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cases revealed by single-cell landscape

analyses

Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), which causes coronavirus disease 2019 (COVID-19)
and initially infects epithelial cells of the upper respiratory
tract, has recently caused a global health emergency and is
still a potential threat to humans.” Multiple studies have
suggested alterations in the immune system, including
excessive neutrophil activation and lymphopenia, and
excessive inflammatory responses as the key mechanisms
for severe symptoms.” However, which cell types
contribute to excessive inflammation remains to be
explored. Further analysis of human blood immune cells
provides insights into the coordinated response to SARS-
CoV-2 infections and is a significant task for restraining the
virus and controlling disease progression. In this study, we
reanalyzed the single-cell sequencing (scRNA-seq) dataset
GSE157789 uploaded by Sinha S et al in the GEO database,
and the results were validated by analyzing the RNA-seq
dataset GSE171110. The results indicated increased neu-
trophils and plasma cells but reduced CD8 T cells. More
importantly, we identified a unique population of fibro-
blasts enriched in severe COVID-19. The fibroblast sub-
cluster showed potential neutrophil-like function and might
be another significant cell population participating in un-
controlled inflammation in COVID-19.

In the analyzed cohort, scRNA-seq was performed using
peripheral blood cells from healthy people and severe
COVID-19 patients. In total, we sequenced 42,206 cells and
20,737 genes, thereby identifying 16 orthogonal clusters
annotated into 11 distinct cell types, namely, CD4 T cells
(CD4%), CD8 T cells (CD8A", CD8B"), B cells (CD79A",
MS4A17), NK cells (GNLY™, NKG7"), CD14" monocytes
(CD14* Mono, CD14*, LYZ*, FCN1*"), CD16" monocytes
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(CD16™ Mono, FCGR3AT/CD16™), plasma cells (IGKCT,
IGHG1™, JCHAIN™), v3T cells (TRGC2", GZMA™), neutrophils
(FCGR3B™), and fibroblasts (SPARC™). Notably, the severe
COVID-19 cohort presented a unique landscape of periph-
eral blood cells with increased neutrophils, plasma cells/B
cells, and fibroblasts, and reduced CD8 T cells compared
with healthy controls, which was validated by analyzing the
RNA-seq data from the GSE171110 dataset performed using
peripheral blood from 6 healthy people and 17 severe
COVID-19 patient samples (Fig. 1A, B; Fig. S1, 2).

Furthermore, we explored the potential causes of im-
mune cell alterations. The results in Figure S3 indicated
that changes in the cell cycle and apoptosis were not
responsible for the reduction in CD8 T cells. However, T-cell
exhaustion markers, including T-cell immunoglobulin and
mucin domain-containing protein 3 (TIM3), lymphocyte
activation gene 3 (LAG3), and cytotoxic T-lymphocyte
associated protein 4 (CTLA4), were increased in COVID-19
CD8 T cells, which may induce a decrease in CD8 T cells.
Increased plasma cells and neutrophils in COVID-19 could
be the result of enhanced proliferative activity reflected by
the robust G2M cell cycle scores and up-regulation of some
cell cycle-related genes (Fig. S4, 5). Notably, the increased
chemokines and Toll-like receptors in COVID-19 neutrophils
suggested strong chemotaxis and activation (Fig. S5D).
Taken together, our analysis results revealed the proin-
flammatory environment and hyperactive humoral immu-
nity but poor T-cell-mediated antiviral immunity in the
peripheral blood of severe COVID-19 patients.

