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Purpose: Chemically induced acute lung injury (CALI) has become a serious health concern in our industrialized world, and
abnormal functional alterations of immune cells crucially contribute to severe clinical symptoms. However, the cell heterogeneity and
functional phenotypes of respiratory immune characteristics related to CALI remain unclear.

Methods: We performed scRNA sequencing on bronchoalveolar lavage fluid (BALF) samples obtained from phosgene-induced CALI
rat models and healthy controls. Transcriptional data and TotalSeq technology were used to confirm cell surface markers identifying
immune cells in BALF. The landscape of immune cells could elucidate the metabolic remodeling mechanism involved in the
progression of acute respiratory distress syndrome and cytokine storms. We used pseudotime inference to build macrophage
trajectories and the corresponding model gene expression changes, and identified and characterized alveolar cells and immune subsets
that may contribute to CALI pathophysiology based on gene expression profiles at single-cell resolution.

Results: The immune environment of cells, including dendritic cells and specific macrophage subclusters, exhibited increased
function during the early stage of pulmonary tissue damage. Nine different subpopulations were identified that perform multiple
functional roles, including immune responses, pulmonary tissue repair, cellular metabolic cycle, and cholesterol metabolism.
Additionally, we found that individual macrophage subpopulations dominate the cell-cell communication landscape. Moreover,
pseudo-time trajectory analysis suggested that proliferating macrophage clusters exerted multiple functional roles.

Conclusion: Our findings demonstrate that the bronchoalveolar immune microenvironment is a fundamental aspect of the immune
response dynamics involved in the pathogenesis and recovery of CALI.

Keywords: single cell RNAseq, phosgene-inhalation, chemically induced acute lung injury, immune microenvironment,
heterogeneity, phenotypes

Plain Language Summary
Chemically induced acute lung injury (CALI) has become a serious health concern in our industrialized world, immune cells and
functional changes in these cells play a crucial role in the severe clinical symptoms of CALI. However, our knowledge on these cells,
their functions, and how they relate to CALI remains limited.

Here we employed single-cell RNA sequencing on fluid samples from the lungs of rats and assessed cell surface markers to
understand how metabolic remodeling mechanisms were involved in the progression of ARDS and cytokine storms, tracked the
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trajectories of one type of immune cells, and corresponding gene expression changes, identified and characterized other cell subsets
that may contribute to CALI pathophysiology.

Our findings showed that immune system increased its function during the early stage of pulmonary tissue damage, and immune
microenvironment was involved in pathogenesis of and recovery from CALI. They provided fundamental insights into immune
response provoked by CALI and natural course and changes in macrophages that occur as a result, revealed novel changes in gene
expression and cellular interactions, highlighted the complexity and diversity of cellular injury in CALI. Future research on the
transcriptional dysregulations identified in this study would further elucidate the pathophysiology underlying CALI.

Introduction

Lung injury caused by chemical gas inhalation is a common severe disease that can easily progress to acute respiratory
distress syndrome (ARDS), which poses a threat to the local civilian population in case of accidental or intentional gas
release.' Chemically induced acute lung injury (CALI) can be caused by chemical agents such as phosgene, chlorine,
ammonia, and hydrofluoric acid as well as by burns or smoking. Phosgene is an indispensable high-production chemical
intermediate widely used across industries. Industrial development has brought about a high annual incidence of CALI,
moreover, accidental gas leakages contribute to serious social health problems.’ However, there remain no specific or
FDA-licensed drugs to treat CALL* To develop novel treatments or effective approaches, it is important to elucidate the
pathophysiology underlying CALI, especially at the cellular level.

Inhalation is the primary exposure route for most of the aforementioned toxic chemicals. Typically, alveolar
epithelium injury induced by chemicals leads to inflammatory responses, which can cause tissue edema or organ
dysfunction.” CALI is initially characterized by different degrees of congestion, interstitial and alveolar edema,
neutrophilic infiltration, occasional hyaline membrane formation, and dense atelectasis.® The pathophysiological mechan-
isms include direct chemical-induced airway or bronchus damage, diffused pulmonary edema, and tissue hypoxia caused
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by systemic poisoning.”* As direct damage to the respiratory tract and alveoli causes disruption of the epithelial-
endothelial barrier, multiple studies have investigated the regeneration mechanisms in damaged tissues.” ' However, the
host presents with increased susceptibility even after tissue regeneration of the epithelial-endothelial barrier.'”
Additionally, the immune microenvironment is crucial in maintaining lung homeostasis, which is essential for adequate
gas exchange and alveolar epithelial integrity.'>'* Therefore, it is important to understand the respiratory immune
microenvironment, which comprises multiple cell types and cellular communication based on ligand-receptor interac-
tions, to elucidate the pathogenesis underlying CALI.

