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The role of mesenchymal cells during respiratory infection is not well defined, including whether,
which, and how the different types of mesenchymal cells respond. We collected all mesenchymal
cells from lung single-cell suspensions of mice that were naive (after receiving only saline vehicle),
pneumonic (after intratracheal instillation of pneumococcus 24 hours previously), or resolved from
infection (after nonlethal pneumococcal infections 6 weeks previously) and performed single-cell
RNA sequencing. Cells clustered into 5 well-separated groups based on their transcriptomes: matrix
fibroblasts, myofibroblasts, pericytes, smooth muscle cells, and mesothelial cells. Fibroblasts
were the most abundant and could be further segregated into Pdgfra*Npnt*Ces1d*Col13at* alveolar
fibroblasts and Cd9*Pi16*Scat*Col14a1* adventitial fibroblasts. The cells from naive and resolved
groups overlapped in dimension reduction plots, suggesting the mesenchymal cells returned to
baseline transcriptomes after resolution. During pneumonia, all mesenchymal cells responded
with altered transcriptomes, revealing a core response that had been conserved across cell types

as well as distinct mesenchymal cell type-specific responses. The different subsets of fibroblasts
induced similar gene sets, but the alveolar fibroblasts responded more strongly than the
adventitial fibroblasts. These data demonstrated diverse and specialized immune activities of lung
mesenchymal cells during pneumonia.

Introduction

Pneumonia remains a serious public health burden globally. Even before the COVID-19 pandemic, pneu-
monia in the United States was the most common reason for hospitalization of children under the age of
9 and accounted for nearly half of the infectious disease—related hospitalizations and deaths among adults
over the age of 65 (1-4). Identifying host mechanisms protecting healthy young adults, who have lower
incidence and severity of respiratory infection, is a priority in pneumonia research (2, 5). Most lung infec-
tions require recruited leukocytes for successful defense, as both microbe killers and important modifiers of
the tissue response (6-9). After recovery from prior infections, the lungs have greatly improved defense abil-
ities, due in part to resident memory lymphocytes that populate experienced but not naive lungs (10-14).
Additionally, cells such as alveolar macrophages, which are present in both naive and experienced lungs,
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display altered transcriptomes, surface markers, and metabolomes after recovery from prior respiratory
infections (15-19). Better understanding of lung immune responses to infection will guide development of
means for assessing and bolstering host defense against pneumonia (2, 5).

The lungs contain many diverse mesenchymal cells, but their possible immune role during infection is
only beginning to be explored. In response to severe influenza infection, fibroblasts produce extracellular
matrix-remodeling (ECM-remodeling) enzymes and inflammatory cytokines to modify the lung microenvi-
ronment and promote immune cell infiltration (20). After experimental vaccinations, IL-33 from fibroblasts is
necessary for CD8" T cell recruitment and memory cell formation in the lungs (21), and lung defense against
Klebsiella pneumoniae pneumonia requires IL-17R signaling in fibroblasts (22). In response to inflammatory
mediators such as LPS and TNF, pericytes can instruct neutrophils where to go using pattern recognition
receptors, adhesion molecules, cytokines, and motility programs (23, 24). Roles of myofibroblasts, smooth
muscle cells, and mesothelial cells during infection are the least understood, but they express pattern recog-
nition receptors and release pro-inflammatory mediators including IL-1, IL-6, and TNF (25-28). Thus, mes-
enchymal cells have the means to contribute to integrated pulmonary immune responses during pneumonia.

Mesenchymal cells are well positioned to guide recruited leukocytes in the lung. Reconstructed serial
transmission electron microscopy sections of alveolar septae show interstitial cells that morphologically
resemble fibroblasts making direct contact with endothelial and epithelial cells at preexisting holes in the basal
lamina in the absence of inflammation and making contact with migrating neutrophils during pneumococcal
pneumonia (29). The emerging recognition of heterogeneity within fibroblasts and other mesenchymal cells
in the lungs demands a better understanding of how immune roles are distributed across cellular subsets
(30-33). PDGFRa* fibroblasts in the alveolar septae are in direct contact with type 2 alveolar epithelial cells
(34), suggesting they may interact with migrating neutrophils during pneumonia. How and which mesenchy-
mal cells contribute to immunity in the infected lungs are still largely speculative. Whether and how mesen-
chymal cells change in the lung after recovery from pneumonia have yet to be investigated. In this study, we
defined mesenchymal cell responses during acute pneumonia and whether the mesenchymal cells present in
the recovered lung were different from those in the naive lung. By using single-cell transcriptomics to delineate
the heterogeneity of mesenchymal cells in naive, infected, or recovered lungs, we elucidated shared and dis-
tinctive cell responses to respiratory infection.

Results

Mesenchymal cell types in the mouse lung. To test whether mesenchymal cells respond to pneumococcal pneumonia,
we performed single-cell RNA sequencing (scRNA-Seq) on cells from lung digests using a modified protocol
from a previously described method (35). The 3 groups of mice studied differed only regarding whether and
when pneumococcus was instilled into their lungs (Figure 1A). The control group, naive, received only the sterile
saline vehicle. The active infection group, pneumonic, received pneumococcus 24 hours prior to euthanasia. The
recovered group, resolved, had pneumococcus infections a month previously, yielding lungs with no ongoing
infection or inflammation but a remodeled resident immune system (2, 12). We used flow cytometry to isolate
all cells from the lung that were not leukocytes, epithelial cells, or endothelial cells (i.e., CD45CD326 CD31°), to
compare cell types and transcriptomes between mice that were naive, pneumonic, or resolved (10, 12). scRNA-
Seq data were generated with 10x Genomics Chromium and analyzed using SPRING (36).

Analysis of all 14,282 sequenced cells from the 3 groups of mice revealed 31 Louvain clusters (Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.177084DS1). A few small clusters expressed genes suggestive of nonmesenchymal populations,
such as endothelial cells (Edn/ and CD31, aka Pecaml, 416 cells, Supplemental Figure 1, B and C), leuko-
cytes (CD45, aka Prpre, 501 cells, Supplemental Figure 1D), and epithelial cells (Nkx2. 1 and Sftpc, 406 cells,
Supplemental Figure 1, E and F). These cells were removed, and the data were reclustered, resulting in a
heterogenous mesenchymal cell population with 27 Louvain clusters across the 3 treatment groups (Figure
1B). Clusters were identified as distinct mesenchymal cell types based on expression of characteristic gene
sets, yielding 5 major mesenchymal cell types: fibroblasts (9,872 cells), myofibroblasts (1,008 cells), smooth
muscle cells (618 cells), pericytes (744 cells), and mesothelial cells (604 cells) (Figure 1C). Nearly every
Louvain cluster was assigned to 1 of those 5 broader cell types. Some studies report small populations of
lipofibroblasts in the lung (32, 33, 37). However, none were detected in this study, based on a lack of cells
expressing Adrp, Pparg, Lpl, Fabpl, Fabp4, and Fabp5 (data not shown). One very small cluster, cluster 11
(113 cells), was not positive for any of the above lineage genes. These cells showed expression of Myl4,
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Figure 1. Single-cell RNA-sequencing analysis unveils 5 major mesenchymal cell groups, which all respond to pneumococcal pneumonia. (A) A sche-
matic created using BioRender.com shows the timeline of the single-cell RNA-sequencing experiment (3 mice pooled per treatment). (B) Using SPRING
nearest neighbor plotting, 27 Louvain clusters were discerned among mesenchymal cells (sorted as CD45-CD326°CD31" cells before single-cell sequenc-
ing) after nonmesenchymal cells were removed. (C) Each Louvain cluster was assigned to 1 of the 5 mesenchymal cell types based on gene expression
specific to each cell type. (D) Of the 3 treatment groups, SPRING plots showed that mesenchymal cells from naive (blue) and resolved (black) lungs
overlapped, whereas cells from pneumonic (orange) lungs aggregated more closely together in the uniform manifold approximation and projection
(UMAP) plots. (E) The fractions of lung mesenchymal cells with transcripts defining distinct cell subsets were similar across all 3 treatment groups.
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Tnni3, and Sln, characteristic of muscle cells (data not shown). These cells were likely the cardiomyocytes
that can be found in pulmonary veins of mice (38), and they were not analyzed further.

The largest aggregation of cells in the SPRING plot contained clusters 0, 1, 2, 4, 5, 6, 7, 8, 9, 10, 12, and
18, and the second largest contained clusters 20, 22, 24, and 26 (Figure 1B). We conclude that these are both
aggregates of fibroblasts (Figure 1C). Fibroblasts have consistently high expression of ECM proteins, including
collagen genes Collal and Colla2 (31), as well as the fibronectin gene, FnI (33). Among lung mesenchymal cells,
Fnl was expressed by almost all fibroblasts but rarely among other cells (a small subset of pericytes being the
exception). Fibroblasts were the most numerous and most heterogeneous mesenchymal cells in the lung, form-
ing 16 Louvain clusters. All fibroblasts had variable expression of Col/13al or Coll4al, as expected (33). These 16
clusters also expressed at most low levels of the other genes used to define nonfibroblast mesenchymal cell types.

Strong expression of the Acta2 gene, encoding smooth muscle actin, is a required feature for both myo-
fibroblasts and smooth muscle cells. Myofibroblasts share properties of fibroblasts (ECM synthesis) and
smooth muscle cells (contractile function). Clusters 14 and 17 (Figure 1B) aggregated in the plot and were
ascribed to be myofibroblasts based on strong expression of Acta2 plus Aspn, Mustnl, and Hhip (33, 39-42).
Cluster 3 was separate (Figure 1B) and inferred to be smooth muscle cells based on Acta2 plus Cnnl, Myl9,
and Actg? (43, 44). Louvain cluster 21 expressed Acta? and separated into 2 distinctly appreciable aggre-
gates of cells in the plot (Figure 1B); both myofibroblast and smooth muscle genes were expressed in this
Louvain cluster (Figure 1C), so we interpreted this to include both cell types.

