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Abstract

The SARS-CoV-2 Omicron variant is characterized by its high transmissibility, which has caused a worldwide epidemiological
event. Yet, it turns ominous once the disease progression degenerates into severe pneumonia and sepsis, presenting a horrendous
lethality. To elucidate the alveolar immune or inflammatory landscapes of Omicron critical-ill patients, we performed single-cell
RNA-sequencing (scRNA-seq) of bronchoalveolar lavage fluid (BALF) from the patients with critical pneumonia caused by
Omicron infection, and analyzed the correlation between the clinical severity scores and different immune cell subpopulations.
In the BALF of Omicron critical patients, the alveolar violent myeloid inflammatory environment was determined. ISG15 +
neutrophils and CXCL10 T macrophages, both expressed the interferon-stimulated genes (ISGs), were negatively correlated
with Clinical Pulmonary Infection Score (CPIS), while septic CST7 T neutrophils and inflammatory VCAN T macrophages were
positively correlated with Sequential Organ Failure Assessment (SOFA). The percentages of ISG15 * neutrophils were associated
with more protective alveolar epithelial cells, and may reshape CD4 t T cells to the exhaustive phenotype, thus preventing
immune injuries. The CXCL10 T macrophages may promote plasmablast/plasma cell survival and activation as well as the
production of specific antibodies. As compared to the previous BALF scRNA-seq data from SARS-CoV-2 wild-type/Alpha
critical patients, the subsets of neutrophils and macrophages with pro-inflammatory and immunoregulatory features presented
obvious distinctions, suggesting an immune disparity in Omicron variants. Overall, this study provides a BALF single-cell
atlas of Omicron critical patients, and suggests that alveolar interferon-responsive neutrophils and macrophages may extricate

SARS-CoV-2 Omicron critical patients from the nasty fate of sepsis.

1. INTRODUCTION

The Omicron variant of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was detected
for the first time in Botswana and South Africa in November 2021, which was characterized by the higher
transmissibility, increased immune evasion and less virulence, thus causing pandemic around the world.! The
initial spike protein of the variant of concern (VOC) Omicron BA.1 harbors 32 drifted mutations as compared
to the ancestral pre-Alpha wild-type strain (Hu-1), and this variant varies considerably in the pathogenicity,
severity and immune remodeling.? Although global coronavirus disease 2019 (COVID-19) vaccination inocu-
lation rate by the end of 2022 had reached a brand-new peak and the metrics had drawn near 87% in China,
breakthrough infection of Omicron variant still caused its pandemic spread.? In contrast with previous waves
dominated by wild-type, GR (D614G), Alpha and Delta variants, the infection of Omicron variant presented
lower levels of hospitalization, milder symptoms, and reduced severity.* In addition, Omicron variant is five-
to-seven fold more infectious to human alveolar type 2 cells than GR (B.1.1.119), Alpha (B.1.1.7) and Delta
(B.1.617.2).5 However, the mortality rate caused by severe or critical Omicron cases seemed higher than its
ancestry.® Thus, the underlying cell and molecular mechanisms, especially in the lung of Omicron severe or
critical cases, need to be further investigated.



Notwithstanding the plethora of literatures that was quickly published in the wake of the initial outbreak
availed the advantages of single-cell multi-omics to unpack the microenvironmental force that drove the
etiology and pathology of COVID-19,” the disease characteristics of critical-ill Omicron cohorts, partic-
ularly concerning pulmonary inflammation, cellular composition and immunological landscape were not
yet understood. As for pre-Alpha and Alpha strains, multipronged single-cell technologies have been
applied to obtain immune profiles of peripheral blood mononuclear cells (PBMCs) or the whole blood
cells from those patients. The data presented the increased dysfunctional CD14% /HLA-DR!/CD163"and
CD14% /HLA-DR!®/S100A"monocytes, dysfunctional neutrophil precursors expressing PD-L1, circulating
adaptive NKG2C* /CD57% /CD564™mNK cells, the ratio of expanded CD8" effector T cells to effector mem-
ory T cells, interferon-alpha (IFN-a) deficient plasmacytoid dendritic cells (pDCs), and circulating follicular
helper T cells in severe cases in contrast to the mild ones.®!? Clonal expansions of plasmablasts with no
somatic hypermutations, detectable clonal sharing and broadly auto-reactive B cells were found in hospi-
talized critical COVID-19 patients, consistent with an emerging role for B cell-driven immune pathology.*!
The hyperactivation of T cell subpopulations expressing broad proliferation markers and profound skewed
T cell receptor repertoire also emerged in most severe patients with intense lymphopenia.'?13 What’s more,
pre-Alpha/Alpha patients’ PBMCs were observed to have strong IFN-a responses in almost all cell types in
severe cases in comparison to moderate counterparts, and over-activation of IFN pathways might contribute
to the immune dysfunction and injury.!!:1*Meanwhile, the literatures of BALF analyses of pre-Alpha/Alpha
severe patients were much fewer than those of PBMCs. Previous studies reported that “cytokine storm”
is a propulsion of late-stage severe pneumonia where two inflammatory macrophage subsets characterized
byCCL2 /CCLS and FCN1 /S100A8 caused extensive damage in the lung and vascular tissues.'® Compared
with mild patients from volunteer donors, BALF in severe patients had less alveolar macrophages, NK cells
and pDCs, but more FCN1t monocytes and monocyte-derived SPP1T macrophages, suggesting excessive
inflammation by promoting monocyte recruitment and differentiation and, even worse, COVID-19-associated
lung fibrosis.!6-1® Naive phenotype CCR7%/CD8T T cells were enriched in the BALF of severe patients, while
resident memory ZNF683T /CD8" Trm cells were specific to mild patients and even higher in females than
in males.'6:181 This point indicated that immature effector T cell response could lead to inefficient viral
clearance, and the T cell memory response to resolve the virus was impaired in SARS-CoV-2 severe patients
as well, especially in males. Nevertheless, there have been no clearly defined specific immune cells that could
serve as definitive diagnostic criteria as to the current clinical practices, and whether these BALF analyses
could contribute to the clinical decision-making or are associated with the prognosis of severe COVID-19
patients remain to be elucidated.