Research on the interaction between immune response and cellular metabolism has been increasing. Single-cell RNA
sequencing (sc-RNAseq) has recently been used to obtain single-cell resolution and identify disease mechanisms, cellular
phenotypes, and alterations in alveolar cell crosstalk.'>'® Bronchoalveolar lavage fluid (BALF) can be used to identify
the microenvironment of the bronchioles and lung alveoli.'”'® While landscape analysis of the lung immune micro-
environment during ALI/ARDS has revealed strong changes in the proportions and characteristics of immune cells, the
cell type-specific mechanisms and the complex interactions among immune cell subtypes, especially in CALI, remain
unclear.

Here we aimed to elucidate the cell-specific transcriptional profiles of alveolar immune cells in CALI by subjecting
BALF samples to sc-RNAseq, to provide insights into the underlying pathophysiology.

Materials and Methods

Animals and Grouping
We purchased adult male Sprague—Dawley rats (mean weight, 200 £ 20 g; 810 weeks old) from the Experimental
Animal Center of Naval Medical University, Shanghai, China. Animals were maintained in a climate-controlled cage
(temperature, 24-26 °C; humidity, 55%—60%; 12/12 h dark/light cycle), with free access to food and water. All animal
experimental procedures were approved by the Institutional Animal Care and Use Committee of Fudan University and
adhered to the established international guidelines for animal experimentation.

The rats were randomly allocated to a normal control (NC, n = 6) and a Gas (n = 6) group. The NC group was
exposed to normal room air, while the Gas group was exposed to phosgene gas (No. 32315-10-9, Macklin, China) at
a constant rate in an airtight cabinet for 5 min until a final concentration of 8.33 mg/L, as previously described."”

Isolation and Preparation of Single Cells and scRNA-Seq

After 24 h, three rats in each group were randomly selected, and = 2 mL of BALF samples were freshly obtained for
scRNA-seq. They were passed through a 100-pm nylon cell strainer to remove clumps and debris, followed by
supernatant collection. Subsequently, the cells were re-suspended in a cooled RPMI 1640 complete medium. Cells
were then counted in 0.4% Trypan blue, centrifuged, and resuspended at a concentration of 1x10° mL™" for subsequent
analyses. All samples were processed in a BSL-3 laboratory within 2 h after collection.

Quality Control (QC) and Data Filtering

scRNA-seq of BALF cells was performed using the BD Rhapsody™ Single-Cell platform. The rat reference genome
(version m6) was applied to align reads and generate the gene-cell unique molecular identifier (UMI) matrix for each
sample. The obtained raw_feature bc matrix was loaded with downstream analysis using the “Seurat” R package (v
4.1.0).%° Dead cell filtering resulted in a total of 64,329 cells. Further QC was applied step-by-step based on three
metrics, including the total UMI counts, number of detected genes, and proportion of mitochondrial gene counts per cell.
Cells with < 500 detected genes were filtered out; the mitochondrial gene expression was high (20%). We then filtered
out cells with > 6000 detected genes to further remove potential doublets. Genes detected in < 10 cells were also filtered
out. Subsequently, the data were normalized and scaled. We removed the batch effect across individuals by identifying
anchors passing them to the “IntegrateData” function. Dimensionality was further reduced using a uniform manifold
approximation and projection (UMAP) for visualization. Louvain clustering was used to group single cells according to
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their expression profiles, and a sub-clustering analysis was performed using a similar procedure, which included variable
gene identification, dimension reduction, and cell integration.

|dentification of Signature Genes and Cell Annotation

Signatures for each cluster were obtained using the “FindAllMarkers” function in the Seurat?® package. Signature genes
were identified based on the following criteria: 1) adjusted p < 0.05 using all signatures in the dataset; 2) fold change in
mean expression > 0.25; and 3) pct.1 > 0.25 (pct.1: percentage of cells in the first group where the signature was
detected).