Pericytes can be identified by robust expression of Cspg4 (also known as Ng2) plus Pdgfrb (33, 45). Addi-
tionally, these cells expressed Mcam (also known as CD146), which agrees with the precedent for pericytes
(33, 46). Pericytes in the lung are heterogeneous based on both Louvain clustering and SPRING plot.

Msin encodes the protein mesothelin, which is highly expressed by mesothelial cells, as is Mucl6 (41, 47-49).
The Wt gene is important in mesothelial cells’ plasticity (41, 50). All these genes can be expressed by nonmes-
enchymal cells, but the present data suggest that they are restricted to mesothelial cells within the mesenchymal
pool (Figure 1C). Lrrn4 is reported to be specific to primary mesothelial cells (41, 48), which is also reflected
here. This gene signature was thereby used to identify clusters 15, 16, and 25 as mesothelial cells in this dataset.

Mesenchymal cells in recovered lungs match those of naive mice. SPRING plots showed that mesenchymal
cells from naive and resolved lungs overlapped, suggesting they shared similar cell types, distributions,
and transcriptomes (Figure 1, D and E). This contrasts with leukocyte populations in the lungs, which
have altered phenotypes, distributions, and transcriptomes in naive versus resolved lungs of mice with
pneumococcus histories matched to the current study (10, 12, 15). There were no changes observed in the
composition or resting transcriptomes of mesenchymal cells after pneumonia recovery. We postulate that
mesenchymal cells return to a preinfection baseline after pneumonia recovery.

Mesenchymal cell responses during pneumonia. During pneumonia, the fractions of lung mesenchymal cells
with transcripts defining each of the distinct cell subtypes were similar to naive lungs, apart from a possible
expansion of pericytes (Figure 1E). However, the transcriptomes of these cells were universally altered, for all
mesenchymal cell types. Clusters of mesenchymal cells in the plots from infected lungs aggregated more closely
to each other than they did in the plots from naive or resolved lungs (Figure 1D). There was no overlap of mes-
enchymal cells from pneumonic lungs with those from the naive or resolved groups (Figure 1D). The cells from
the infected lungs were still identifiable by their subtype-specific genes (Figure 1C), but their segregation from
respective uninfected counterparts, and their congregation (irrespective of identities) in the SPRING plot suggest
that infection-induced changes make these cell types more similar to each other at the transcriptome level. These
data suggest that all mesenchymal cells responded to acute pneumonia and that a shared response across cell
types during pneumonia may render these distinct cell types more transcriptomically similar.

To study shared mesenchymal cell response to pneumonia, genes that were increased in all 5 mesenchy-
mal cell subtypes were identified via both unsupervised clustering and manual curation. For unsupervised
clustering, the top 1,000 genes induced during acute pneumonia were identified for each of the mesenchymal
cell types. Genes were then further restricted to only those that increased expression in the pneumonic groups
by at least 2-fold in at least 1 cell type. This produced a list of 728 genes, whose expression data were imported
into Morpheus (51) for hierarchical clustering to reveal both subtype-specific as well as shared responses (Fig-
ure 2A). This analysis revealed groups of genes selectively induced in 1 or several cell types, as well as a cluster
of 60 genes that was induced in all 5 cell types. For manual curation, the 1,000 transcripts that most increased
in response to infection were identified for each cell type, and those that were shared across lists from all
mesenchymal cell types were collated, eliminating all those not increased at least 2-fold, and had an average
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normalized expression level greater than 0.5 in the pneumonic lung in all 5 cell types. A set of 59 genes was
identified as induced in all mesenchymal cell types during acute pneumonia (Figure 2B). Thus, both unsuper-
vised clustering and manual curation analyses suggest that a core set of genes was induced during pneumonia
across all mesenchymal cell types in the lung. The gene lists generated by these 2 analyses were overlapping.
Twenty-nine genes identified by either analysis included genes encoding cytokines and chemokines (Cxcl// and
Cxcl10), antigen presentation (H2. 722, Psmb9, Psmb10, Psmel, and Psme2), immune processes (Nfkbia, Phf11d,
Rtp4, Samhdl, and Sod?2), apoptosis (Birc2 and XafT), interferon-stimulated genes (Bst2, Gbp2, Gbp3, 1fi35, 147,
Ifitl, Ifit3, Igtp, ligpl, Isgl5, Irf7, and Irgml), and others (Supplemental Table 1). We interpret these results
to mean that all mesenchymal cells become activated in a pneumonic lung and that a component of these
responses is shared by all 5 lung mesenchymal cell types.

To determine if these core responses were specific to mesenchymal cells during pneumococcal pneumonia,
the core set of genes was reviewed in transcriptomic data from alveolar macrophages (16) or epithelial cells
(52) that we had previously collected from mice with pneumococcal pneumonia. Of the 59 mesenchymal core
response genes, Susd6 was absent from the alveolar macrophage dataset. Alveolar macrophages shared a signif-
icant increase in 18 of the 58 core genes analyzed in both datasets but a significant decrease in 3 of the genes
(Supplemental Figure 2A). This suggests that the core mesenchymal gene response is not shared with alveolar
macrophages. F830016B0SRik, Gbp7, and Susd6 were missing from the epithelial cell dataset, leaving 56 genes to
analyze. Epithelial cells shared a significant increase in 52 of the 56 core genes analyzed (Supplemental Figure
2B). Epithelial cells showed a significant decrease in Mif expression and no change in M1, Phfl1d, and Vmpl.
These data suggest that our core mesenchymal cell response may extend to cells from other lineages as well. To
determine whether these core genes can be generalized across pneumonia models, the pneumococcus gene set
was compared with a publicly available SARS-CoV-2 dataset from fibroblasts (53). Of the 59 genes upregulated
in all mesenchymal cells during S. preumoniae infection, only 20 genes were also upregulated in fibroblasts
during SARS-CoV-2 infection (Supplemental Figure 2C). Thus, while there appear to be some shared respons-
es, most genes in the core mesenchymal response are specific to pneumococcal pneumonia.

In addition to the shared core response, the unsupervised clustering analysis also suggested cell type—
specific responses (Figure 2A). To search for cell type—specific responses using manual curation, the top
350 genes induced during acute infection were restricted to genes increasing at least 2-fold compared with
naive cells and with average normalized expression levels greater than 0.5 in the pneumonic group. Genes
that met these criteria in only 1 cell type were considered cell type specific. All 5 cell types had specific
responses to pneumonia based on the manual curation (Figure 2C). Unsupervised clustering aggregated
a set of 47 genes that were induced in mesothelial cells alone; this set included all the genes identified
using manual curation, such as Chill, Anxa8, and Prg4 (Supplemental Table 2). The set induced in peri-
cytes alone included 35 genes, such as Cd40, Fit1, and Cnn3, with 12 shared between clustering methods
(Supplemental Table 3). A set of 30 transcripts represented fibroblast-specific induction, which included
chemokines (Cxcl5 and Cxcl13) and ECM proteins (Col4al, Col4a2, Tnc, and Vean); 20 were shared between
analytic methods (Supplemental Table 4). The unsupervised clustering approach did not reveal prominent
myofibroblast-specific responses, but manual curation suggested that these cells induced a set of 7 genes,
including Vimp and Tnfaip6 (Supplemental Table 5). Smooth muscle cells selectively increased expression
of a cluster of 15 genes, which included the cell adhesion molecule Veaml and the immunoregulatory
ligand Cd200, 4 of which were shared between both clustering methods (Supplemental Table 6).

Transcription factor activity was inferred from these data using decoupleR. Inferred activities of a set of
transcription factors including interferon (IFN) regulatory factors (Irfl, Irf2, Irf5, Irf7, and Irf9) and 3 nuclear
factor kB proteins (Rela encoding p65, Rel encoding c-Rel, and Nfkb! encoding p50 and p105) were strongly
increased in all 5 mesenchymal cell types during pneumonia (Figure 2D). This is suggestive of a pan-mesen-
chymal innate immune response during pneumococcal infection, regardless of cell type or location. Fibro-
blasts exhibited increased activity for Snai2 and T¢f711 in response to infection. Other transcription factor
activities that were elevated in specific cell types without regard to infection included Fox/2 and Nfe2i3 in
smooth muscle cells, EbfI and Glis3 in pericytes, and Znf24 in mesothelial cells. These data suggest that mes-
enchymal cells have both pan-mesenchyme and subset-specific transcription factor activities.

To infer biological processes from these transcriptome changes, Reactome pathway enrichment analy-
sis was performed on both the core and subset-specific gene lists (Figure 2E). The set of core mesenchymal
genes mediate broad immune signaling pathways, such as antigen presentation and cytokine signaling. The
genes modified in fibroblasts were involved in ECM dynamics, such as collagen and laminin generation,
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Figure 2. Single-cell RNA-sequencing analysis reveals that all 5 major mesenchymal cell groups have a shared core response as well as subtype-specific
responses to pneumococcal pneumonia. (A) Heatmap showing unsupervised hierarchical clustering of genes induced at least 2-fold in pneumonia in at
least 1 mesenchymal cell subset — fibroblasts (Fibro), myofibroblasts (Myo), smooth muscle cells (SMCs), pericytes (Peri), and mesothelial cells (Meso) —
showing both cell-specific and shared core responses in the single-cell RNA-sequencing experiment (3 mice pooled per treatment). Colors along the top of
the heatmaps indicate treatment groups: naive (blue), pneumonic (orange), and resolved (black). (B) Manual curation of genes revealed a list of 59 genes
induced in all 5 mesenchymal cell subtypes during acute pneumonia. (C) All 5 cell subtypes also had subset-specific responses based on manual curation.
(D) Heatmap shows the mean activity of the top 25 transcription factors with variable activity across cell types. (E) Reactome pathway enrichment analy-
sis shows pathways potentially involved in the core and cell-specific responses. Pathways with adjusted P < 0.2 were selected for visualization.

assembly, and interactions. Pericytes were tied most strongly to growth hormone signaling. Additional
pathway associations were weakly implicated. These data suggest shared immune activities across mesen-
chymal cell types, as well as some subset-specific biological responses during pneumococcal pneumonia.