One of the most important features of Omicron infection is that elderly patients with hospital-acquired
pneumonia (HAP) are more predisposed to deteriorate into sepsis, which is the leading cause of death.
These patients usually have bacterial co-infection, diffuse pulmonary damage, acute respiratory distress
syndrome (ARDS) or even multiple organ failure.?%-?? To elucidate the alveolar immune or inflammatory
landscape of SARS-CoV-2 Omicron, we performed scRNA-seq of the BALF from critical-ill patients during
the 2023 Omicron incursion in China. The Clinical Pulmonary Infection Score (CPIS) and Sequential Organ
Failure Assessment (SOFA) presenting the disease severity of these critical patients was used to analyze the
correlation between the cell populations in the BALF and the development of severe Omicron. Hence, the
landscape of immune cells in the lung of severe Omicron patients was presented, and their correlation with
disease progression was suggested in this study.

2. MATERIALS AND METHODS
2.1 Ethic statement

This work on humans was carried out on grounds of the principles manifestoed in the Helsinki Declaration
and its later amendments. Prior ethical approval was granted by the Research Ethics Committee of the
First Affiliated Hospital of Second Military Medical University, Shanghai, China. 17 out of 32 patients in
this cohort which had been enrolled with SARS-CoV-2 pneumonia were transferred from the emergency
department to the ICU ward from December 2022 to January 2023. The written informed consent for BALF



collection and subsequent analyses was offered by a surrogate decision-maker. The research staff did not
participate in clinical decisions.

2.2 Cohort features

All the 17 critical Omicron patients at the median age of 77 (range, 61-99), received vaccination against
SARS-CoV-2 previously. Attending physicians defined disease severity as critical according to the “Diagnosis
and Treatment Protocol of COVID-19 (Trial Version 9) revised by China National Health Commission and
the National Administration of Traditional Chinese Medicine issued on March 15, 2022. The outcome was
judged as a censor if the observation limit had been over a maximum of 60 days post the outset of mechanical
intubation. Two censor cases were determined as alive because of the exceeding of the maximum observation
limit. The characteristics of the 17 patients were listed in Supporting Information Table S1.

2.3 Sample collection and isolation of BALF cells

Bronchoalveolar lavage was operated by virtue of wedging the bronchoscope into a subsegmental bronchus.
Lavage was aspirated with 20 mL saline solution. One of the two equal aliquot each sample were resuspended
in cooled RPMI 1640 and passed through a 70 ym nylon strainer to remove clumps, debris and phlegm three
times. After the lysis of red blood cells, the aliquot was centrifuged to precipitate cells, resuspended and
then counted using the Countstar viable cell counter. Dead cells were removed with low-speed centrifugation
before single-cell capturing and about 5x10° living cells was collected per patient.

2.4 Isolation of viral cDINA

The other aliquot of BALF sample was diluted using PBS added with 0.1% DTT to remove phlegm. After
passing through a 70 um nylon strainer, this aliquot was centrifuged, and the supernatant was used for RNA
extraction using QIAmp Viral RNA Mini Kit (Qiagen, 52904). First strand ¢cDNA synthesis was constructed
using SuperScript IIT One-Step RT-PCR Kit (Thermo Scientific, 12574026).

2.5 Single cell capturing, library construction and count matrix generation

Single-cell libraries were constructed according to the manufacture instruction of GEXSCOPE® Single Cell
Transcriptome Reagents.?? Briefly, cell suspensions were decanted into microwell chip using the Singleron
Matrix® Single Cell Processing System. Barcoding beads are subsequently collected from the microwell
chip followed by reverse transcription of the mRNA and PCR amplification. The amplified ¢cDNA is then
fragmented and ligated with sequencing adapters. The libraries were diluted to 4 nM, and sequenced on
Illumina Novaseq 6000 with 150 bp paired end reads. Raw reads were first processed using CeleScope v.1.9.0
(https://github.com/singleron-RD/CeleScope) to remove low quality reads with Cutadapt v.1.17 to trim
poly-A tail and adapter sequences. Then, STAR v2.6.1a was used to map reads to the reference genome
GRCh38 (ensembl version 92 annotation). UMI and gene counts of each cell were acquired with featureCounts
v2.0.1 software to generate expression matrix files.

2.6 Quality control, dimensionality reduction, batch correction and cell clustering identification

Total droplet was set to a point under the plateau of the barcode rank plot. Ambient RNA as well as empty
droplet were rectified with SoupX v.1.2.2. Doublets were detected using scrublet v.0.2.163. Cells with fewer
than 100 or more than 15000 unique transcript reads were removed as low-quality cells or potential doublets.
Celescope performed sample quality filtering according to the following three benchmark: (1) n_genes_by_-
counts (the number of genes per barcode); (2) total_counts (the UMI number per cell); (3) percent_mt (the
fraction of counts from mitochondrial genes per barcode. Any cell from which sequencing reads aligned to
mitochondrial genes > 20% was excluded from further analysis. 193,036 cells were filtered after Celescope
QC to generated a cells-by-genes matrix and 112,926 cells were included in the final analysis. QC results
were presented on Supporting Information Table S2.

By means of Seurat v.4.0, “LogNormalize()” and “ScaleData()” functions were used to eliminate gene expres-
sion variance. The top 2,000 variable genes were identified using “FindVariableFeatures()” function for PCA
analysis. The top 20 principal components were used for dimensionality reduction. To allow the comparison



across different samples within our Omicron dataset, Harmony algorithm was used to integrate the whole
expression matrices. Integration anchors using “FindIntegrationAnchors()” function were performed. PCA
matrices were fed into “HarmonyMatrix()” function to added an integrated assay to the Seurat object. Lou-
vain clustering was performed on the PCA-reduced data using “FindNeighbors()” and cell cluster annotation
was performed using Singleron SynEcoSys database and manual curation based on sing-cell databases such
as PanglaoDB, CellMarker and the related literatures. The “FindAllMarkers()” function for initial labelling
resulted in the identification of separate cell types.

2.7 Differential gene expression analysis and Reactome enrichment

For each subcluster, differentially expressed genes (DEGs) were excavated using Seurat “Find AllMarkers()”
function based on Wilcox likelihood-ratio test with default parameters. To control false discovery rate (FDR),
the gene with a minimal fraction of 25% for each subcluster with adjusted p-value (g-value) < 0.05 and
the—log2 (fold change)—;1 was considered significant. The Reactome pathway activity scores of individual
cells were calculated by AUCell v.1.22.0 according to Reactome database. Based on hypergeometric distri-
bution, pathways with a median fold change > 3 and an adjusted p-value (g-value) < 0.01 were perceived
as significantly differentially expressed.