The main cell types in the main clusters were defined using the SingleR package. Next, we further manually
confirmed that the markers expressed by specific cell types were specific to the corresponding clusters using the criteria:
pct.1 > 0.6 and pct.2 < 0.4. For subtypes, the cells were named based on their highly expressed signature. Supplementary
Table 1 presents detailed information regarding cellular biomarkers.

|dentification and Functional Enrichment Analysis of Differentially Expressed Genes
(DEGs)

DEGs in the specific between-group cluster were analyzed using the “FindAllMarkers” function in the Seurat package,
and the “MAST” algorithm was used to calculate statistical significance. DEGs were identified using the following
criteria: absolute log fold-change of the average expression > 0.2 and pct > 0.1 (percentage of cells in which the feature
was detected in either group) with p < 0.05. A functional enrichment analysis was performed on identified DEGs.

Functional Enrichment Analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database and Gene Ontology (GO) category databases were
used for functional annotation of the DEGs. Enrichment analysis of GO categories was performed using the R cluster
Profiler (v3.14.3) package; additionally, enrichment analysis of pathways was tested on hypergeometric distribution using
the R “phyper” function. GO categories with a false discovery rate < 0.05 were considered significantly enriched.
Moreover, pathways with p < 0.05 were regarded as enriched. Only GO categories or pathways containing > 5 DEGs
were included in subsequent analyses.

Single-cell Trajectory Reconstruction and Analysis

To infer the differentiation trajectory of macrophage subtypes, we first used R monocle (2.18.0)*' to infer the
pseudotime of each cell (method = “DDRtree”, ordering genes = marker genes). Single cells are projected onto this
space and ordered into trajectories with branch points. Next, we performed branched expression analysis modeling to
test branch-dependent gene expression further. Gene changes with pseudotime were calculated (q-val< le-6) and

visualized as a heatmap.

Cell-Cell Communication

Ligand-receptor crosstalk between single cells was inferred using the Python package Cellphonedb v2.1.4, with default
parameters”? based on known protein-protein interaction annotations. We calculated the number of ligand-receptor pairs
with intercellular junctions. Cell interactions were calculated separately for each group. Between-cell differential cross-
talk was visualized as a heat map.

Gene Set Activity Analysis
Gene signatures related to specific biological processes were collected from the GO and KEGG databases as well as
previous reports. AUCell was used to quantify the gene set activity score,”® which was plotted as a heatmap and violin.
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Transcription Factor (TF) Regulon Activity
We performed a single-cell level regulon analysis using the SCENIC (Single-Cell Regulatory Network Inference and
Clustering) package in R and its Python implementation pySCENIC.** Co-expressed genes were used to identify and

score regulons enriched in each cluster.

Data Analysis and Statistics

All statistical analyses were performed using R software (version 4.0). The ratios of different cell types were compared
using the Wilcoxon test. Between-group comparisons were performed using the two-tailed unpaired Student’s #-test.
Statistical significance was set at *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001.

Results
Single-Cell Transcriptomes and Cell Typing of BALF Cells

Several clusters were identified through dimensionality reduction and clustering using the R Seurat package
(Supplementary Figure 1A). Datasets were integrated by clustering cells from each dataset separately and assigning cell-

type identities, with a focus on the following six clusters for downstream analysis (Figure 1A): epithelial cells
(Supplementary Figure 1B), dendritic cells (DCs), monocyte-like alveolar macrophages (AMs), M1-like AMs, AMs,
and cyc. AMs. Supplementary Table 1 shows the marker genes used to identify each cellular phenotype.

Clustering analysis revealed distinct clusters composed of epithelial cells (Epcam, Krt8), DCs (CD74), monocyte-like
cells (Fnl, Cd14), Ml-like cells (II-1b, Ccl9), AMs (Mrcl, Fabp4), and Cyc. AMs (Pcna, Mcm5). Figure 1B and
Supplementary Figure 1C present the expression of the representative signature genes. Macrophages accounted for the

majority (80%) of detected cells. To analyze the time-course alteration of cellular homeostasis in CALI, we compared the
relative proportions of each cell type in both groups. The Gas group showed a non-significant increase in the proportion
of epithelial cells, DCs, and other cells (Figure 1C). Since highly expressed cell-specific marker genes can also respond
to alterations in cell proportions, we compared the expression of canonical markers, and found that all except the
epithelial markers demonstrated significant between-group differences (Supplementary Figure 1D).