Autocrine and paracrine communications among the mesenchymal cells were identified by CellChat anal-
yses (Supplemental Figure 3). All outgoing signals from pericytes, smooth muscle cells, and myofibroblasts
exhibited an increase in interactions during pneumonia compared with naive cells (Supplemental Figure 3A).
Fibroblast interactions with pericytes and mesothelial cells diminished, but their interactions with smooth
muscle cells and myofibroblasts increased. Interestingly, while numbers of interactions with other cell types
tended to increase in response to pneumonia, the strength of those signals tended to decrease when compared
with naive cells for most mesenchymal cell types (Supplemental Figure 3B). Among pneumonic mesenchymal
cells, pericytes had the most outgoing signals, followed by fibroblasts; mesothelial cells, pericytes, and smooth
muscle cells had similar levels of incoming signals (Supplemental Figure 3C). Collagen was the most common
outgoing and incoming signal of all mesenchymal cells, followed by CypA4, which encodes cyclophilin A.

Fibroblasts are heterogeneous in the resting lung, including alveolar and adventitial subsets. Fibroblasts were
the most abundant mesenchymal cell type in the lungs, at least 5-fold more numerous than any of the
other cell types in every group of mice. To understand these cells better, they were separately reclustered
and analyzed. The fibroblasts from naive and recovered lungs again overlapped, whereas fibroblasts from
pneumonic lungs clustered into a different and nonoverlapping population (Figure 3A). Louvain clustering
identified 18 subsets of fibroblasts, 15 within naive and recovered lungs and 3 within pneumonic lungs
(Figure 3B). The 15 naive and resolved clusters aggregated in one large butterfly-shaped cluster. Using
genes that differentiate subsets recognized as adventitial or alveolar fibroblasts (30, 33, 54, 55), as well as
Louvain clustering of this dataset, this large butterfly cluster distinguishes adventitial Scal*Ly6C*Cd9* cells
(clusters 0, 1, 6, 12, and 16; Figure 3, C-E) and alveolar Pdgfra*Coll3al*Npnt* (clusters 2, 3, 7, 8, 9, 10,
and 17; Figure 3, F-H). Louvain clusters 4, 5, 11, and 13 in naive and resolved groups along with cluster
15 in the pneumonic group exhibited expression of both adventitial and alveolar fibroblast genes and thus
may be transitional. In addition to being Pdgfra*Coll3al*Npnt*, the fibroblasts in the right-side clusters also
expressed Cesld and T¢f21 (Figure 31 and Supplemental Figure 4, A and B), which mark alveolar fibroblasts
specifically (56). Consistent with their potential alveolar localization and function, these cells expressed
Bmp3, Bmp4, and Vegfa (Figure 31 and Supplemental Figure 4, C-E), mesenchymal products essential to
supporting alveolar epithelial cells and pulmonary capillary endothelial cells (34). Going forward, cells in
the clusters to the right will be referred to as alveolar fibroblasts.

The Scal*Ly6C*Cd9* cells expressed Pi16, Dpt, and Coll4al (Figure 31 and Supplemental Figure 4,
F-H), suggesting they are the adventitial fibroblasts found across multiple organs (56). Co//5al has been
used to distinguish a subset of adventitial fibroblasts, but this gene was not as strongly expressed as Pi/6
in lung fibroblasts (Figure 3I and Supplemental Figure 4, E and J). Flow cytometry analysis of CD45~
CD325-CD31" cells showed distinct PDGFRa" single-positive, Scal* single-positive, and Scal*'PDGFRa*
double-positive populations (Figure 3J). Of the Scal* cells, over 60% were Ly6¢c* (Figure 3K), suggestive of
an adventitial fibroblast population (30). Previous reports have shown that PDGFRa, Scal, and CD9 can
be used to distinguish alveolar, adventitial, and peribronchial fibroblasts (56). Here we show that over 80%
of the Scal* cells were also CD9* (Figure 3K), suggesting that CD?9 is not a distinctive marker for fibroblast
subsets. Therefore, going forward, cells in the left clusters will be referred to as adventitial fibroblasts.

Previous reports identify cells as peribronchial fibroblasts based on expression of Aspn, Hhip, Fgfl$,
Cthrel, and Wifl, so we looked for such cells in our dataset (56). All these genes were most highly expressed
in a distinct population of cells that clustered away from matrix fibroblasts (clusters 14, 17, and 21 in Figure
1B). This set of cells expressed Acta2 and Mustnl in addition to Aspn and Hhip (Figure 1C), so we identified
them as myofibroblasts (33, 39, 41, 42). Regardless of nomenclature, the transcriptomic analyses reveal
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Figure 3. Fibroblasts are heterogeneous in the resting lung but ultimately group into alveolar and adventitial fibroblast subsets. (A) SPRING plots
show that fibroblasts isolated from naive (blue) and resolved (orange) mice overlap whereas fibroblasts from pneumonic (black mice were nonoverlapping
with the other treatment groups in the single-cell RNA-sequencing experiment (3 mice pooled per treatment). (B) SPRING plots show heterogeneity of
lung fibroblasts with 17 distinct Louvain clusters. (C-E) Violin plots illustrate that fibroblasts can be classified as adventitial based on the expression of
Scal, aka Ly6a; Ly6C; and Cd9. Violin plots show the mean + the range. (F-H) Violin plots illustrate that fibroblasts can be classified as alveolar based on
the expression of Pdgfra, Col13al, and Npnt. (1) A correlation dot plot further exemplifies that fibroblasts have distinct alveolar or adventitial fibroblast
gene signatures. (J) Flow cytometry dot plots verify that CD45-CD31-CD321- mesenchymal cells express Scal (encoded by Ly6a) or PDGFRo. proteins on their
surface. (K) Further gating on Sca1* cells shows that over 60% cells are Ly6C* or CD9*. Dot plots are representative of 2 separate experiments (n = 10).
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that these are a distinct smaller subset of cells that is very different from the matrix fibroblasts, which are
more abundant in the lung, including both Pdgfra*Coll3al*Npnt*Cesld* alveolar fibroblasts and Scal*Ly-
6C*Cd9*Pil16*Coll4al" adventitial fibroblasts.

The main function of matrix fibroblasts is to produce and maintain ECM proteins to support tissue
architecture and cell-to-cell interactions. Therefore, we analyzed transcripts for ECM proteins in alveolar
and adventitial fibroblasts (Supplemental Figure 5). Some transcripts showed differential expression at
baseline (e.g., more decorin transcripts in the adventitial fibroblasts and more fibronectin transcripts in
the alveolar fibroblasts). Of the matrix genes examined, after meeting our >2-fold induction and >0.5
normalized gene expression inclusion criteria, only Vean was induced during pneumonia (Figure 4A). It
was induced in both cell types but showed stronger induction (27-fold vs. 2-fold, Supplemental Figure 5)
and greater expression levels in alveolar fibroblasts compared with adventitial fibroblasts in the infected
lung (Figure 4B). Since versican (encoded by Vean) can play roles in leukocyte recruitment (57-59), we
examined this in the context of pneumonia.

Versican is induced in fibroblasts and accumulates in infected lungs. Versican is a large chondroitin sulfate pro-
tein with complex regulation and many functions in inflammatory infections and diseases (59, 60). To veri-
fy that pneumococcal infection induced versican expression in alveolar fibroblasts, mice were administered
either sterile saline or S. pneumoniae, and PDGFRo" mesenchymal cells were isolated 24 hours later. RNA
was harvested from the sorted cells, and quantitative reverse transcriptase PCR (qQRT-PCR) was performed
to examine versican expression. There was significantly more Vean mRNA in the PDGFRo" fibroblasts
from lungs with pneumococcal infection, compared with those from uninfected lungs (Figure 4C). These
data support the postulate that pneumonia induces versican expression in alveolar fibroblasts.

Type I IFNs can stimulate versican production (57, 61). To determine whether this applies to alveolar fibro-
blasts in the lung, recombinant murine IFN-B was intratracheally (i.t.) instilled, and PDGFRa* fibroblasts were
sorted for QqRT-PCR analyses. Vean expression increased by 4 hours after IFN-f treatment, which persisted
through at least 24 hours (Figure 4D). To test whether Vean expression was dependent on type I IFNs, wild-type
and Ifnarl”’~ mice were infected with pneumococcus. PDGFRa* cells were isolated after 24 hours, and RNA
was harvested for qRT-PCR. Vcan expression was significantly increased in PDGFRa" cells from pneumonic
lungs of both wild-type and Ifnarl”’~ mice compared with cells from uninfected lungs (Figure 4E). There was a
trend toward decreased expression in the Ifnarl~~ mice with infections (Figure 4E), suggesting that type I IFNs
may aid in versican expression. We conclude that type I IFN signaling stimulates versican expression in alveolar
fibroblasts but is not required for the induction observed during pneumococcal pneumonia.

To visualize versican in mouse lungs, we administered wild-type mice either sterile saline or pneumococ-
cus i.t. After 24 hours, left lobes were harvested and versican immunofluorescence staining was performed.
In the saline group, versican was sparse and localized near blood vessels and major airways (Figure 4F). In
the pneumonic lungs, versican was more abundant and more diffusely distributed, including alveolar stain-
ing that was not observed in the uninfected lung (Figure 4G). Quantifying the fluorescent signal for versican
revealed a significant increase in the infected compared with the uninfected lungs (Figure 4H). To evaluate
versican production in humans, serial sections from people who died with autopsy-diagnosed pneumonia
were stained for histopathology examination and versican expression. Regions with pronounced suppuration
(Figure 4I) showed prominent versican staining (Figure 4J). Versican localized to expanded matrix material
within perivascular cuffs flanking dense neutrophil aggregates as well as adjacent alveolar interstitium. Thus,
versican accumulates in alveolar regions of infected lungs in spatial proximity to leukocyte influx.