2.8 Correlation analysis

For single-cell based correlation analysis, we calculated the cellular proportions of each immune cell subcluster
on grounds of their fractions in the corresponding main cell types in each sample. The correlation of each
selected cell subcluster with different CPIS and SOFA grades and the correlation of each cell subcluster with
every other subcluster was calculated using Spearman correlation coefficient assay.

2.9 Trajectory inference

The R package Monocle2 v.2.28.0 was utilized to quest pseudotime lineages development for neutrophils and
macrophages separately. Highly-variable genes (HVGs) were used to sort cells in order of spatial-temporal
differentiation. Reversed DDTree embeddings emptied into Monocle2 with Statel set as a root state. To
identify genes that are significantly regulated as the cells differentiate along the cell-to-cell distance trajectory,
we used the “differentialGeneTest()” function to explore the gene expression level. Trajectory-specific genes
were grouped into two clusters for NO3, three clusters for M06 and three clusters for MO1 based on similar
expression trend.

2.10 Integration of datasets across meta-sample sources

To integrate cells into a shared space between our Omicron dataset and previously reported SARS-CoV-2
datasets, we recovered BALF single-cell transcriptome open-source datasets as validation cohorts of 39 sub-
jects. In brief, Harmony method reintegrated the 39 reference samples with our Omicron dataset into a same
principal-component space as above mentioned. All relevant data were downloaded from Gene Expression
Omnibus under the accession numbers GSE145926 (S1-S6), GSE167118 (S1-S5, S7-S9), GSE147143 (S1-S3),
the archive from EGAS00001004717 (BAL012-016, BAL020-027, BAL031-035, BAL039-040) and the archive
https://doi.org/10.6084/m9.figshare.12436517, (BIH-CoV-01, BIH-CoV-02).

2.11 Visualization

Plotting was performed using ggplot2 v.3.3. Comparisons of significance indicator were visualized using
ggsignif v.0.6.0. Heatmaps were generated using pheatmap v.0.12.0. Sankey plots were generated using
ggalluvial v.0.12.0. Figure layouts were pieced together by patchwork v.1.01 and Adobe Illustrator cc.2018.

2.12 Statistical analysis

Statistical analysis was performed using R v.4.3.1 and GraphPad Prism v.8. For the hypothesis testing,
normality was computed firstly using a Shapiro-Wilk test and manual examination of distributions in SPSS
Statistics 22. For parameters that exhibited a clear lack of normality, nonparametric tests were used.
Regarding to multiple testing, p values were corrected using FDR correction to generate adjusted p values



or q values (Benjamini-Hochberg method). Adjusted p values < 0.05 were considered significant. Two-sided
statistical tests were applied in all sample data.

3. RESULT
3.1 Study overview

In our study, 17 patients at the median age of 77 at the beginning of 2023 were included. These 17 patients
were all critical COVID-19 patients with the infection of SARS-CoV-2 Omicron variant, and all in the
respiratory ICU undergoing endotracheal intubation, invasive ventilation, bronchoalveolar lavage, broad-
spectrum antibiotics, glucocorticoid impulse, and sedatives (Figure 1A). The severe or critical Omicron
infection was diagnosed based on one of the following criteria: (1) PaO3/FiO2 [?] 300 mmHg; (2) respiratory
failure and invasive mechanical ventilation; (3) combined failure of other organs requiring ICU monitoring;
(4) shock.'® In these patients, 15 of them were male while only two were female, and five male patients
thereof survived ultimately while the others met a fatal end. The baseline information of these Omicron
critical patients was similar with previous pre-Alpha or Alpha cases that the severe incidence rate is much
higher in men than women.?*2> All patients suffered from severe bacterial pneumonia and ten patients of
them combined at least one organ failure. On the day of sampling, their International Normalized Ratio
(INR) and C-reactive protein (CRP) values all exceeded the highest threshold, the median percentage of
neutrophils in peripheral blood reached 92.15%, and their SOFA scores [?] 2, indicative of severe sepsis
(Supporting Information: Table S1).26

We performed scRNA-seq of the BALF cells obtained from these 17 Omicron critical patients, and the BALF
of seven patients were collected longitudinally two to three times while the other ten were collected only once.
Total 26 BALF samples were then sequenced using Singleron GEXSCOPE® platform (Figure 1B). None of
them have been treated with IFN before, but ten patients have received anti-COVID-19 medicine Paxlovid
or Azvudine. The high Omicron viral load was determined by qPCR assay aimed at open reading frame lab
(ORF1lab) and nucleocapsid protein in the nasopharyngeal swab of these 17 patients on the sampling day
(Supporting Information: Table S1).

3.2 The alveolar immune and inflammatory landscape of severe Omicron elucidated by scRNA-
seq

To elucidate the alveolar immune and inflammatory landscape of SARS-CoV-2 Omicron critical-ill patients,
we sequenced a total of 112,926 cells with an average of 4343 cells per sample and 783 genes per cell
(Supporting Information: Table S2). Cellular identities were matched to five kind of main granularity using
uniform manifold approximation and projection (UMAP) (Figure 2A). Clustering analysis was manually
annotated by querying known lineage genes, presenting 27 distinct clusters composed of neutrophils (PTPRC,
CSF3R ), macrophages (CD68, CD163 ), epithelial cells (KRT18 ), T cells (CD3D ), NK cells (KLRD1 ),
B cells (CD79A, MS/A1 ) and plasma cells (CD79A, JCHAIN ) (Supporting Information: Figure S1A).
Overall, we observed an enrichment for neutrophils (82,610) and macrophages (14,644), ranking them as the
top two, which suggested the infiltration of myeloid cells in these severe patients (Supporting Information:
Figure S1B).