In addition to the deviations in immune cells, the
fibroblast population has been found to be increased in
severe COVID-19 patients. Reportedly, in COVID-19, this
infection may cause the proliferation of fibroblasts and
extracellular matrix overproduction. Fibroblasts produce
cytokines and cause T-cell infiltration, which may increase
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scRNA-seq profiling of the circulating fibroblast populations from healthy people and severe COVID-19 patients. (A) The

UMAP plots showing the landscape of cell types from healthy people and severe COVID-19 patients. (B) The bar plots showing the
cell proportions in all samples. (C) tSNE projections of subclustered fibroblasts. (D) The heatmap indicating the expression of
selected gene sets in fibroblast subtypes. (E) The dot plots illustrating the expression of nonclassical fibroblasts expressing
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inflammation in the lung.>* To decipher the distinctive
features of fibroblasts, we identified 4 orthogonal clusters
of cells, Fib_c0, Fib_c1, Fib_c2, and Fib_c3 (Fig. 1C). Fib_c0
expressed peripheral erythrocyte-like markers. Fib_c1
expressed high levels of glycoprotein IX platelet (GP9) and
transmembrane protein 40 (TMEM40). Fib_c2, which was
obviously enriched in the COVID-19 group, showed specific
expression of the neutrophil marker genes Fc gamma re-
ceptor Il b (FCGR3B), S100 calcium-binding protein A8/A9
(S100A8/A9), and colony-stimulating factor 3 receptor
(CSF3R), suggesting its potential neutrophil-like function.
Fib_c3 expressed high levels of ribosomal protein S21
(RPS21) and ribosomal protein L9 (RPL9) (Fig. 1D). Among
fibroblast subclusters, Fib_c1 was a mature type of fibro-
blast because of the increased expression levels of the
profibrotic genes SPARC (secreted protein acidic and rich in
cysteine), TIMP1 (TIMP metallopeptidase inhibitor 1), and
F13A1 (coagulation factor Xl a chain)® (Fig. 1E). This
increased fibroblast population in severe COVID-19 patients
was validated by analyzing the RNA-seq datasets (Fig. 1F).

Thereafter, differentially expressed gene (DEG) analysis
between fibroblast subclusters was performed and is illus-
trated in Figure 1G. Using these DEGs, we then conducted
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis between clinical groups. The KEGG pathway anal-
ysis indicated that signaling pathways involved in COVID-19,
ribosome, and platelet activation were enriched in Fib_c1
and Fib_c2 (Fig. 1H). Due to the neutrophil-like feature of
Fib_c2 and its potential proinflammatory capacity, DEGs in
subcluster Fib_c2 were selected to redraw KEGG pathways
to identify unique functional proteins contributing to the
COVID-19 pathway, and the prominent result showed that
TLR2, TLR4, TLR8, NFKB inhibitor alpha (NFKBIA) and
complement C5a receptor 1 (C5AR1) in COVID-19 pathways
were highly expressed in the severe COVID-19 group,
exhibiting high pathway activity for the inflammatory
response, possibly mediated by Fib_c2 (Fig. 1l, J). The
expression pattern was also supported by the analysis of
RNA-seq datasets (Fig. 1K). Interestingly, some platelet
function-related genes were found to be increased in

Fib_c1 from the severe COVID-19 patient group (Fig. S6A,
B). The gene set variation analysis (GSVA) pathway analysis
also showed high expression scores for coagulation and in-
flammatory response of fibroblasts (Fig. S6C, D).

We next explored the dynamic cell status and cell
transitions in SARS-CoV-2-related fibroblasts by inferring
the state trajectories using Monocle 2. According to the
lineage relationships and the corresponding gene expres-
sion, we performed pseudotime analysis on the merged
cells to construct a new trajectory containing two termini
corresponding to two distinct cell fates using computational
methods BEAM. Fib_c1 cells were found at the start point of
the trajectory and then split into two main branches,
Fib_c2 cells with partial Fib_cO cells in fate 1 branch and
Fib_c3 cells in fate 2 branch, placed at opposite divergent
ends as two terminally differentiated cell types (Fig. 1L,
M). The expression levels of selected genes, including
C5AR1, CCL5, CXCL5, CXCL8, CXCR1, and CXCR2, along with
the pseudotime showed dynamic changes in inflammatory
responses, including neutrophil recruitment and neutro-
phil-related inflammation (Fig. 1N). The expression levels
of C5AR1, CXCL8, CXCR1, and CXCR2 were extremely low
along with the pseudotime until reaching the fate 1 branch
(mainly Fib_c2) and declined again when reaching the fate
2 branch (Fib_c3), suggesting the potential neutrophil-like
function of Fib_c2. The expression levels of CCL5 and CXCL5
were high in Fib_c1 and decreased gradually along with the
pseudotime. The results indicated the chemotaxis potential
of Fib_c1 to neutrophils or neutrophil-like cells, such as
Fib_c2. Consistently, our results were further validated by
another analysis strategy, CytoTRACE (Fig. 10). To deter-
mine the possible communications among heterogeneous
fibroblasts, we performed ligand/receptor/target gene
coexpression analysis using the CellPhoneDB algorithm. The
results indicated that Fib_cO primarily interacted with it-
self and Fib_c2. In our data, the receiver cell Fib_c2 with
high levels of CXCR1 and CXCR2 can be strongly predicted
to interact with the sender cell Fib_c1 through CXCL5
(Fig. 1P; Fig. S6E). These identified ligands and their
downstream targets might also be responsible for the