We then performed a KEGG pathway enrichment analysis of cluster-specific signatures (Figure 1D and E). The
signatures enriched in epithelial cells were associated with “tight junctions” and “protein processing in the endoplasmic
reticulum”. DCs were involved in cell differentiation and immune system processes. Cyc_AMs had signatures that were
enriched in GO terms mainly related to “cell cycle”, “DNA replication”, and “mismatch repair”, which indicated that
cyc AMs were associated with the recovery phase of lung injury. Notably, monocyte-like AMs responded to immune
system processes as well as external stimuli and defense responses, suggesting they mainly activated the innate immune
response involved in CALI pathophysiology. Supplementary Figure 1E-H presents the enrichment analysis of represen-

tative GO biological pathways.

To identify potential cell-cell interactions conserved across CALI progression, we modeled cases in which cell types
within the BALF immune microenvironment expressed both members of a ligand-receptor interaction. There were
stronger interactions between epithelial cells and cyc AMs as well as between myeloid cells. In the Gas group, the heat
map showed increased interactions between immune cells as well as between immune and epithelial cells; in contrast,
interactions between epithelial and immune cells decreased (Figure 1F). Next, we analyzed the strength of connections
between ligands in epithelial cells and the corresponding receptors in other cells. CD74 APP in epithelial cells showed
significant interactions with other cells in the NC but not the Gas group, especially with epithelial and monocyte-like
cells as well as CD74_COPA (Figure 1G).

The SCENIC algorithm was used to infer the regulatory activity of TFs in cells. A strong regulatory activity indicates
that the TF is crucially involved in regulating the biological process of that cell type. Figure 1H shows a heat map of TFs
with high regulon activity. For example, TCF3 and NFKB2 showed strong regulatory activities in DCs, and may thus
regulate the expression of genes related to specific biological functions of DCs.
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Figure | Annotation of cell types by scRNA-seq in CALI (Gas) and normal control (NC) samples. (A) ScCRNA-seq data represented integrated UMAP in the Gas and NC
groups and the individual sample distribution. (B) Dot plot showing the gene expression levels in each cell type, with brightness indicating the log-normalized average
expression and circle size indicating the expression percentage. (C) Percentage bar graph showing the distribution of cell types in each sample. (D) Dot panels showing logl0
(p-value) from enrichment analysis of KEGG pathways in all cell types. (E) Heatmap of -logl0(p-value) from the enrichment analysis of GO classification. Each column
represents the expression values for each cell. (F) Heatmap of the overall differential cross-talk in the Gas and NC group. Circle network diagram of significant cell-cell
interaction pathways. The arrows and edge color indicate direction (ligand: receptor), while edge thickness indicates the sum of weighted paths between populations. (G)
Heatmap of the weight of receptor-ligand interactions in cells in the Gas and NC group. (H) All top 16 TF regulatory activities across all cell types. The darker the color, the
stronger the regulatory activity.

Abbreviations: BALF, bronchoalveolar lavage fluid; CALI, Chemically induced acute lung injury; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;
UMARP, uniform manifold approximation and projection; TF, Transcription factor.
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scRNA-Seq of DCs and cyc_AMs of BALF in the CALI State

Since we sought to investigate immunological changes during early-stage CALI, we analyzed the role of DCs, which are
the strongest antigen-presenting cells, in the effective activation of immune cells. DCs are considered centrally involved
in initiating, regulating, and maintaining the immune response. Figure 2A shows the canonical markers of the identified
cell types. Comparison of all RNAs in the NC group revealed > 16,433 distinct genes, 1120 of which were DEGs
(Figure 2B). GO enrichment analysis of these DEGs revealed they were strongly correlated with immune system
processes and cell activation (Figure 2C). Moreover, KEGG enrichment analysis of the DEGs revealed they were
strongly correlated with upregulated antigen processing and presentation, apoptosis, and Th 17 cell differentiation
pathways (Figure 2D). Taken together, these findings demonstrate that DCs are crucially involved in antigen presentation
and the activation of immune function during the early stage of CALI.