After identifying the main cell lineages, we subjected each lineage to subclusters respectively. In the neu-
trophil subsets, NO1, expressing abounding chemokines and PI3 , was the most predominant population
of neutrophils (Supporting Information: Figure S1C). The percentages of CST7™ neutrophils (N02) ranked
the second only to NO1 (Supporting Information: Figure S1C), and the highly-expressed S100A8 , S10049
,CXCR2 , MNDA and anti-bacterial protein NB1 (CD177 ) in these N02 neutrophils suggested that they
were closely related to sepsis (Figure 2B).7-2728 N03 expressed a great degree of IFN-stimulated genes (ISGs)
(Figure 2B). The MMP9'/ARG1™ neutrophils (N04), concomitantly expressing MMPS8 , represented an im-
munosuppressive phenotype with the characteristics of myeloid-derived suppressor cells (MDSCs), immature
low-density neutrophils, or developing neutrophils with tertiary granule according to the previous studies
(Figure 2B).%-27:29-31 NO5, expressing heat shock protein genes HSP1A1 , HSPH1 , HSP90A and HSPAS ,
was a neutrophil subset under stress (Figure 2B). The rest of neutrophils were grouped into N06 with no



specific definition (Figure 2B).

In the macrophage subsets, the most predominant is M0O1 with chemotactical activity (CXCL5, CCL7 and
CXCL2) (Figure 2B). M03 expressed LYZ , VCAN and FCN1 . MOl and MO03 both exhibited a feature
of previously reported monocyte-derived macrophages (Figure 2B).32> GPNMB™ macrophages (M02) might
promote viral invasion as the highly expressed CTSL, a lysosomal cysteine protease, which was suggested
to be an ingress medium for SARS-CoV-2 Spike protein (Figure 2B).33 M04 possessed the characteristics
of interstitial macrophages (IMs), expressing the HLA family member genes HLA-DRA and HLA-DRBI ,
complement activation genes C1QA , C1QB ,C1QC , and post-phagocytic lipid degradation/metabolism
geneAPOE .* The expression of maturation markers CD40 and CD80 in M04 suggested its capability of
antigen presentation. They also expressed chemokine receptor CCR7 and chemoattractants CCL17, CCL22,
representing their ability of chemotactic migration and Th2 response (Figure 2B, Supporting Information:
Figure S1D). M05 expressed stress-related genesHSPBI and BAGS . MO06 were characterized by IFN-
stimulated genes CXCL10 , IFI27 and immunological tolerant gene VSIG/ . MOT7 expressed FABP/ , but
not migration genesICAM1 and MARCKS , manifesting that they were alveolar macrophages (AMs).!¢ Its
tissue residency and expression of TLR3 indicated the capability of the antiviral innate immune responses
(Figure 2B, Supporting Information: Figure S1D). Besides, predominant neutrophils and macrophages,
including NO1, N02, M01, M02 and M03, exhibited substantial expression of pro-inflammatory chemokines,
such as CCL2, CCL3, CCL4L, CCL7, CXCL2, CXCL3 and CXCL5 (Figure 2B), indicating their roles in the
progression of cytokine storm in critical Omicron patients.

The lymphocyte group contained only 4,719 cells (Supporting Information: Figure S1B). T02 and T06 were
delineated as NK cells in view of their preference in CD94 (KLRD1 ) expression but not CD3D. All sub-
populations of T and NK cells exhibited expression of ribonucleoprotein subunit signature genes RPL13
RPL23Aand RPS29 , suggesting their state of high RNA translation and ribosome metabolism. For T cells,
we found a population of CD8%/CD127" (IL7R ) T01 with the characteristics of antiviral memory, which
might represent the adaptive immune programs after vaccination (Figure 2B).3*3¢ Meanwhile, we also ob-
served a subset of CD4% /PD1% T03 cells exhibiting an exhausted phenotype. T04 was a population of naive
T cells. TO5 expressed GZMA, GZMB and T cell activating signal CD27, and a subset of CD8% /KI67TT07
cells displaying a proliferative phenotype (Figure 2B). Of note, in the atlas, T and NK cells were not con-
tributors to the pro-inflammatory cytokine milieu, indicating that the alveolar inflammatory environment
in severe Omicron patients was not elicited by T or NK cells. For B cell family, the plasmablasts (PBs) of
JCHAINT/KI67T B01 and plasma cells (PCs) of JCHAINT /KI67- B02 also expressed MZB1, the feature of
marginal zone B cells (MZBs), suggesting that the humoral immune response might be present in the alveo-
lar microenvironment of these severe Omicron patients (Figure 2B). However, we did not find several other
immune cell subsets, including HLA-DR' monocytes (CD14, FCGR3A ), IFN-deficient pDCs, conventional
dendritic cells (¢cDCs), and NKT cells (KLRK! , KLRB1 ), which were observed by previous scRNA-seq of
pre-Alpha and Alpha severe cases.?” Together, the alveolar immune landscape of severe Omicron patients
was elucidated by scRNA-seq of the BALF, suggesting the myeloid cells infiltration and lymphopenia in the
lung.

3.3 High IFN-responsive ISG15% neutrophils and CXCL10T macrophages were correlated with
the alleviation of critical Omicron disease

To examine whether cell composition of the BALF was correlated with the severity of critical Omicron
disease, the percentage of each cell subcluster each patient was counted. The global subcluster proportions
were normalized by Z-score in row, and their correlations with CPIS or SOFA grades were analyzed (Figure
3A). For CPIS, the number of N03 neutrophils and M06 macrophages in the CPIS low group were significantly
higher than their respective counterparts in the CPIS high group (Figure 3B). Moreover, both N03 and M06
numbers were negatively correlated with the CPIS grades (Figure 3C). Thus, high ISG15" N03 neutrophils
and CXCL10" MO06 macrophages were correlated with the alleviation of critical Omicron disease.

For the cell subsets correlated with the progression of Omicron disease, we found that chemotactically-active
CXCL5™ M01 macrophages were significantly increased in the CPIS high group, and were positively corrected



with the CPIS grades (Figure 3B, C). Moreover, CST7" N02 neutrophils and VCANT M03 macrophages
were significantly increased in the SOFA high group, and exhibited a positive correlation with the SOFA
scores (Fig 3B, C). Hence, these cell subsets may represent the advanced inflammatory state in the lung of
critical Omicron patients.