Versican from Pdgfra-expressing cells is dispensable for acute responses to S. pneumoniae infection. To test how
alveolar fibroblast-derived versican influences immune and physiological processes during pneumonia, we
crossed the Pdgfra“E*™? transgene into Vean-floxed mice. Tamoxifen was administered to Cre-negative (Cre")
and Cre-positive (Cre*) littermates, and Vean expression was successfully abrogated in Cre* mice (Figure 5A).
Vean induction was also abrogated in PDGFRa™ mesenchymal cells (Figure 5B). Our scRNA-Seq data sug-
gested that Pdgfra mRINA was widely expressed by lung fibroblasts, albeit more so in the alveolar fibroblasts
(Figure 3F). Consistent with this, Pdgfra mRNA was detectable in both sets of sorted mesenchymal cells
(Figure 5C). Thus, Pdgfra-mediated gene targeting extends beyond the alveolar fibroblasts to include other
mesenchymal cells. Alveolar macrophages are additional sources of versican in the lung (61-63), and these
cells do not express PDGFRa. In contrast with the mesenchymal cell populations examined, the induction of
versican in alveolar macrophages was unaffected by the Pdgfra-driven Cre transgene (Figure 5D). We conclude
that tamoxifen treatment of Cre* mice effectively targets Pdgfra-expressing cells, including alveolar fibroblasts
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Figure 4. Fibroblasts increase versican expression and production in response to type | interferons and pneumonia. (A) Alveolar fibroblasts have a
27-fold induction in versican expression during pneumonia, compared with 2-fold induction in adventitial fibroblasts. (B) Violin plots from single-cell
RNA-sequencing experiment (3 mice pooled per treatment) show that alveolar fibroblasts from pneumonic mice have significantly higher Vcan expres-
sion compared with adventitial fibroblasts. Significance was determined by 1-way ANOVA followed by Tukey’s multiple comparisons test. (C) gRT-PCR
analysis. Sorted PDGFRa fibroblasts from mice 24 hours after i.t. S. pneumoniae (n = 8) have higher expression of Vcan than those from saline-treated
(n = 7) mice. Ifnar’- mice are designated with filled circles. Mice infected with S. pneumoniae are designated by dark bars. Significance was determined
by unpaired t test. Ifnar’-, IFN-a receptor knockout; S. pneumoniae, Streptococcus pneumoniae. (D) Vean is expressed in sorted PDGFRao* fibroblasts
from mice 4 (n = 4) and 24 (n = 4) hours after i.t. recombinant IFN-B. Significance was determined by 1-way ANOVA followed by Tukey's multiple
comparisons test. (E) Vcan is expressed in PDGFRa* fibroblasts isolated from Ifnar’- mice 24 hours (n = 4) after S. pneumoniae. Significance was
determined by 1-way ANOVA followed by Tukey’s multiple comparisons test on log-transformed data. Representative immunofluorescence micro-
graphs from 2 experiments show versican (red) staining is minimal in saline-treated (F, n = 8) mice but more prominent in lungs of mice 24 hours after
S. pneumoniae (G, n = 10); DAPI-labeled cell nuclei in blue. (H) This was verified with quantification. Significance was determined by unpaired t test. (I)
H&E and (J) multiplex immunofluorescence micrographs of the same lung biopsy from a human with pneumonia show that versican (green) is present
around larger blood vessels (V), bronchioli (Br), and alveolar septae (AS); myeloperoxidase-labeled (cyan) neutrophils, CD68-labeled (magenta) macro-
phages, CD31-labeled (red) endothelial cells, smooth muscle actin-labeled (yellow) SMCs, and DAPI-labeled (gray) cell nuclei. I and ] were taken at the
same maghnification, and the scale bar in J indicates 200 pm. All data are mean + SD; data points are values from individual mice (C-E, and H).

plus other mesenchymal cells. To examine the roles of versican in neutrophil recruitment and localization
during pneumonia, we designed an experiment to stain and analyze CD45" cells in the blood, alveolar space,
and interstitium (Figure 5E). Mice received an FITC-labeled antibody against CD45 intravenously to label all
intravascular leukocytes. An APC-labeled antibody against CD45 was also delivered i.t. to label airspace leu-
kocytes. BAL and left lung lobes were collected to be analyzed using flow cytometry (Supplemental Figure 6).
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The numbers of neutrophils in the airspace and interstitium of pneumonic lungs were not significantly affect-
ed by Vean ablation in Pdgfia-expressing cells (Figure 5, F and G). Of the extravascular neutrophils, most were
in the airspace, and this also was unaffected by Vcan ablation in Pdgfra-expressing cells. The accumulation
of pulmonary edema was also unaffected by Vean mutation at this time point (Figure 5H). We considered a
longer time frame, to determine whether versican expression by Pdgfia-expressing cells might influence later
stages of pneumonia. Because the bacterial infection is typically lethal within 3 days, mice were treated with
antibiotics beginning 36 hours after infection. In this setting, both Cre~ and Cre* mice had about a 60% sur-
vival through 4 days (Figure 5I). Surviving mice were regaining weight (Figure 5J) and had histopathology
findings consistent with resolving pneumonia (Figure 5K). Versican targeting in Pdgfra-expressing cells did
not affect these outcomes (Figure 5, I-M). Histopathological analysis of lung sections from Cre~ and Cre*
samples revealed no significant differences in perivascular, bronchovascular, or alveolar inflammation and
injury (Figure 5M and Supplemental Figure 7, A and B). Immunohistochemical staining of versican revealed
no significant differences in versican localization in the lungs (Figure 5, N-P, and Supplemental Figure 7, C
and D). These data suggest that induction of versican expression in Pdgfia-expressing cells, including alveolar
fibroblasts, is not essential for neutrophil recruitment or injury during pneumonia or for the ensuing recovery.

Alveolar fibroblasts respond more strongly than adventitial fibroblasts. Since we noted versican to be more
strongly induced in alveolar fibroblasts compared with adventitial fibroblasts during pneumonia, we con-
sidered whether gene induction patterns may distinguish these fibroblast subsets. We identified gene sets
induced in alveolar fibroblasts and gene sets induced in adventitial fibroblasts by collating the 1,000 genes
most strongly induced in each subset and eliminating any genes that increased less than 2-fold, had normal-
ized expression less than 0.5 during pneumonia, or were in the core mesenchymal response dataset (Figure
2A). This returned the same set of 80 genes from each of the 2 fibroblast subsets. Thus, a shared set of genes
is induced during pneumonia in both adventitial and alveolar fibroblasts (Figure 6A). Unlike cell type—spe-
cific responses to pneumonia that distinguish each of the 5 major mesenchymal cell clusters (Figure 2), no
genes induced by pneumonia distinguished the alveolar versus adventitial fibroblasts. While the same genes
were induced in both fibroblast subsets during pneumonia, the alveolar fibroblasts tended to respond more
robustly, whether plotted as fold-induction due to pneumonia (Figure 6B) or as average mRNA levels during
pneumonia (Figure 6C). The shared gene list included multiple immune-related genes associated with cell
death, migration, and adhesion, such as Clec2d, Osmr, Cxcl5, Cd44, and Icaml, all of which were induced to
a significantly greater extent in the alveolar fibroblasts (Figure 6, D-H). CD44 and ICAMI1 expression was
analyzed at the protein level using flow cytometry in independent sets of experiments. Two dominant popu-
lations of mesenchymal cells had either PDGFRa*Scal™ or PDGFRa Scal* surface markers, interpreted as
alveolar and adventitial fibroblasts, respectively. There was also a third smaller population that was double
positive for Scal and PDGFRa. CD44 protein was observed only on PDGFRa*Scal™ mesenchymal cells,
and it increased during pneumonia (Figure 6I). ICAM1 was expressed by all PDGFRa* mesenchymal cells
and induced during pneumonia (Figure 6J). The fact that the PDGFRa*Scal* cells did not consistently
match to either alveolar PDGFRa*Scal- mesenchymal cells or adventitial PDGFRa Scal* mesenchymal
cells across these 2 signals suggests that this population may be a distinct mesenchymal cell type. Combined
with the inability to define some of the matrix fibroblasts to either the adventitial or alveolar subsets of fibro-
blasts (clusters 4, 5, 11, 13, and 15 in Figure 3B), these flow cytometry data further support additional levels
of heterogeneity among mouse lung fibroblasts. The fact that both CD44 and ICAMI1 proteins increase
during acute pneumonia on alveolar but not adventitial fibroblasts supports the conclusion that alveolar
fibroblasts respond more strongly than adventitial fibroblasts during pneumococcal pneumonia.

Discussion

While early studies suggested that mesenchymal cells have an immune role during lung infection (29),
little is known about whether and how the various mesenchymal cell subsets have distinct and specif-
ic responses to infection. sSCRNA-Seq revealed 5 mesenchymal cell types in the lungs, regardless of
treatment: fibroblasts, myofibroblasts, smooth muscle cells, pericytes, and mesothelial cells. Of these
5 subsets, fibroblasts made up over 70% of mesenchymal cells collected, similar to other reports (30,
33, 64). When clusters were broken up based on their treatment group, all mesenchymal cells respond-
ed to pneumonia and clustered away from naive cells. These data suggest that all mesenchymal cells
respond and help mediate the integrated immune activities in this infected tissue (21, 64, 65). After
responding to pneumonia, the lung mesenchymal cell pool reverts to the naive state. This conclusion
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experiments. Scale bars represent 250 um. (M) Histological analysis showed no difference in perivascular cuffing or edema. Significance was determined by 2-way
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ANOVA followed by Holm-Sidak multiple comparisons test. Quantification of versican IHC staining showed no remarkable difference in location of versican in
the bronchovascular (N), vascular (0), or alveolar (P) regions. Significance was determined by unpaired t test. All data are mean + SD; data points are values from
individual mice (A-D, F-H, and M-P) or represent the mean ()).

is based on SPRING plots from the naive and resolved lungs, which overlap to suggest no new mesen-
chymal cell types and no substantial alteration to the resting transcriptomes of the cell types present.
This contrasts with what has been observed with leukocytes. After pneumonia recovery, the lungs
contain new lymphocytes, including resident memory T cells and B cells (10, 12, 66—68). Also, alveolar
macrophages exhibit “trained immunity,” where cells from the recovered lung have different resting
transcriptomes compared with those in naive lungs (15, 16, 69-71). Mesenchymal cells do not appear
to contribute to the remodeled immunity of recovered lungs like leukocytes.