complement transcripts SPARC, TGFB1, F13A1, and TIMP1 between healthy people and severe COVID-19 patients. (F) The boxplots
showing the expression of selected genes SPARC, TGFB1, F13A1, and TIMP1. The data was searched from the GEO database. Paired
or unpaired Wilcoxon tests were used for all statistical analyses; *P < 0.05, **P < 0.01, ***P < 0.001. (G) The volcano plot showing
the differentially expressed genes of four clusters. Black dots indicate non-significantly different genes, and red dots indicate
significantly different genes. (H) The dot plots showing KEGG biological process terms enriched in cluster marker genes. (I) The
network showing the dynamic changes in expression along the subset fibroblasts cluster 2 (Fib_2). (J) The dot plots illustrating the
expression and cell proportion of selected genes TLR2, TLR4, TLR8, NFKBIA, and C5AR1 in different subclusters between healthy
people and severe COVID-19 patients. (K) The boxplots showing the expression of selected genes TLR2, TLR4, TLR8, NFKBIA, and
C5AR1. The data was searched from the GEO database. Paired or unpaired Wilcoxon tests were used for all statistical analyses;
*P < 0.05, **P < 0.01, ***P < 0.001. (L) Pseudotime-ordered analysis of subclusters of fibroblasts displayed by clustering and color-
coding according to cell type or clinical group. (M) The heatmap revealing the dynamic changes in gene expression during the
differentiation process. The distribution of fibroblast subtypes during the transition was divided into four phases, along with the
pseudotime. (N) The dot plots showing the dynamic changes in selected gene expression along with the pseudotime. (O) The two-
dimensional plots showing the expression scores for genes in another algorithm CytoTRACE in healthy people and severe COVID-19
samples, along with the pseudotime. (P) The dot plot showing the selected significant receptor—ligand interactions between subset
fibroblast cells discovered using CellPhoneDB (empirical permutation P value). (Q) The dot plots illustrating the expression and cell
proportion of selected genes CCL5, CXCL5, CXCL8, CXCR1, and CXCR2 in different subclusters between healthy people and severe
COVID-19 patients. (R) The box plots showing the expression of selected marker genes in the clinical group between healthy people
and severe COVID-19 patients. The data was searched from the GEO database. Paired or unpaired Wilcoxon tests were used for all
statistical analyses; *P < 0.05, **P < 0.01.
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inflammation-associated phenotype of neutrophils. More-
over, in scRNA-seq data of fibroblasts, the expression levels
of CXCL5 in Fib_c1 and CXCL8, CXCR1 and CXCR2 in Fib_c2
were much higher in severe COVID-19 patients (Fig. 1Q).
These results were validated by analyzing the RNA-seq
datasets (Fig. 1R). Furthermore, we found enhanced
expression levels of inflammatory response-related tran-
scription factors by using the ChEA3 tool (Fig. S6F), sug-
gesting that fibroblasts contributed to the enhanced
proinflammatory neutrophil microenvironment in patients
with severe COVID-19.

To summarize, our study revealed the features of
circulating immune cells and identified a significant fibro-
blast population with neutrophil-like function participating
in uncontrolled inflammation in COVID-19.
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