As ISG15" NO03 neutrophils and CXCL10™ M06 macrophages, both of which were correlated with the disease
alleviation, the preferred gene expressions in these two cell subsets were then analyzed. As compared to other
cell subsets of the BALF, N03 and MO06 highly expressed a set of ISGs (Figure 4A), and exhibited the IFN
antiviral innate immune function, such as OAS antiviral response, IFN-o/p signaling, TRAF3-dependent
IRF activation, and ISG15 antiviral mechanism (Figure 4B). These pathways were mediated by a series of
upregulated ISGs communally shared by N03 and M06 subsets, such as ISG15 , IFITS , IFITM3 and MX1
(Figure 4C). Protein-protein network analysis also revealed that these commonly upregulated ISGs worked
synergistically to participate in antiviral mechanisms (Figure 4D, E).

For epithelial cells, we found that FOXJ1T E01 epithelial cells possessed a large number of ion transport and
flagella maintenance genes like SNTN , CAPS , RSPH1 , together with ciliated epithelial-selective genes
TPPP3 and TMEM190 , thus were considered as ciliated epithelial cells (Figure 2B).*E02 SERPINB3*
epithelial cells were considered as club-cell-like secretory epithelial cells based on the expression of anti-
bacterial immunoglobulin-binding markers like uteroglobin (SCGB1A! ), BPIFB! and BPIFA1 (Figure
2B).38 E03 SPRR2A ™ epithelial cells expressed SPRR2A , SPRR3 , SPRRIB , and keratinization genes
KRT18 and KRT17 , which were essential to squamous cell cornification and epidermal differentiation
complex (EDC) formation, thus may represent transitional AT1 cells (Figure 2B).323940 E04 SFTPB*
epithelial cells exhibited characteristics of AT2 cells with alveolar surfactant protein genes SFTPB and
NAPSA (Figure 2B).1? Notably, E01, E02, and E03 epithelial cells possessed protective properties against
lung injury,*"#? and their cell proportions were negatively correlated with the inflammation-promotive NO1
and N02 neutrophils respectively (Figure 4F). However, E01, E02, and E03 populations exhibited a significant
positive correlation with the favorable IFN-responsive N03 ISG15T neutrophils (Figure 4G). Besides, the
inflammation-promotive monocyte-derived M03 macrophages were negatively correlated with these favorable
NO03 cells (Figure 4G). Together, high ISG15* neutrophils and CXCL10" macrophages, both IFN-responsive,
are correlated with the alleviation of critical Omicron disease, and ISG15T neutrophils may participate in
the epithelial barrier defense.

3.4 The chronological manifold of neutrophils and macrophages

We next outlined the latent-time trajectories of neutrophils and macrophages using time-delayed embedding.
For neutrophils, PI3T NO1 neutrophils were assigned as “root cells” in latent time pseudo-ordering, because
they accounted for the most proportion of State 1 (Supporting Information: Figure S2A). CST7+T N02
neutrophils gradually increased over latent time toward State 5, 6, 7 and 8, and presented a reverse trajectory
orientation as compared to PI3™ NO1 neutrophils, which was toward State 1, 2, 3 and 4, bifurcating from
node 1 (Supporting Information: Figure S2A). MMP9" /ARG1"N04 neutrophils mainly oriented toward the
developmental direction like NO2 neutrophils, and reached their apex at State 5.

For macrophages, recovery from inferred latent time, VCAN™T MO03 macrophages progressively decreased as
they evolved toward the terminal state, and appeared to be an origin of classic monocyte-derived macrophages
(Supporting Information: Figure S2A). When embedding macrophage lineages, CXCL5" M01 macrophages
appeared to proceed from MO03 macrophages, and developed toward the State 2, 3 and 4 (Supporting Infor-
mation: Figure S2A). GPNMB™' M02 macrophages and C1QCT M04 macrophages developed through the
node 4 and toward the terminal State 7, 8 and 9, indicating that these two subsets are terminally developed
macrophages. M02 and M04 macrophages expressed GPNMB , C'T'SBand SPP1 | suggesting that they
were M2 polarized (Supporting Information: Figure S2A).1643 These data may suggest that the alveolar
macrophage polarization was processing from circulating monocytes to pro-inflammatory macrophages and
then to terminally reparative pro-fibrotic macrophages.

It was observed that the quantities of ISG15% N03 neutrophils and CXCL10T M06 macrophages remained



constant over pseudotime passage from beginning to end. This may suggest that these two IFN-responsive
subsets maintained a stable presence throughout the course of Omicron sepsis. However, we noticed that
the peak expression of ISGs in both subsets occurred in the mid-to-late part of the pseudotime axis, which is
opposite to that of M01, expressing inflammatory genes and peaking in the early-to-mid and declining in the
late stage (Supporting Information: Figure S2B). Hence, in a chronological perspective, the myeloid pseudo-
temporal manifold seemed to progress toward a direction of eliminating viral infection and inflammatory
resolution.

3.5 The signals from CXCL10T macrophages to B cells and ISG15% neutrophils to CD4*T T
cells

To further illustrate the communications of macrophages and neutrophils with other immune cells, we ana-
lyzed the cellular connectomes. Subpopulation intercourses strength was plotted to demonstrate the cell-cell
interactions. We divided outgoing-incoming signal patterns into three major parts, including secreted sig-
nals, cell-cell contacts, and extracellular matrix (ECM)-receptors (Supporting Information: Figure S3A, B).
Network topology of six main signal families with edges filtered to those where neutrophils and macrophages
functioned as senders revealed the characteristic cell to cell communications (Supporting Information: Figure
S3C).

For macrophages, we found that CXCL5" M01 macrophages showed massive inflammatory factors epitomized
by IL-1B and CXCL2/8, and secreted signals to CST7+ NO02 neutrophils through the receptors IL-1R2
and CXCR2 respectively, suggesting that the cellular hub of M01 macrophages and N0O2 neutrophils might
be an important source of inflammation and immune injury in the lung (Figure 5A, B). We discovered
that the BAFF (TNFSF15B ), another ISG, expressed by IFN-responsive CXCL10"™ M06 macrophages,
communicated with the follicular B cell maturation antigen BCMA (TNFRSF17 ), thus might promote the
survival and activation of plasmablasts and plasma cells (Figure 5C). Besides, we also noticed that these M06
macrophages emanated signals to CD4" /PDCD1" /LAG3™T cells, CD8" /CD27" T cells and CD8" /KI67+
T cells through the CXCL10-CXCR3 pair to induce their migration (Figure 5B, D). For neutrophils, we
found that IFN-responsive ISG15" N03 neutrophils exhibited an elevated PD-L1 signal to interact with the
PD-1 on CD41/PDCD1%/LAG3*T cells (Figure 5A-C), thus might induce their exhaustion. Altogether,
these data indicate that the signals from CXCL10Tmacrophages to B cells and ISG15T neutrophils to CD4*
T cells respectively may help to eliminate viral infection and alleviate immune overactivation.