A common set of genes increased in all 5 mesenchymal cell groups during acute pneumonia, suggesting
a core response conserved across cell types. Some genes in this core response encode chemokines, such as
Cxcll and Cxcl10. These data agree with precedent data showing that pericytes induce expression of CXCL1
and CXCLI10 in response to IL-17 stimulation (24). These chemokines and other core response genes of
mesenchymal cells may influence leukocyte recruitment, migration, and activation in the interstitial space.

To determine if the core response was specific to mesenchymal cells, the list of 59 core genes was
compared with transcriptomic responses during pneumonia in alveolar macrophages (16) and epithelial
cells (52). When compared with alveolar macrophages, only a handful of the mesenchymal core response
genes were upregulated in both cell types, suggesting that the immune cells and mesenchymal cells have
distinct responses to pneumococcal pneumonia. When compared with epithelial cells, almost all the mes-
enchymal core response genes were upregulated in both cell types, suggesting that our mesenchymal core
response may be a core structural cell response to pneumococcal pneumonia. These trends remained
consistent (data not shown) even if we expanded the core mesenchymal dataset by relaxing the inclusion
threshold, suggesting robustness of these mesenchymal cell response distinctions (from alveolar macro-
phages) and similarities (with epithelial cells). Additionally, to evaluate if the core response was upregu-
lated in other pneumonias, like SARS-CoV-2, the core response genes were compared to publicly avail-
able datasets (53). Only 20 genes were shared between mesenchymal cells during pneumococcal infection
and fibroblasts during SARS-CoV-2 infection. The genes shared between both infection models are broad
immune response genes and are involved in processes such as antigen presentation and cytokine signaling.
‘We conclude that the core mesenchymal response genes reported here are conserved across mesenchymal
cells in response to pneumococcus infection, but this should not be generalized to all pneumonias.

Conversely, each mesenchymal cell subset induced some unique genes during pneumonia. Myo-
fibroblasts had the least specific response and only increased expression of 7 specific genes, which
included Vimp (72, 73) and Tnfaip6 (74), and therefore suggests antiinflammatory and pro-resolution
roles for these cells. Mesothelial cells increased expression of 8 specific genes, including Chill, Anxa$,
and Prg4, all of which influence immunity and inflammation (75-78). By modulating immunity in
the pleural space, mesothelial cells may contribute to pneumococcal pneumonia’s propensity to cause
empyema. Smooth muscle cells increased expression of 10 specific genes, including Vecaml and Cd200.
Both encode plasma membrane proteins that are ligands for receptors exclusively expressed by leuko-
cytes, CD200R and CD18. These findings highlight the potential paracrine immunomodulatory activ-
ity for smooth muscle cells. Pericytes induced expression of 15 specific genes, including Cd40, Flitl,
and Cnn3. CD40 is a membrane protein that functions specifically to activate T cells. Fit/ and Cnn3
are smooth muscle cell markers and are required for smooth muscle function. These data suggest that
pericytes may undergo differentiation into smooth muscle cells during infection in the lungs and agree
with reports illustrating that pericytes are progenitors for smooth muscle cells in coronary arteries (79).
Fibroblasts increased expression of 22 genes that were not induced in other mesenchymal cells, includ-
ing Cxcl5, Cxcll3, Coldal, Col4a2, and Vecan. CXCL5 and CXCL13 are chemokines for neutrophils and
B cells, suggesting that fibroblasts may help position these leukocytes appropriately within connective
tissue. Epithelial cells, endothelial cells, and leukocytes can also produce CXCL5 and CXCL13 during
infection (11, 80, 81), so these chemokines may be important in a microenvironmental niche. Col4al
and Col4a2 are of interest because they are ECM proteins, consistent with the best recognized role of
fibroblasts as matrix synthesizers. Since type IV collagens can dictate levels of CCL5 and CCL7 expres-
sion (82), these fibroblast-derived matrix proteins may have immune roles during respiratory infection.
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Figure 6. Alveolar fibroblasts are more responsive to pneumococcal pneumonia. (A) Heatmap representation shows gene expression of core matrix
fibroblast response genes induced during 24 hours of S. pneumoniae infection. Colors along the top of the heatmaps indicate treatment groups: naive
(blue), pneumonic (orange), and resolved (black). XY scatterplot representation of the (B) log,(fold-change) and (C) average gene expression of core matrix
fibroblast genes, illustrating that alveolar fibroblasts respond more robustly than adventitial fibroblasts. Violin plots show that alveolar fibroblasts have
stronger expression of (D) Clec2d, (E) Osmr, (F) Cxcl5, (G) Cd44, and (H) Icam1, genes associated with leukocyte recruitment and migration. Significance
was determined by 1-way ANOVA followed by Tukey’s multiple comparisons test. Flow cytometry analysis of mesenchymal cells shows that PDGFRa*
single-positive cells express surface (1) CD44 and (J) ICAM1 in both naive and pneumonic mice, whereas Scal* single-positive cells do not express either
protein, even during pneumonia (n = 5-6 mice per time point). A PDGFRa*Scal* double-positive population showed a distinct phenotype and were negative
for CD44 but positive for ICAM1. Significance was determined by 2-way ANOVA followed by Tukey's multiple comparisons test (*P < 0.05). All data are
mean + SD; data points are values from individual mice (1 and J).

Among ECM proteins, versican is a chondroitin sulfate proteoglycan with diverse roles, including cell dif-
ferentiation, migration, adhesion, and proliferation, as well as in tissue stabilization and inflammation (58, 83).
The chondroitin sulfate is abundantly expressed during lung development, but expression is very low in lungs of
healthy adult mice and humans (58, 84, 85). The robust induction of versican, especially in alveolar fibroblasts,
led us to suspect it might be involved in neutrophil recruitment. Neutrophil recruitment occurs in alveolar sep-
tae during pneumococcal pneumonia (86, 87), and versican has been implicated in neutrophil recruitment (57,
59). scRNA-Seq, gRT-PCR, and immunofluorescence verified that versican is increased during pneumococcal
pneumonia both in perivascular and in alveolar interstitial compartments. It is similarly induced in models of
Gram-negative bacteria lung infection (62), acute lung injury (88), asthma (89), pulmonary fibrosis (90), influ-
enza (20), and cancer (91). It can act as a scaffold that binds and presents chemokines in haptotactic gradients
to leukocytes (92). In the interstitium, it can render the provisional matrix more open and permissive for cell
migration. In models where versican is significantly increased, infiltrating leukocytes strongly colocalize with
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the proteoglycan (93, 94). In the lungs, poly-IC treatment has also resulted in a significant increase in versican,
and global knockdown of versican resulted in a significant decrease in leukocytes in the airspaces (63). This is
in contrast with our study. While versican is strongly induced in alveolar fibroblasts, its production by Pdgfra-ex-
pressing cells is dispensable for neutrophil recruitment, pulmonary edema, and resolution after pneumococcal
pneumonia. It is possible that versican is not essential for these processes or that versican expression by other
cells compensates for the targeting of the versican gene in PDGFRo* cells.

Immunohistochemical staining revealed no remarkable differences in versican protein in infected lungs of
mice in which the Vean gene was successfully targeted in Pdgfra-expressing mesenchymal cells. While we have
demonstrated induction of the Vcan gene at the mRNA level, we do not have direct evidence that fibroblasts pro-
duce versican protein in response to pneumococcus infection. It is possible that fibroblasts are not secreting versi-
can during pneumococcal pneumonia. However, we also note that other cells are important sources of versican,
and these may compensate for the loss of PDGFRa" cell-derived versican. Future studies should focus on the
cellular sources of the glycoprotein at the protein level. Previous studies have shown that versican can function as
a pro-inflammatory or an antiinflammatory molecule, depending on the cells that produce it. Versican produced
by macrophages and epithelial cells limits acute pulmonary inflammation (61, 62, 95); however, when pro-
duced by fibroblasts, the protein supports a pro-inflammatory microenvironment (59). Future studies will need
to determine if macrophage-derived versican can function as a pro-inflammatory molecule when other methods
of versican production are altered. One last explanation may be that other proteoglycans compensate for the lack
of versican. Other proteoglycans of the lung ECM are syndecan, perlecan, biglycan, decorin, and lumican (58,
84). We focused our attention on versican because it was the only ECM protein significantly induced in response
to pneumonia (Figure 4, A and B). However, adventitial fibroblasts had very strong expression of Dcn, the
gene encoding decorin, in all treatment groups tested (data not shown). Previous reports have shown that high
decorin levels correlate with higher leukocyte numbers in the serum of acute coronary syndrome (96). Future
studies can examine other proteoglycan levels in these knockout mice and investigate how they may influence
the response to pneumonia.