Additionally, we analyzed cyc AMs, which comprise the alveolar macrophage population, given the importance of
tissue repair after direct alveolar damage. Figure 2E shows the canonical markers of the identified cell types. The
transcripts that are significantly regulated are shown in Figure 2F. GO enrichment analysis of cyc AMs signatures
revealed strong correlations with upregulation of the mitotic cell cycle (Figure 2G). Furthermore, KEGG pathway
analysis revealed strong correlations with DNA replication and the cell cycle (Figure 2H). Considering the functional
subpopulation of AMs that promote tissue repair during lung injury, we hypothesized the presence of a close association
with cyc AMs. Taken together, these findings suggest that cyc AMs are involved in the recovery phase of the
inflammatory response.

Single-Cell Transcriptomes of Macrophage Populations

Next, we analyzed the macrophage-specific features that dynamically changed during CALI since macrophages com-
prised the majority of detected cells (Figure 1C). Specifically, we performed a sub-clustering analysis of the detected
macrophage clusters. To annotate cell types, we analyzed 61,399 AMs using the UMAP algorithm based on variable
genes with the Seurat package and identified multiple sub-clusters (Figure 3A and Supplementary Figure 2A). Based on

the signature genes, we selected the following biologically significant macrophage clusters for downstream analysis:
arachidonate 15-lipoxygenase (4lox15") macrophages, ATP-binding cassette protein Al (4bcal™) macrophages, GO/G1
switch gene 2 (G0s2") macrophages, low-density lipoprotein receptor (Ldlr") macrophages, microtubules (M7s")
macrophages, Lfits" macrophages, secreted phosphoprotein 1 (SPPI") macrophages, M1-like macrophages, and mono-
like macrophages (Figure 3B). Figure 3C shows the specific markers used to define each sub-cluster. There were no
significant between-group differences in the proportion of each lung macrophage subtype (Figure 3D and Supplementary
Figure 2B). However, there was a tendency for increased proportions of G0s2", Ldlr", Lfits", and SPPI" macrophages in
the Gas group. Notably, there were significant between-group differences in the function of each lung macrophage
subtype (Figure 3E), which were significantly higher in the Gas group than in the NC group. This suggests that
macrophages are crucially involved in the pathophysiology of CALI. Supplementary Figure 2C shows each cluster’s

normalized expression levels for the representative marker genes.

Transcriptomic Changes in Each Macrophage Subpopulation

Next, we focused on changes in the transcriptome of each macrophage subpopulation. We performed pseudotime
trajectory analysis to infer lineage relationships among the macrophage subsets. scRNA-seq can capture all cell types
at a given time point to yield a series of expression profiles among cells as they transition across states. To elucidate the
transitional processes of macrophage development, we performed pseudotime analysis using all AMs. We found that
Alox15" and Ldlr" macrophages were in the same state, as were the remaining cell subtypes. This characteristic was also
observed in Alox15" and Abcal’ macrophages concerning cell-specific gene expression (Supplementary Figure 3A),

which suggests that the macrophage subsets began to evolve from Alox15" and Abcal” macrophages and developed into
two differentiation branches (Supplementary Figure 3B) toward G0s2" and Ldlr" macrophages (Bl and B2 branches,

respectively; Figure 4A). Figure 4B shows the proposed chronology of the cells, with GOs2" macrophages showing the
largest chronological value. Similarly, as shown in Figure 4C, cells in the Gas group mainly comprised those with large
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Figure 2 scRNA-seq of DCs and cycle_AMs in BALF from the Gas group. (A) UMAP plots showing normalized expression of known markers in DCs. (B) Volcano plot
depicting log2(fold-change) and -log|0(p-value) between the two sampled time points. Genes are color-coded according to -logl0(p-value). Brighter colors represent
a significant differential expression. (C) GO enrichment analysis illustrating increased immune activity and cell activation. (D) Bar plot showing the enriched KEGG pathways
of DEGs in DCs. Bars indicate the ratio of up- and down-regulated genes. (E) UMAP plots showing normalized expression of known markers in cycle_AMs. (F) Volcano plot
depicting log2(fold-change) and -log| 0(p-value) between the two sampled time points. (G) Dot plot showing enriched GO terms of DEGs in cyc_AMs. The size of the dots is
proportional to the number of DEGs in the GO term, while the color corresponds to the —logl0(p-value) of the enrichment. Selected top terms are visualized. (H) KEGG
pathway analysis illustrates increased DNA replication, cell cycle spliceosome, and mismatch repair in cyc_AMs.

