Building on these insights, our data on macrophages offer crucial insights into the pro-
gressive immune dysregulation seen in COVID-19. The transition from M2 to M1 macro-
phages indicates a failure to resolve inflammation, which is critical for healing and recovery.
This finding is corroborated by similar shifts observed in other inflammatory diseases and
underscores the potential for therapies aimed at rebalancing macrophage phenotypes. The
metabolic reprogramming of macrophages towards glycolysis in severe cases aligns with the
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hypoxic conditions of inflamed tissues, suggesting that interventions targeting metabolic
pathways could modulate macrophage function and ameliorate disease severity. Furthermore,
the distinct expression profiles of macrophages in moderate versus severe COVID-19 provide
a potential biomarker for disease progression and a target for therapeutic intervention to pre-
vent the escalation of inflammation and tissue damage [63].

Following these findings, dendritic cells (DCs) were evaluated to understand their role in
mediating the immune dysregulation observed in T and NK cells across the patient groups.
DC proportions were significantly reduced in severe cases, particularly in non-survivors,
reflecting impaired recruitment and viability. Severe groups exhibited attenuated expression
of MHC class I genes (HLA-A, HLA-B, HLA-C), critical for presenting intracellular antigens
to CD8+ T cells, and downregulation of co-stimulatory molecules (CD80, CD86), necessary
for effective T cell priming. These reductions likely contributed to the observed T-cell exhaus-
tion in severe COVID-19 cases [64,65]. Additionally, markers of DC maturation (CD83) and
trafficking (CCR7) were downregulated in severe groups, indicating diminished migration
to lymph nodes and suboptimal antigen presentation. Furthermore, increased cytochrome
c expression in DCs, particularly in non-survivors, highlighted enhanced apoptosis, com-
pounding their functional impairment. These findings emphasize the cascading effects of DC
dysfunction, which exacerbate immune exhaustion and impair antiviral responses in severe
COVID-19 cases. Restoring DC function, including enhancing antigen-presenting capacity
and reducing apoptosis, could represent a promising therapeutic approach for improving
outcomes in severe cases.

Transitioning to NK cells, these cell types are critical for antiviral immunity and have
shown significant dysregulation in severe COVID-19 cases. The marked decrease in NK cells,
coupled with the upregulation of activation markers (IFNy, ISG15), indicates a paradoxical
state of activation and exhaustion. This is consistent with studies reporting NK cell dysfunc-
tion and depletion in severe COVID-19 [53]. The reduced NK cell numbers and function
likely impair early viral clearance, contributing to uncontrolled viral replication and severe
disease. In moderate cases, NK cells exhibit a balanced profile, maintaining effective antiviral
responses without progressing to exhaustion, highlighting the importance of NK cell function
in controlling disease progression [24,66]. The detailed profiling of NK cell subsets reveals
how SARS-CoV-2 manipulates the innate immune response, providing insights into potential
therapeutic targets aimed at restoring NK cell function and enhancing early antiviral defense.

Similarly, T cells, particularly CD8 + cytotoxic T cells, showed significant reductions in
severe cases, indicating another layer of immune dysregulation. This reduction, coupled
with increased expression of exhaustion markers (PDCD1, CTLA4), suggests that T cells in
severe COVID-19 are overactivated and subsequently exhausted, impairing their ability to
control the virus. This finding is supported by previous research showing T-cell exhaustion in
chronic viral infections and severe COVID-19 [64,65,67-69]. The profound T cell dysregula-
tion observed highlights the dual challenge of managing inflammation and restoring effec-
tive antiviral immunity. Therapeutic strategies that focus on reversing T cell exhaustion and
restoring functional T cell responses are critical for improving outcomes in severe COVID-19
patients [64,65,70,71]. Notwithstanding, the absence of longitudinal data limits our ability
to observe how T-cell exhaustion evolves, underscoring the importance of serial sampling
in future studies to capture the dynamic nature of these responses. Furthermore, the role
of NFE2L2 (Nuclear Factor, Erythroid 2-Like 2), commonly known as NRF2, adds another
dimension to understanding the oxidative stress response in severe COVID-19 cases. NRF2 is
a transcription factor that regulates the expression of antioxidant proteins that protect against
oxidative damage triggered by injury and inflammation. Our data shows increased expres-
sion of NRF2-related genes in severe cases, suggesting an adaptive response to the heightened
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oxidative stress in these patients. This aligns with recent studies highlighting the potential pro-
tective role of NRF2 activation in mitigating the severe inflammatory and oxidative damage
seen in COVID-19 [72,73]. The modulation of NRF2 pathways could represent a therapeutic
strategy to enhance antioxidant defenses and reduce tissue damage in severe COVID-19.

The immune dysregulation observed highlights potential therapeutic targets for COVID-
19, with multiple facets requiring attention. Modulating neutrophil activity and preventing
NET formation could mitigate lung damage and thrombosis [52]. Therapies targeting TREM1
and NFkB signaling may reduce excessive inflammation and improve outcomes in severe
cases. Enhancing macrophage phagocytic function and preventing pyroptosis could also be
beneficial [58]. Drugs that stabilize macrophage metabolism and promote M2 polarization
might help restore immune balance and reduce lung injury. For NK and T cells, strategies to
prevent exhaustion and restore function are critical. Immune checkpoint inhibitors targeting
PD-1/PD-L1 may rejuvenate exhausted T cells, enhancing antiviral responses. Additionally,
therapies that boost NK cell numbers and function could improve early viral clearance and
prevent severe disease progression [53].

Our novel findings underscore the importance of the interplay between different immune
cell types in COVID-19 pathogenesis. The heightened inflammatory response driven by
neutrophils likely exacerbates macrophage dysregulation, leading to a vicious cycle of inflam-
mation and tissue damage. The observed reduction in NK cells and T cells further impairs
the immune system’s ability to control viral replication and resolve inflammation [63]. This
intricate interaction among immune cells highlights the need for a multi-faceted therapeutic
approach that addresses the dysregulation of multiple cell types to effectively manage severe
COVID-19.

In conclusion, our analysis of secondary BAL single-cell transcriptomics data from
COVID-19 patients provides a detailed view of the immune landscape in the lung, reveal-
ing critical dysregulation correlating with disease severity. The novel insights into neutro-
phil heterogeneity, macrophage phenotypes, and NK/T cell dysfunction underscore the
complexity of the immune response in COVID-19. These findings not only enhance the
understanding of COVID-19 pathogenesis but also identify potential targets with diagnos-
tic, prognostic, and potential therapeutic interventions. Integrating clinical data, including
SOFA scores, BMI, and comorbidities, underscores the relevance of these findings to disease
severity and patient outcomes. Continued research integrating single-cell transcriptomics
with clinical data will be essential to develop effective treatments and improve patient out-
comes in COVID-19 and other pro-inflammatory respiratory viral infections. By providing a
detailed map of immune cell dynamics and identifying key dysregulated pathways, this study
offers a foundation for targeted therapies that could selectively modulate harmful immune
functions without compromising protective roles. This approach holds promise for improv-
ing clinical outcomes and managing severe COVID-19 and other respiratory viral infections
more effectively.
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