While all mesenchymal cells responded to pneumonia, matrix fibroblasts had very distinct and specif-
ic responses to infection. As expected with many transcriptomic studies, this study showed a disconnect
between RNA expression and protein expression. Our scRNA-Seq data suggest an increase in Cd44 and
Icaml in response to pneumonia in both the adventitial Cd9*Scal* and alveolar Pdgfra* fibroblasts, but the
flow cytometry analysis showed that PDGFRa" single-positive fibroblasts, but not Scal* single-positive
fibroblasts, express CD44 and ICAMI on the cell surface. These protein findings agree with our conclu-
sion that alveolar fibroblasts responded more robustly to pneumococcal infection; while mRNA of the
core response genes was increased in the Scal* cells, this did not translate to an increase in protein levels.
Additionally, flow cytometry analysis showed that ICAMI, but not CD44, was strongly expressed by an
unexpected Scal"PDGFRa* double-positive fibroblast population. This population could be a “transitional
group” of fibroblasts or a distinct population of cells that have their own response to pneumonia. Previous
reports suggest that these double-positive cells may be lipofibroblasts; however, in our dataset, this popula-
tion lacks other lipofibroblast markers such as Cd90/ Thyl1, Plin2/Adrp, Pparg, and Cd34 (32, 33, 37). Further
studies will be necessary to confirm whether this is a novel fibroblast population; at present, we conclude
this population is distinct from alveolar and adventitial fibroblasts.

In conclusion, we demonstrated that matrix fibroblasts, myofibroblasts, pericytes, smooth muscle cells, and
mesothelial cells all responded to pneumonia with altered transcriptomes, revealing a core response conserved
across cell types as well as distinct mesenchymal cell type—specific responses. The cells from naive and resolved
groups overlapped in dimension reduction plots, suggesting mesenchymal cells return to baseline transcrip-
tomes after resolution, unlike other cell types following infections. Of the 5 mesenchymal cell types, fibroblasts
were the most abundant mesenchymal cells and could be further segregated into Pdgfra* Npnt*Cesld*Coll3al*
alveolar fibroblasts and Cd9Pi16*Scal*Coll4al* adventitial fibroblasts. The different subsets of fibroblasts
induced similar gene sets, but the alveolar fibroblasts responded more strongly than the adventitial fibroblasts.
Versican was induced by both subsets in response to pneumonia but more so in alveolar fibroblasts. We demon-
strate that versican expression by these cells is dispensable for neutrophil recruitment, pulmonary edema, and
resolution of pneumococcal inflammation and injury. We further demonstrated that while gene expression was
increased in both adventitial and alveolar fibroblasts, only alveolar fibroblasts expressed the adhesion molecules
CD44 and ICAMLI at the protein level, suggesting distinct responses to infection. These data demonstrate
diverse and specialized immune activities of lung mesenchymal cells during pneumonia.
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Methods

Sex as a biological variable. All studies involved both sexes and mice at 6 to 14 weeks of age. Sex was considered as
a biological variable, and no consistent differences were appreciated. Findings are expected to apply to both sexes.
Mice. All animal studies were approved by the Boston University Institutional Care and Use Committee.
Six-week-old C57BL6/7 (stock 000664), Pdgfra™!@/ER2) (stock 032770), and Ifnarl™?5= (stock 028288) mice
were purchased from The Jackson Laboratory. Versican™/“ mice were bred at University of Washington.
Pdgfra™!-1@/ERT) and Vean"''“' mice were bred at Boston University School of Medicine. Resulting 6-week-old
Cre™ and Cre* mice were treated with 2 mg tamoxifen in corn oil daily for 5 days, administered i.p. After 2
weeks of washout, mice were used for experimentation. Mice were housed in a specific pathogen—free envi-
ronment, on a 12-hour light/12-hour dark cycle, with access to food and water ad libitum. Mice were euth-
anized using isoflurane overdose, and death was confirmed using pneumothorax before organ collections.

S. pneumoniae i.t. infection. Mice were anesthetized via i.p. injection of ketamine and xylazine. To
induce pneumonia, the trachea was surgically exposed, and S. pneumoniae suspended in sterile saline was
instilled via a 24-gauge angiocatheter directed toward the left lobe. Heterotypic protection was generated
as previously described (12). Mice were infected i.t. with 5 x 10° to 1 X 10° CFU of serotype 19F pneumo-
coccus (Sp19F, strain EF3030) or saline. A week later, mice were exposed again to either saline or Sp19F
and allowed to recover for 28 to 35 days. To study acute infection of pneumococcus, mice were challenged
i.t. with approximately 1 X 10° CFU of serotype 3 pneumococcus (Sp3, strain ATCC6303) or saline and
euthanized 24 to 48 hours after infection.

Lung cell isolation, flow cytometry, and cell sorting. The protocol used for preparing single-cell suspensions of
mesenchymal cells was modified from Rock et al. (35). The full protocol for cell isolation and staining can be
found in Supplemental Methods. Cells were either analyzed using a BD Biosciences LSR II flow cytometer or
isolated using a BD Biosciences FACSAria II or Beckman Coulter MoFlo Astrios. Data were analyzed with
FlowlJo software (BD Biosciences). Gating strategies were based on the use of fluorescence minus one controls.

Sequencing library construction using the 10x Genomics platform. scRNA-Seq libraries were prepared per
the Single Cell 3’ Reagent Kit User Guide v3 (10x Genomics). Single-cell suspensions (pooled from 3
mice per treatment group; 9 mice total), reagents, and a single Gel Bead containing barcoded oligonucle-
otides were loaded on a Chromium Controller instrument (10x Genomics) and were encapsulated into a
nanoliter-size Gel Bead-in-Emulsion (GEM) using the GemCode platform. Lysis and barcoded reverse
transcription of RNAs from single cells was performed. GEMs were harvested and full-length, barcoded
cDNA was amplified by PCR to generate sufficient mass for library construction. Enzyme fragmenta-
tion, A tailing, adaptor ligation, and PCR were performed to obtain final libraries containing P5 and
P7 primers used in the Illumina bridge amplification. Size distribution and molarity of resulting cDNA
libraries were assessed via Bioanalyzer High Sensitivity DNA Assay (Agilent Technologies). Sequencing
libraries were loaded on a NextSeq 500 (Illumina) instrument according to Illumina and 10x Genomics
guidelines, with a 1.4-1.8 uM input and 1% PhiX control library spike-in. Preprocessing and quality
control of single-cell data methods can be found in Supplemental Methods. Gene expression data were
further analyzed using the online platforms SPRING viewer and Morpheus (36, 51). Transcription factor
analysis and pathway enrichment methods can be found in Supplemental Methods.

gRT-PCR. RNA was extracted from sorted cells using RNeasy Micro Kit (QIAGEN) as per manufac-
turer’s protocols. QRT-PCR was performed using the RNA-to-C_, kit (Life Technologies). Commercially
available predesigned TagMan gene expression probes for Vecan RNA (Mm01283063_m1) and 18S rRNA
were used (Applied Biosystems). The quantity of detectable mRNA was calculated by normalizing to 18S
rRNA from the respective sample and expressed as fold-change over mRNA levels of controls.

Wet/dry weights. Mice were euthanized and left lobes of the lungs were harvested. Wet lung weight was
measured in milligrams. Tissues were then incubated at 37°C, and dry lung weight was measured 24 hours later.

H&E staining and immunohistochemistry. Mice were euthanized and lungs were perfused with 5 mL 1x PBS.
Tracheas were cannulated and lungs were inflated to ~23 cm H,O with 10% buffered formalin. Left lobes of
fixed tissues were cut into 3 sections and placed in an embedding cassette. Samples were dehydrated and embed-
ded in paraffin. Cooled samples were cut into 5 pm sections. The full protocol for staining, scoring, and immu-
nohistochemistry can be found in Supplemental Methods.

Human lung biospecimens. Formalin-fixed, paraffin-embedded postmortem human lung biospecimens were
obtained from the Brain and Body Donation Program (https://www.brainandbodydonationregistration.org/)
of Banner Sun Health Research Institute in Sun City, Arizona, USA (97).
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Statistics. All statistical analyses were performed using GraphPad Prism v.9.2.0 software. Error bars
represent mean + SD. A P value less than 0.05 was considered significant.

Study approval. The study was approved by the Institutional Animal Care and Use Committee
(TR202200000005) and the Institutional Review Board (H-32271) of Boston University. Animal procedures
were performed with compliance to all relevant ethical regulations for animal testing and research, in the United
States, in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes
of Health (NIH) (National Academies Press, 2011) (after review and approval by the Institutional Animal Care
and Use Committee of Boston University or University of Washington). Human participants or their legal rep-
resentatives gave written informed consent, through an Institutional Review Board, for their participation in the
program, including broad consent for sharing of deidentified biospecimens and associated data.

Data availability. Values for all data points in graphs are reported in the Supporting Data Values file.
scRNA-Seq data for this study are available on the National Center for Biotechnology Information Gene
Expression Omnibus under accession number GSE242498. The SPRING plots are available at their
respective links listed below.

The full dataset: https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/
Fibroblasts2/Fibroblasts2

Mesenchymal cells in Figure 1: https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.
html?client_datasets/Fibroblasts2/Mesenchymal Cells_Only

Matrix fibroblasts in Figure 3: https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.
html?client_datasets/Fibroblasts2/Naive_and_Inflamed_Fibroblasts

Author contributions

AMS designed research studies, conducted experiments, acquired and analyzed data, wrote the man-
uscript, and was responsible for the overall project. JEB and CWF provided materials and contributed
to the experimental design and interpretation of results. ATS and FTK aided in conducting leukocyte
recruitment experiments. NSE and BEH aided in lung embedding, sectioning, and immunohistochemical
experiments. NAC provided histological, immunohistochemical, and pathological expertise. AJ, MB, and
JDC provided bioinformatics expertise and aided in data analysis. TGB provided materials and patholog-
ical expertise. IMCM, WNG, and CTH assisted with experimentation, including all in vivo animal work.
ATS, FTK, KET, MRJ, and LJQ provided intellectual contributions to experiment design and data analy-
sis. JPM designed research studies, procured funding support for experiments, aided in data analysis and
interpretation of results, and wrote the manuscript. All authors edited the manuscript.