Abbreviations: AMs, alveolar macrophages; BALF, bronchoalveolar lavage fluid; DCs, dendritic cells; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG,
Kyoto Encyclopedia of Genes and Genomes; UMAP, uniform manifold approximation and projection.
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Figure 3 Analysis of macrophage subpopulations. (A) Violin plots of normalized expression values for canonical cell-specific marker genes for AM clusters. (B) SCRNA-seq
represented the integrated UMAP along with the individual sample distribution. (C) Dot plot showing the gene expression levels in each sub-cell type, with brightness
indicating the log-normalized average expression and circle size indicating the expression percentage. (D) Percentage bar graph showing the distribution of cell types in each
sample. (E) Violin plots indicating between-group differences in the expression levels of canonical markers. The p-values are calculated using a two-sided Wilcoxon signed-
rank test from a theoretical null distribution. (**P < 0.005, ***P < 0.001, ****P < 0.0001).

Abbreviations: AM, alveolar macrophage; UMAP, uniform manifold approximation and projection.
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Figure 4 Pseudotime analysis of macrophages in BALF. (A) Trajectory of the macrophage subtypes in the reduced dimensional space. The points are colored according to
cell types, and the two branches are labeled. (B) Pseudotime of macrophages in the reduced dimensional space. The points are colored according to the gradient of the
pseudotime. (C) Distribution of macrophages from different groups along the pseudotime trajectory. The points are colored according to the groups. (D) Box plot of
pseudotime distribution between groups. (E) Branch heatmap visualizing changes for all genes that are significantly branch-dependent. Columns represent points in
pseudotime, rows represent genes, and the pseudotime begins in the middle of the heatmap. Genes were clustered based on their expression pattern, with four gene
clusters being detected. KEGG enrichment analysis of genes in cluster | (F), cluster 2 (G), cluster 3 (H), and cluster 4 (1).

Abbreviations: BALF, bronchoalveolar lavage fluid; KEGG, Kyoto Encyclopedia of Genes and Genomes.

chronological values and were more biased toward the aforementioned differentiation branches. Figure 4D also reflects
this phenomenon. Indeed, there were between-group differences in the evolution of macrophages, with cells in the Gas
group evolving more toward functional cells. Supplementary Figure 3C shows the distribution of macrophage states

across subtypes.

We then calculated the related differential genes across the two differentiation branches and created a clustered
heatmap (Figure 4E). Each row represents a gene; further, each column of samples was arranged in quasi-chronological
order of each cell, with genes in the pre-branch, B2 branch, and B1 branch being located in the middle, left, and right,
respectively. Genes were clustered into four classes based on the expression trend. The top-down classes comprised genes
highly expressed from the pre-branch to the B1 branch. G0s2", Abcal”, MTs", and SppI" macrophages tended to cluster
more in the B1 branch. Cluster 1 comprised genes highly expressed in the B1 branch.

Subsequently, we performed a KEGG analysis of genes in each gene cluster. The B1 branch was enriched with genes
that mainly corresponded to lysosomes, phagosomes, iron death, and cholesterol metabolism (Figure 4F). The main
functions of genes highly expressed from the pre-branch to the B1 branch (cluster 2) included metabolism (glycome-
tabolism), lysosome, and antigen processing/presentation (Figure 4G). Genes highly expressed in the B2 branch
(cluster 3) were mainly involved in steroid metabolism (Figure 4H), while those highly expressed in the pre-branch
(cluster 4) were mainly related to phagosomes and focal adhesion (Figure 4I).

Functional Diversity of Each Macrophage Subpopulation

To elaborate on the macrophage subtypes, we performed a KEGG enrichment analysis to infer functionality based on
cluster-specific DEGs (Figure 5A); moreover, we visualized the top enriched GO terms for each cluster (Figure 5B). For
example, MTS" and Lfits" macrophages were more inclined toward the immune process. Specifically, monocyte-like
macrophages were crucially involved in the immune defense response and the response to external stimuli, which
indicates that they play an important role in the early stage of CALI.

Subsequently, we identified several functional gene signatures from the GO and KEGG databases; then, we calculated
the expression activity of these signatures using the “AUCell” method. In the Gas group, Ldlr" macrophages showed
significantly increased expression of genes related to steroid biosynthesis (Figure 5C). Macrophage polarization generally
increased across the cells (Figure 5D). Moreover, G0s2* and MTs" macrophages showed significantly more pronounced
autophagy (Figure 5E). Supplementary Figure 4A-D presents examples of the other classic important functional gene

signatures.