3.6 The comparison of cell components betweenOmicron and pre-Alpha/Alpha subvariants in
single-cell transcriptional profiles

We performed viral metatranscriptome sequencing on lavage supernatant of all donors to explore the sub-
lineages of the variant of concern Omicron. All 17 individuals were affiliated with the BA. sublineages and
its descendants (BA.5, BF7, XBB, BQ.1, CL.1) as per the Pango lineage criteria (Supporting Information:
Table S9).#* To cluster the immune cells in the lungs of SARS-CoV-2 patients comprehensively, we performed
a meta-analysis based on the previous data of severe COVID-19 BALF scRNA-seq of five independent clinical
centers (Hamberg, Berlin, Leuven, Guangzhou, Shenzhen) from January 2020 to November 2020 to elucidate
the similarity and discrepancy between pre-Alpha/Alpha and Omicron subvariants.!6-184145The sequence
assignment of SARS-CoV-2 were not performed in these studies, however, we deduced that the subvariants
of these cases were pre-Alpha/Alpha according to the timeline of the pandemic waves. In these studies, 29
male and 10 female patients of severe pre-Alpha/Alpha were included, and they were subjected to mechanical
ventilation like our Omicron cases. We integrated these pre-Alpha/Alpha scRNA-seq data together with
our Omicron datasets, and 202,223 high-quality cells were visualized in UMAP (Figure 6A, Supporting
Information: Table S10). Five major cell types were divided, including neutrophils (CRFSR ,G0S2 ),
macrophages (LYZ , CD68 ), T/NK cells (CD2 , CD3D , NKG7 , KLRD1 ), epithelial cells (KRT19 ),
B cells and plasma cells (CD794 , MS4A1 ,MZB1 ), the same as our Omicron datasets (Figure 6A, B).
Neutrophils and macrophages still ranked the first and second in terms of their abundance (Supporting
Information: Table S10).



The neutrophils and macrophages in the integrated datasets were then analyzed, and integration analysis
redefined six subclusters of neutrophils and seven subclusters of macrophages (Figure 6C). For neutrophils,
the Sankey data flow revealed that the signature data of merged NO1 almost converged on Omicron NO1
with marker genes PI3 ,CCL3 , CCL4L2 , and SLAMF7 . Merged NO2 mostly channeled into Omicron
N02 with marker genes CST7 , S100A8and S100A9 . Merged NO5 mostly channeled into Omicron N05
with marker genes HSPA1A , HSPB! and DNAJBI . Merged N06 was apt to Omicron N04 with marker
genes MMPS8 , MMP9 andRETN . Especially, the data flow of merged N04 exclusively channeled toward
our Omicron N03, and they expressed similar marker genes such as IFIT! /2 /8 and ISG15 (Figure 6D, E).
Hence, merged NO1 cells were similar to the inflammation-promotive PI3* neutrophils, merged N02 were the
CST7" neutrophils, merged N04 cells were the ISG15" IFN-responsive neutrophils, merged NO5 cells were
the DNAJB1™ stress-induced neutrophils, and merged NO6 cells were similar to MMP9+immunosuppressive
neutrophils.

For macrophages, we found some turbulence that post-integrated seven new subclusters exhibited a disor-
dered mapping onto our primary seven Omicron cell subclusters. We speculated that this discrepancy might
be ascribed to the fact that macrophage quantities in merged dataset were much more than those in Omicron
group (42,220 vs. 14,644) (Figure 6D, Supporting Information: Table S10). We did not observe a separate
IFN-responsive macrophage subset. However, merged MO01 subset occupied over 50% of all macrophages,
which expressed abounding pro-inflammatory cytokines like CCL3, CXCL2 and IL-1f3, representing the pro-
inflammatory CXCL5% M01 and VCANT M03 macrophages in Omicron dataset. Besides, merged M02 and
MO3 exhibited high expression of C1QA , C1QB , C1QC , APOC1 ,APOFE and FABP/ , indicative of
alveolar /interstitial macrophages (Figure 6D, E).

We found that PI3T NO1 neutrophils were significantly higher in pre-Alpha/Alpha group, and MMP9*
NO06 neutrophils were significantly higher in Omicron group. Although the median of CST7T N02 neu-
trophils and ISG15% NO03 neutrophils seemed to be increased in Omicron subvariants, we failed to re-
ject the null hypothesis. For macrophages, merged pro-inflammatory M01 macrophages were more abun-
dant in Omicron, and merged APOC1"/APOE™Y/FABP4TM02 macrophages, possessing phagocytosis and
damage repair function, were more abundant in pre-Alpha/Alpha group (Figure 6F). The comparison
of neutrophil and macrophage subsets in severe pre-Alpha/Alpha and Omicron cases suggested that the
alveolar inflammation of these subvariants might be mediated by different cell components. In pre-
Alpha/Alpha variant, inflammation-promotive PI3Tmerged NO1 neutrophils are more, while damage re-
pair APOC17/APOE* /FABP4Tmerged M02 macrophages are more. On the contrary, in Omicron vari-
ant, inflammation-promotive IL-13" /CXCL"merged M01 macrophages are more, while immunosuppressive
MMP9* merged NO6 neutrophils are more. These explanations indicate that the underlying cellular remod-
eling for the development of severe disease may be different between pre-Alpha/Alpha and Omicron variants,
which may be conducive to the future guidance for the clinical practice against severe Omicron diseases.