Acknowledgments

We thank Anna Belkina and Brian Tilton of the Flow Cytometry Core for assistance with flow cytom-
etry and FACS. We thank Hans P. Gertje and Aoife O’Connell of Boston University’s National Emerging
Infectious Diseases Laboratories for their histology expertise. We thank Caleb Weinreb of Harvard Med-
ical School for expertise and help using the SPRING online platform. This work was funded by NIH
grants R35-HL 135756, R01-AI115053, R01-AI162850, and R01-HL171499 awarded to JPM; RO1-
HL139641 and R01-HL166588 awarded to MB; T32-HL007035 for support of trainees; as well as NIH
Shared Instrumentation Grants S10-OD026983 and S10-OD030269. The Brain and Body Donation
Program has been supported by the NIH National Institute of Neurological Disorders and Stroke
grant U24 NS(072026, National Brain and Tissue Resource for Parkinson’s Disease and Related Dis-
orders from the National Institute on Aging grants P30 AG19610 and P30 AG072980 at the Arizona
Alzheimer’s Disease Center, the Arizona Department of Health Services contract 211002 at the Ari-
zona Alzheimer’s Research Center, the Michael J. Fox Foundation for Parkinson’s Research, and the
Arizona Biomedical Research Commission contracts 4001, 0011, 05-901, and 1001 to the Arizona
Parkinson’s Disease Consortium.

Address correspondence to: Joseph P. Mizgerd, Pulmonary Center, Boston University Chobanian & Ave-

disian School of Medicine, 72 E. Concord St., Boston, Massachusetts, 02128, USA. Phone: 617.358.1186;
Email: jmizgerd@bu.edu.

JCl Insight 2025;10(7):e177084 https://doi.org/10.1172/jci.insight.177084 17


https://doi.org/10.1172/jci.insight.177084
https://insight.jci.org/articles/view/177084#sd
mailto://jmizgerd@bu.edu

—_

IS8

w

w

N

=~

o

10.
11.

12.

1

\O

20.

2

—_

22.

23.

24.

2

w

26.

217.

2

oo

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

RESEARCH ARTICLE

. Yende S, et al. Epidemiology and long-term clinical and biologic risk factors for pneumonia in community-dwelling older Amer-

icans: analysis of three cohorts. Chest. 2013;144(3):1008-1017.

. Quinton L, Mizgerd J. Dynamics of lung defense in pneumonia: resistance, resilience, and remodeling. Annu Rev Physiol.

2015;77:407-430.
Curns A, et al. Infectious disease hospitalizations among older adults in the United States from 1990 through 2002. Arch Intern
Med. 2005;165(21):2514-2520.

. Thevaranjan N, et al. Age-associated microbial dysbiosis promotes intestinal permeability, systemic inflammation, and macro-

phage dysfunction. Cell Host Microbe. 2017;21(4):455-466.

. Dela Cruz CS, et al. Future research directions in pneumonia. NHLBI working group report. Am J Respir Crit Care Med.

2018;198(2):256-263.

.Jones M, et al. Lung NF-kappaB activation and neutrophil recruitment require IL-1 and TNF receptor signaling during pneu-

mococcal pneumonia. J Immunol. 2005;175(11):7530-7535.

Mizgerd J. Molecular mechanisms of neutrophil recruitment elicited by bacteria in the lungs. Semin Immunol. 2002;14(2):123-132.
Craig A, et al. Neutrophil recruitment to the lungs during bacterial pneumonia. Infect Immun. 2009;77(2):568-575.

Gomez JC, et al. Neutrophils in acute bacterial pneumonia. In: Prince, A. (eds) Mucosal Immunology of Acute Bacterial Pneumonia.
Springer; 2013:83-124.

Barker K, et al. Lung-resident memory B cells protect against bacterial pneumonia. J Clin Invest. 2021;131(11):e141810.

Shenoy AT, et al. Lung CD4" resident memory T cells remodel epithelial responses to accelerate neutrophil recruitment during
pneumonia. Mucosal Immunol. 2020;13(2):334-343.

Smith N, et al. Regionally compartmentalized resident memory T cells mediate naturally acquired protection against pneumo-
coccal pneumonia. Mucosal Immunol. 2018;11(1):220-235.

. Teijaro JR, et al. Cutting edge: tissue-retentive lung memory CD4 T cells mediate optimal protection to respiratory virus infec-

tion. J Immunol. 2011;187(11):5510-5514.

. Allie SR, et al. The establishment of resident memory B cells in the lung requires local antigen encounter. Nat Immmunol.

2019;20(1):97-108.

. Arafa E, et al. Recruitment and training of alveolar macrophages after pneumococcal pneumonia. JCI Insight.

2022;7(5):¢150239.

. Guillon A, et al. Pneumonia recovery reprograms the alveolar macrophage pool. JCI Insight. 2020;5(4):e133042.
.Roquilly A, et al. Alveolar macrophages are epigenetically altered after inflammation, leading to long-term lung immunoparalysis.

Nat Immunol. 2020;21(6):636-648.

.Yao Y, et al. Induction of autonomous memory alveolar macrophages requires T cell help and is critical to trained immunity.

Cell. 2018;175(6):1634-1650.

. Aegerter H, et al. Influenza-induced monocyte-derived alveolar macrophages confer prolonged antibacterial protection. Nat

Immunol. 2020;21(2):145-157.
Boyd D, et al. Exuberant fibroblast activity compromises lung function via ADAMTS4. Nature. 2020;587(7834):466-471.

. Cupovic J, et al. Adenovirus vector vaccination reprograms pulmonary fibroblastic niches to support protective inflating memo-

ry CD8* T cells. Nat Immunol. 2021;22(8):1042-1051.

Iwanaga N, et al. Vaccine-driven lung TRM cells provide immunity against Klebsiella via fibroblast IL-17R signaling. Sci Immu-
nol. 2021;6(63):eabf1198.

Stark K, et al. Capillary and arteriolar pericytes attract innate leukocytes exiting through venules and ‘instruct’ them with pat-
tern-recognition and motility programs. Nat Immunol. 2013;14(1):41-51.

Navarro R, et al. Immune regulation by pericytes: modulating innate and adaptive immunity. Front Immunol. 2016;7:480.

. Mutsaers SE, et al. Mesothelial cells regulate immune responses in health and disease: role for immunotherapy in malignant

mesothelioma. Curr Opin Immunol. 2020;64:88-109.

Yang X, et al. Proinflammatory phenotype of vascular smooth muscle cells: role of efficient Toll-like receptor 4 signaling. Am J
Physiol Heart Circ Physiol. 2005;289(3):H1069-H1076.

Hussain T, et al. Innate immune responses in murine pleural mesothelial cells: Toll-like receptor-2 dependent induction of
beta-defensin-2 by staphylococcal peptidoglycan. Am J Physiol Lung Cell Mol Physiol. 2008;295(3):L461-L470.

. Walton KLW, et al. Lipopolysaccharide activates innate immune responses in murine intestinal myofibroblasts through multiple

signaling pathways. Am J Physiol Gastrointest Liver Physiol. 2009;296(3):G601-G611.

Behzad A, et al. Fibroblasts are in a position to provide directional information to migrating neutrophils during pneumonia in
rabbit lungs. Microvasc Res. 1996;51(3):303-316.

Buechler M, et al. Cross-tissue organization of the fibroblast lineage. Nature. 2021;593(7860):575-579.

Deng CC, et al. Single-cell RNA-seq reveals fibroblast heterogeneity and increased mesenchymal fibroblasts in human fibrotic
skin diseases. Nat Commun. 2021;12(1):3709.

Habiel DM, Hogaboam CM. Heterogeneity of fibroblasts and myofibroblasts in pulmonary fibrosis. Curr Pathobiol Rep.
2017;5(2):101-110.

Xie T, et al. Single-cell deconvolution of fibroblast heterogeneity in mouse pulmonary fibrosis. Cell Rep. 2018;22(13):3625-3640.
Chung M, et al. Niche-mediated BMP/SMAD signaling regulates lung alveolar stem cell proliferation and differentiation. Devel-
opment. 2018;145(9):dev163014.

Rock JR, et al. Multiple stromal populations contribute to pulmonary fibrosis without evidence for epithelial to mesenchymal
transition. Proc Natl Acad Sci U S A. 2011;108(52):E1475-E1483.

Weinreb C, et al. SPRING: a kinetic interface for visualizing high dimensional single-cell expression data. Bioinformatics.
2021;34(7):1246-1248.

Imamura M, et al. ADRP stimulates lipid accumulation and lipid droplet formation in murine fibroblasts. Am J Physiol Endocri-
nol Metab. 2002;283(4):E775-E783.

Mueller-Hoecker J, et al. Of rodents and humans: a light microscopic and ultrastructural study on cardiomyocytes in pulmonary
veins. Int J Med Sci. 2008;5(3):152-158.