Permutation testing with weighted edges reflecting expression fold changes of ligands and receptors in the source and
target populations revealed a strong connection between Alox15" and Abcal™ macrophages (Figure 5F). We performed
between-group comparisons of variations in the strength of inter-cellular interactions. An increase and decrease in
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Figure 5 (A) Dot panels showing the -log|0 (p-value) from the enrichment analysis of KEGG pathways for all cells. (B) Heatmap of the -log|0(p-value) of GO enrichment
for all cells. Violin plots indicate between-group differences in the gene-related activity of steroid biosynthesis (C), cell polar (D), and autophagy (E). (F) Cell-cell ligand-
receptor network analysis. Circle network diagram of significant cell-cell interaction pathways. The arrows and edge color indicate direction (ligand: receptor), while edge
thickness indicates the sum of weighted paths between populations. Heatmap of differential interactions between the Gas and NC groups. (G) Heatmap showing the
regulatory activity of top TFs across the cell types. The darker the color, the stronger the regulatory activity. (H) Expression activity of selected functional gene sets across
cell types was calculated using AUCell. (*P < 0.05, **P < 0.005, ****P < 0.0001, NS, no significant).

Abbreviations: GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, normal control; TF, Transcription factor.
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interaction were indicated by red and blue, respectively, with a darker color indicating a greater increase or decrease.
Notably, although the graph rows and columns have the same name, they represent different meanings. Specifically, each
row and column represent the cell in which the ligand and receptor reside. In the Gas group, there was an increase in
most interactions in the macrophages, except for the Lfits" and Ldlr" subtypes. For example, there were increased
interactions between ligands in Abcal™ macrophages and receptors in Alox15" macrophages.

The regulatory activity of TFs in single cells was analyzed using SCENIC software. For single-cell transcriptomes,
detecting differences in TF activity can provide insights into cell heterogeneity and facilitate the analysis of key
regulatory mechanisms. In Figure 5G, the redder the color, the greater the regulatory activity of the TF (Figure 5G).
Alox15" and Ldlr" macrophages showed similar activity, as did the other cells. A similar phenomenon was observed in
functional gene sets expressed in Alox15" and Abcal” macrophages, suggesting that cells evolved from Alox/5" and
Abcal” macrophages to the B1 and B2 branches (Figure SH). Subsequently, we evaluated the functional characteristics of
the macrophage subtypes from various perspectives, including immunity, cell death, metabolism, and macrophage
polarization. In the Gas group, the macrophages were functionally enriched in immune responses, cell death, and cell
metabolism, which are hallmark functions of pro-inflammatory macrophages (Supplementary Figure 4E-H). Taken

together, these findings demonstrate that macrophages display a specific functional diversity during CALI. Notably,
they reveal that the activity of metabolic pathways across macrophage subtypes is influenced by hypoxia status.

Discussion

In this study, we investigated the single-cell transcriptional profiles of pulmonary immune cells and identified transcrip-
tional cell-specific profiles that may contribute to the pathophysiology of CALI. We found that the immune environment
of BALF cells, including DCs and specific macrophage subclusters, exhibits an increase in functions during early-stage
CALI. Notably, among macrophages, which represent the majority of all detected cells, we identified nine subpopulations
with multiple functional roles, including immune response, pulmonary tissue repair, cellular metabolic cycle, and
cholesterol metabolism. The predominant dynamic transcriptome changes involved 4lox15" and Abcal” macrophages,
with differentiation into other macrophages. Furthermore, we performed pseudotime trajectory analysis to explore the
chronological relationships among the macrophage subsets. However, since antigen-specific responses are initiated a few
days after injury, they could be preceded by bystander activation of tissue-resident AMs.