4. DISCUSSION

One of the hallmarks in senile patients of severe COVID-19 is the hypoxemia, which frequently deteriorates
into ARDS, with the cytokine storm in both the systemic circulation and the pulmonary tissue.® Another
horrible issue is the hospital-acquired infections, and the bacterial co-infections always bring about a tough
challenge in ICU.#7-4? The mortality of Omicron severe patients is often attributed to sepsis-induced ARDS
and multi-organ failure, which is similar in the severe pre-Alpha/Alpha cases.? Studies suggested that the
SOFA score had a discriminative capacity to tell the adverse outcome from the critical-ill patients with
COVID-19 sepsis.’’In the meantime, CPIS holds a positive correlation between the clinical severity and
quantitative bacteriology of the pneumonia.®! In our study, we provided a single-cell transcriptome atlas to
generate the cellular profiles and cell-cell interactions in the lung of lethal Omicron, which linked the levels
of the IFN-responsive neutrophils and macrophages with low CPIS grades, and the pro-inflammatory or
septic neutrophils and macrophages with worse SOFA scores, thus suggesting the potential biomarkers for
the identification of disease severity and the underlying functions of these cell subsets in the progression of
severe Omicron.



The inflammation and infiltration of myeloid cells including neutrophils and macrophages in the lung were dis-
covered by our study to be the predominant characteristic of severe Omicron, which is similar to that of crit-
ical pre-Alpha/Alpha. The intense inflammatory environment in the alveoli was mediated by these myeloid
cells, especially PI3™ neutrophils, CST7+ neutrophils, VCAN' macrophages and CXCL5" macrophages,
which produced large amounts of pro-inflammatory cytokines and chemokines, thus promoting the progres-
sion of alveolar inflammation. The CST7" neutrophils and VCANTmacrophages were positively correlated
with SOFA grades, while CXCL5" macrophages were positively correlated with CPIS grades, further demon-
strating their important roles in the development of excessive alveolar inflammation. In contrast, lymphoid-
derived cells accounted for a minor inflammatory proportion. Thus, the control of the overactivated myeloid
inflammatory cells is still the main direction to intervene the progression of severe Omicron pneumonia.

The beneficial cell subsets also existed in the alveolar milieu of critical Omicron, which was suggested to
indicate lower lung infection. ISG15% neutrophils and CXCL10Tmacrophages, both demonstrated to be IFN-
responsive, were determined to be negatively correlated with the CPIS grades of severe Omicron patients.
However, these two cell subsets have not been excavated or reported in the previous scRNA-seq studies of
COVID-19, suggesting they may be Omicron-specific cell subpopulations. In the pseudotime analysis of these
two ISG15™" neutrophils and CXCL10" macrophages, they maintained a constant number throughout the
differentiation and development trajectory. Nevertheless, their expression of ISGs peaked at the mid-to-late
stages of the lineage evolution. We presumed that, if the production of host IFN emerged earlier and stronger,
these two cell subsets may be enhanced, and their expression of ISGs and the favorable biological functions
may be strengthened. Thus, the treatment with IFN, especially in the early phase of Omicron infection, may
be useful to the prevention of severe pneumonia and the intervention of critical ARDS. Previously, clinical
treatments against critical COVID-19 largely honed in on alleviating the overactivated alveolar inflammation
and cytokine storm, such as using the tocilizumab to neutralize pro-inflammatory IL-6.°2Together with the
present study, the combination of anti-inflammatory agents with IFIN may be beneficial in the treatment of
severe Omicron pneumonia.

For the potential biological functions of the beneficial ISG15" neutrophils and CXCL10%"macrophages, we
discovered that ISG15™ neutrophils were positively correlated with the protective alveolar epithelial cells,
which might help the rejuvenation of the epithelial barrier. Moreover, ISG15T neutrophils also expressed
PD-L1, which may attenuate the hyperactivated T cells-mediated immune injury through the PD-L1-PD1
axis. Meanwhile, CXCL10"macrophages might activate B cell-mediated humoral immunity through the
BAFF signal, indicating the potential preventative antiviral humoral immune response. However, all these
deductions still need further validation in the study of SARS-CoV-2 mouse models in vivo.

For the alveolar cell subsets in severe Omicron and previous pre-Alpha/Alpha, our scRNA-seq analysis of
BALF did not find the existence of dendritic cells, such as pDC, ¢DC1, ¢DC2, which were determined
to be present in the BALF of severe pre-Alpha/Alpha and were plentiful in the BALF and PBMCs of
mild COVID-19 cases.'®%3 In the context of severe Omicron infection, we have identified IFN-responsive
ISG15 " neutrophils as a separate cellular subset, an identification not previously established in the analysis
of severe cases of pre-Alpha/Alpha variants. Instead, these neutrophils in severe pre-Alpha/Alpha expressing
ISGs in conjunction with CSF3R ,S100A8 and S100A9 , which exhibited a dual expression profile, encom-
passing both ISGs and genes associated with pro-inflammatory responses.?? However, in severe Omicron here,
these neutrophils are two separate cell subsets, septic CST7" neutrophils and ISG15 ™ neutrophils. These two
cell subsets may possess opposite functions, one is pro-inflammatory while the other may be protective and
correlated with alleviated phenotypes. These differences may represent the unique characteristics of severe
Omicron as compared to the previous variants.

Although our BALF immune landscape suggested the potential roles of neutrophils and macrophages in
the progression of severe Omicron infection, our study has several limitations, including the stochastic and
limited patients without pre-stratification, no comparative severe cases caused by the infection of bacterial
solely or other virus, no control BALF from healthy donors or convalescents because of the ethical reasons,
and no comparative study with the BALF from the Omicron mild cases.
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In summary, we provided a BALF single-cell atlas of critical Omicron patients, and suggests the immune
landscape, especially neutrophils and macrophages, in the lung of severe cases. The alveolar IFN-responsive
ISG15T neutrophils and CXCL10"macrophages are negatively correlated with disease severity, and these
two cell subsets may extricate Omicron critical patients from the nasty fate of sepsis.
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A Figure 1
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FIGURE 1 Overview of study design and sampling procedure
(A) An evaluated process regarding sample eligibility.

(B) Sample cohort, viral metatranscriptomic sequencing of BALF supernatant and single-cell sequencing
sampling procedure of cellular precipitate.
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FIGURE 2. Bronchoalveolar single-cell profile signature in BALF from critical Omicron pa-
tients

(A) UMAP projection embedding of cross-sample batch-corrected PCA matrix. The entire dataset from the
whole 112,926 cells colored by orthogonally inferred cell identity labelled by automated cell type annotation
(left). Stacked violin plot showing the scaled expression of optimal signature genes (rows) and the subclusters
of the manual post hoc annotations (columns) with the same color as the names to the right (middle). All
profiled samples from 17 Omicron patients and sample IDs beginning with “C, D, E, X” with different color
shade (right).

(B) Heatmap of top marker genes for 27 identified cell types with scaled expression. All displayed genes are
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statistically significant at the p < 0.05 confidence. Genes defined as positive for a cell if at least one UMI of

that gene was found.
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FIGURE 3. Alveolar neutrophils and macrophages correlated with CPIS and SOFA grades in
severe Omicron patients

(A) Heatmap visualizing the Z-score of the relative abundance using hierarchical Ward’s D2 linkage clustering
based on Euclidean distances (scaled in row). Each row representing a subcluster (n=27) and each column
representing a sample (n=26).

(B) Bar plots showing the percentage of N03, M06 and M01 of the main cell types in each sample grouped by
CPIS, the percentage of NO2 and MO03 of the main cell types in each sample grouped by SOFA. Significance
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was estimated using two-tailed Mann-Whitney U test. The results presented as means + S.E.M.; *p < 0.05,

**p < 0.01.

(C) Scatter plots depicting the correlation between the percentage of N03, M06, M01 and CPIS, the correlati-
on between the percentage of N02, M03 and SOFA. The coefficient “R ” of Spearman correlation representing
the strength of correlation and p values shown for each comparison.
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FIGURE 4. The correlation of ISG15T neutrophils and CXCL10" macrophages with other cell
subsets in the BALF from severe Omicron patients

(A) Volcano plot for significance [-logio (p value), Y-axis] versus magnitude [logs (fold change), X-axis] of
specific differential expression of each gene (dots; horizontal dashed line, FDR < 0.05; vertical dashed lines, |
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logs (fold change) | = 1) in N03 and M06 subclusters. Each subcluster versus all other subclusters as control
in the same major cluster. Upregulation colored in red; downregulation colored in blue; no significance
colored in gray.

(B) Signaling pathways enriched in N03 and MO06 relative to remaining cells in the same major cluster using
Reactome database. Enrichment pathways depicting top positively regulated terms.

(C) Differentially upregulated consensus genes of N03 (left, n=61) and MO06 (right, n=45) in the Venn
modality (middle, n=33).

(D) Protein-protein interaction (PPI) network of overlapped ISGs; pivotal nodes in red and fringe nodes in
blue. Edges in gray denoting the interaction as confidence score > 0.5 presented.

(E) Stacked violin plot showing the expression levels of genes under the OAS and ISG15 antiviral pathways
in different subclusters.

(F) Correlation matrix heatmap of Spearman correlation analysis among subcluster-to-subcluster. Corre-
lation coefficients “R ” shown at the intersection of the considered two subclusters (positive correlation
coeflicients, shadows of red; negative correlation coefficients, shadows of blue, correlations not statistically
significant, being left blank).

(G) Scatter plots depicting the correlation between M03 and N03, E01 and N03, E02 and N03, E03 and N03.
Spearman correlation coefficient “R ” and p values shown for each comparison.
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Figure 5
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FIGURE 5. Ligand-receptor interactions of CXCL5T macrophages, CXCL10Tmacrophages

and ISG15Tneutrophils

(A) Interaction heatmap generalization of differential numbers of outcoming (left) and incoming (right)
cell-to-cell interactions. Signaling strength with color-coded bars as per subclusters on the top and ligand-
receptor interaction strength with gray bars as per signals on the right. Differentially relative strength bar
of each signal by each subcluster laid out on the far right (white, low strength; green, high strength).

(B) Bar plot showing selected ligand-receptor pairs ranked as relative contribution value. Y-axis representing
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reliminar

d. Data ma

89882 /v

individual ligand-receptor pairs while X-axis denoting the magnitude of their contribution.

(C) Differential enrichment of specific ligand-receptor interactions (rows) of macrophages and neutrophils
with T cells and B cells/PBs/PCs (columns). Color-coded dots representing communication probability
based on logs (fold change) of inferred ligand-receptor expression. Dot size depicting p value (p < 0.01).

(D) Stacked violin plot showing the average expression of selected ligands or receptors for each subcluster.
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between severe Omicron and pre-Alpha/Alpha

(A) Cellular populations identified by UMAP projection of 202,223 single cells as Neutrophils (n=99,839),
Macrophages (n=>54,568), T/NK cells (n=25,151), Epithelial cells (n=20,253), B cells (n=1,682) and Plasma
cells (n=730). Each dot corresponding to a single cell, colored according to major cell types with respective
cell labels.

(B) FeaturePlot of estimated density of merged marker genes overlay after batch correction showing distri-
bution of separated subclusters. Color bar reflecting the expression levels.

(C) UMAP embedding of myeloid subclusters after re-integration across pre-Alpha/Alpha (COVID-19)
datasets and Omicron datasets. Cell subclusters in merged frame by manual curation with different col-
ors.

(D) Sankey diagram showing stacked subcluster proportion transforming. Each line representing a data flow
from Merge to Omicron. The width of each line representing the size of the data flow.

(E) Heatmap showing the Z-score normalized mean expression of selected top differentially expressed genes
per subcluster. Color bar with the expression levels.

(F) Fraction of myeloid subclusters in pre-Alpha/Alpha (n=39) and Omicron (n=26). Each dot correspond-
ing to a single sample; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; middle line, median; box edges,
25th and 75th percentiles; whiskers, most extreme points that do not exceed + 1.5 x the interquartile range
(IQR); two-tailed Mann-Whitney U test.
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Assessed for eligibility:
@ Admission to ICU for
@ Age > 60 years
@ PCR positive for SARS-CoV-2
@ Arterial line inserted for clinical monitoring
@ Mecting the diagnostic criteria for sepsis 3.0
® Definitive bacterial pathogens diagnosis and manifesting SIRS

failure with h;

Standard lung protective ARDS therapy:

@ Standard care criteria

@ Empiric antibiotics

@ Optional immunotherapy and anti-COVID-19 treatment
® Mechanical ventilation

@ Supportive care with vasoactive medications

@ Sedation, paralytics

Figure 1
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Figure 5

Incoming signaling patterns
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