There has been an annual increase in the incidence of phosgene-induced CALI. Phosgene causes lesions of the
pulmonary alveolus—capillary membrane (epithelial-endothelial barrier), which results in liquid aggregation in the
pulmonary alveoli and interstitium.”* However, therapeutic strategies targeting the repair of the damaged epithelial-
endothelial barrier have not been effective. Instead, research on changes in the immune microenvironment, especially
phenotypical and functional alterations of alveolar immune cells, has been increasing. BALF is a sampling technique
used to freshly obtain immune cell suspensions from the lower respiratory tract, which can be detected through flow
cytometry or single-cell sequencing. BALF contains microenvironment information regarding bronchioles and lung
alveoli; moreover, it is less invasive than surgical lung biopsy.>> Analyzing BALF cells can help elucidate the immune
landscape of viral infections. Accordingly, analyzing this immune landscape in an animal model can facilitate the
translation of the findings to human disease pathophysiology.*®

The diversity of macrophages under healthy and disease conditions has recently become more appreciated, with
distinct macrophage subsets showing characteristic localizations and functions.?”*® Two primary resident macrophage
subsets have been characterized under homeostatic conditions. Specifically, AMs, the most abundant subtype in lung
tissue, are located in the airway lumen and are crucially involved in lung development and the generation of balanced
inflammatory responses. Additionally, they play a major role in maintaining lipid homeostasis, which is essential for
adequate gas exchange and alveolar epithelial integrity.”” Furthermore, AMs have other functions, such as clearing
surfactant components, cellular debris, inhaled particulates, and pathogens.*® In the current study, BALF derived from
our CALI model exhibited diverse macrophage subtypes. Macrophages are morphologically and phenotypically diverse
cells®' that promote the existence of cells with high inflammatory potential. Therefore, they are crucially involved in
mediating acute immune responses that cause pathological tissue damage and immune microenvironment alterations with
severe disease.*” In the Gas group, we observed significant functional alterations in macrophages, which indicate that
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macrophages are the most enriched immune cell types in the lungs of patients with CALI or ARDS and are crucially
involved in the dysregulated innate immune responses with exaggerated inflammatory cytokine production. Previous
studies have reported genes related to AMs; for example, G0s2 expression is positively correlated with the apoptosis of
macrophages.®® In macrophages, ALOX15 generates specific phospholipid (PL) oxidation products crucial in the
nonimmunogenic removal of apoptotic cells and the synthesis of precursor lipids required to produce specialized pro-
resolving mediators.** In addition, Abcal is highly regulated in macrophages and mediates the efflux of cholesterol and
phospholipids into apolipoproteins, which is necessary for high-density lipoprotein formation.>> SPPI indicates alter-
native M2-like macrophages, which are a reparative but profibrotic subset.'® Therefore, it is important to further elucidate
the normal cellular composition and functional diversity of AM subtypes to allow more accurate characterization of
disease-related transcriptional changes and the specific targeting of subtypes to restore immune balance. Recent reports
indicating that metabolism remodeling is essential for macrophage-mediated inflammatory responses support the notion
that macrophages with high metabolic activity tend to have inflammatory potential.>***” In our regulon analysis, each AM
subtype showed a distinct set of TFs. Future studies on the specific TFs that regulate each AM subtype are therefore
warranted.>®

Our study’s pseudotime trajectory analysis suggested that the proliferating macrophage cluster was derived from
Alox15" and Abcal” macrophages, with subsequent differentiation into two branches. This is consistent with previous
reports on the maintenance of tissue-resident macrophages regulated by local lung proliferation.>**° Further, analysis of
the interactions between circulating ligands and receptors on the BALF cells revealed a chronological order of cellular
communication in the lung associated with disease severity. Significant between-group differences existed in the
interaction networks between AMs or DCs and immune cells, with the Gas group showing more AM-immune cell
interactions. Further, the Gas group showed an increase in most interactions within the macrophage subtypes. Taken
together, these findings show that AMs exhibit improved cross-talking with their lung-localized microenvironment in
CALI which facilitates “organized” immune reactions that can resolve, rather than exacerbate, inflammation and tissue
repair.*!

However, this study has several limitations. First, although transcriptional alterations are informative, they do not
always reflect gene/protein concentration or function. Therefore, future studies are warranted to elucidate the mechan-
isms by which the identified transcriptional phenotypes of alveolar cells in CALI contribute to disease pathogenesis.
Second, we included a small sample size and did not obtain longitudinal samples collected before and after model
establishment. Therefore, our findings should be validated by future prospective studies, especially studies involving

clinical patients.

Conclusion

This study provides fundamental insight into the immune response provoked by CALI and the natural course and changes
in macrophages. Specifically, our findings reveal novel changes in gene expression and cellular interactions in DCs and
macrophage subpopulations, highlighting the complexity and diversity of cellular injury and inflammation in CALI
Future studies on the identified transcriptional dysregulations could help further elucidate the pathophysiology underlying
CALL
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