JCl Insight 2025;10(7):e177084 https://doi.org/10.1172/jci.insight.177084 18


https://doi.org/10.1172/jci.insight.177084
https://doi.org/10.1378/chest.12-2818
https://doi.org/10.1378/chest.12-2818
https://doi.org/10.1146/annurev-physiol-021014-071937
https://doi.org/10.1146/annurev-physiol-021014-071937
https://doi.org/10.1001/archinte.165.21.2514
https://doi.org/10.1001/archinte.165.21.2514
https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.1164/rccm.201801-0139WS
https://doi.org/10.1164/rccm.201801-0139WS
https://doi.org/10.4049/jimmunol.175.11.7530
https://doi.org/10.4049/jimmunol.175.11.7530
https://doi.org/10.1006/smim.2001.0349
https://doi.org/10.1128/IAI.00832-08
https://doi.org/10.1172/JCI141810
https://doi.org/10.1038/s41385-019-0229-2
https://doi.org/10.1038/s41385-019-0229-2
https://doi.org/10.1038/mi.2017.43
https://doi.org/10.1038/mi.2017.43
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.1038/s41590-018-0260-6
https://doi.org/10.1038/s41590-018-0260-6
https://doi.org/10.1172/jci.insight.150239
https://doi.org/10.1172/jci.insight.150239
https://doi.org/10.1172/jci.insight.133042
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1016/j.cell.2018.09.042
https://doi.org/10.1016/j.cell.2018.09.042
https://doi.org/10.1038/s41590-019-0568-x
https://doi.org/10.1038/s41590-019-0568-x
https://doi.org/10.1038/s41586-020-2877-5
https://doi.org/10.1038/s41590-021-00969-3
https://doi.org/10.1038/s41590-021-00969-3
https://doi.org/10.1126/sciimmunol.abf1198
https://doi.org/10.1126/sciimmunol.abf1198
https://doi.org/10.1038/ni.2477
https://doi.org/10.1038/ni.2477
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.1016/j.coi.2020.04.005
https://doi.org/10.1016/j.coi.2020.04.005
https://doi.org/10.1152/ajpheart.00143.2005
https://doi.org/10.1152/ajpheart.00143.2005
https://doi.org/10.1152/ajplung.00276.2007
https://doi.org/10.1152/ajplung.00276.2007
https://doi.org/10.1152/ajpgi.00022.2008
https://doi.org/10.1152/ajpgi.00022.2008
https://doi.org/10.1006/mvre.1996.0029
https://doi.org/10.1006/mvre.1996.0029
https://doi.org/10.1038/s41586-021-03549-5
https://doi.org/10.1038/s41467-021-24110-y
https://doi.org/10.1038/s41467-021-24110-y
https://doi.org/10.1007/s40139-017-0134-x
https://doi.org/10.1007/s40139-017-0134-x
https://doi.org/10.1016/j.celrep.2018.03.010
https://doi.org/10.1242/dev.163014
https://doi.org/10.1242/dev.163014
https://doi.org/10.1073/pnas.1117988108
https://doi.org/10.1073/pnas.1117988108
https://doi.org/10.1093/bioinformatics/btx792
https://doi.org/10.1093/bioinformatics/btx792
https://doi.org/10.1152/ajpendo.00040.2002
https://doi.org/10.1152/ajpendo.00040.2002
https://doi.org/10.7150/ijms.5.152
https://doi.org/10.7150/ijms.5.152

RESEARCH ARTICLE

39. Zent J, Guo L-W. Signaling mechanisms of myofibroblastic activation: outside-in and inside-out. Cell Physiol Biochem.

4

(=}

4

—_

2018;49(3):848-868.

. Moiseenko A, et al. Origin and characterization of alpha smooth muscle actin-positive cells during murine lung development.
Stem Cells. 2017;35(6):1566-1578.

.Liu X, et al. Categorization of lung mesenchymal cells in development and fibrosis. iScience. 2021;24(6):102551.

42. Huang S, et al. Asporin promotes TGF-B-induced lung myofibroblast differentiation by facilitating Rab11-dependent recycling

of TRRI. Am J Respir Cell Mol Biol. 2022;66(2):158-170.

43. Kumar A, et al. Specification and diversification of pericytes and smooth muscle cells from mesenchymoangioblasts. Cell Rep.

2017;19(9):1902-1916.

44. Muhl L, et al. A single-cell transcriptomic inventory of murine smooth muscle cells. Dev Cell. 2022;57(20):2426-2443.

4
4
4
4

0 N O U»n

. Bergers G, Song S. The role of pericytes in blood-vessel formation and maintenance. Neuro Oncol. 2005;7(4):452-464.
.Barron L, et al. Lung pericytes and resident fibroblasts: busy multitaskers. 4m J Pathol. 2016;186(10):2519-2531.

. Ordénez NG. Value of mesothelin immunostaining in the diagnosis of mesothelioma. Mod Pathol. 2003;16(3):192-197.

. Kanamori-Katayama M, et al. LRRN4 and UPK3B are markers of primary mesothelial cells. PloS One. 2011;6(10):e25391.

49. Wang Y, et al. MUC16 expression during embryogenesis, in adult tissues, and ovarian cancer in the mouse. Differentiation.

5

[=}

5

—

52.

53.

54.

55.

2008;76(10):1081-1092.
. Karki S, et al. Wilms’ tumor 1 (Wtl) regulates pleural mesothelial cell plasticity and transition into myofibroblasts in idiopathic
pulmonary fibrosis. FASEB J. 2014;28(3):1122-1131.
.Ryan MC, et al. Interactive clustered heat map builder: an easy web-based tool for creating sophisticated clustered heat maps.
F1000Res. 2019;8:1SCB Comm J-1750.
Kamata H, et al. Epithelial cell-derived secreted and transmembrane 1a signals to activated neutrophils during pneumococcal
pneumonia. Am J Respir Cell Mol Biol. 2016;55(3):407-418.
Qin Z, et al. Endothelial cell infection and dysfunction, immune activation in severe COVID-19. Theranostics.
2021;11(16):8076-8091.
Travaglini K, et al. A molecular cell atlas of the human lung from single-cell RNA sequencing. Nature.
2020;587(7835):619-625.
Koenitzer J, et al. Single-nucleus RNA-sequencing profiling of mouse lung. Reduced dissociation bias and improved rare cell-
type detection compared with single-cell RNA sequencing. Am J Respir Cell Mol Biol. 2020;63(6):739-747.

56. Tsukui T, et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct localization and relevance to fibrosis.

5

NS

5

o

59.
60.

6

—

62.
63.

64.

65.

66.

6

=

68.

69.

70.

71.

7

N

73.
74.

75.

76.

Nat Commun. 2020;11(1920):1920.
. Brune JE, et al. Type I interferon signaling increases versican expression and synthesis in lung stromal cells during influenza
infection. J Histochem Cytochem. 2021;69(11):691-709.
.Kang I, et al. Proteoglycans as immunomodulators of the innate immune response to lung infection. J Histochem Cytochem.
2018;66(4):241-259.
Wight TN, et al. Versican-A critical extracellular matrix regulator of immunity and inflammation. Front Immunol. 2020;11:512.
Tang F, et al. Defining the versican interactome in lung health and disease. Am J Physiol Cell Physiol. 2022;323(2):C249-C276.
. Chang MY, et al. Versican is produced by Trif- and type I interferon-dependent signaling in macrophages and contributes to fine
control of innate immunity in lungs. Am J Physiol Lung Cell Mol Physiol. 2017;313(6):1L1069-L1086.
Chang M, et al. A rapid increase in macrophage-derived versican and hyaluronan in infectious lung disease. Matrix Biol. 2014;34:1-12.
Kang I, et al. Versican deficiency significantly reduces lung inflammatory response induced by polyinosine-polycytidylic acid
stimulation. J Biol Chem. 2017;292(1):51-63.
Martin JC, et al. Single-cell analysis of Crohn’s Disease lesions identifies a pathogenic cellular module associated with resis-
tance to Anti-TNF therapy. Cell. 2019;178(6):1493-1508.
Davidson S, et al. Fibroblasts as immune regulators in infection, inflammation and cancer. Nat Rev Immunol.
2021;21(11):704-717.
Rajamanickam A, et al. Recovery of memory B-cell subsets and persistence of antibodies in convalescent COVID-19 patients.
Am J Trop Med Hyg. 2021;105(5):1255-1260.
. Braverman J, et al. Staphylococcus aureus specific lung resident memory CD4* Th1 cells attenuate the severity of influenza
virus induced secondary bacterial pneumonia. Mucosal Immunol. 2022;15(4):783-796.
Turner DL, et al. Lung niches for the generation and maintenance of tissue-resident memory T cells. Mucosal Immunol.
2014;7(3):501-510.
Netea MG, et al. Innate and adaptive immune memory: an evolutionary continuum in the host’s response to pathogens. Ce//
Host Microbe. 2019;25(1):13-26.
Zahalka S, et al. Trained immunity of alveolar macrophages requires metabolic rewiring and type 1 interferon signaling. Mucosal
Immunol. 2022;15(5):896-907.
Gu H, et al. Vaccination induces rapid protection against bacterial pneumonia via training alveolar macrophage in mice. Elife.
2021;10:e69951.
. Hariharan S, Dharmaraj S. Selenium and selenoproteins: it’s role in regulation of inflammation. Inflammopharmacology.
2020;28(3):667-695.
Curran J, et al. Genetic variation in selenoprotein S influences inflammatory response. Nat Genet. 2005;37(11):1234-1241.
Day AJ, Milner CM. TSG-6: a multifunctional protein with anti-inflammatory and tissue-protective properties. Matrix Biol.
2019;78-79:60-83.
Dela Cruz C, et al. Chitinase 3-like-1 promotes Streptococcus pneumoniae killing and augments host tolerance to lung antibac-
terial responses. Cell Host Microbe. 2012;12(1):34-46.
Poeter M, et al. Annexin A8 controls leukocyte recruitment to activated endothelial cells via cell surface delivery of CD63. Nat
Commun. 2014;5:3738.

77. Igbal SM, et al. Lubricin/Proteoglycan 4 binds to and regulates the activity of Toll-like receptors in vitro. Sci Rep. 2016;6:18910.
78. Al-Sharif A, et al. Lubricin/Proteoglycan 4 binding to CD44 receptor: a mechanism of the suppression of proinflammatory

JCl Insight 2025;10(7):e177084 https://doi.org/10.1172/jci.insight.177084 19


https://doi.org/10.1172/jci.insight.177084
https://doi.org/10.1159/000493217
https://doi.org/10.1159/000493217
https://doi.org/10.1002/stem.2615
https://doi.org/10.1002/stem.2615
https://doi.org/10.1016/j.isci.2021.102551
https://doi.org/10.1165/rcmb.2021-0257OC
https://doi.org/10.1165/rcmb.2021-0257OC
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1016/j.celrep.2017.05.019
https://doi.org/10.1016/j.devcel.2022.09.015
https://doi.org/10.1215/S1152851705000232
https://doi.org/10.1016/j.ajpath.2016.07.004
https://doi.org/10.1097/01.MP.0000056981.16578.C3
https://doi.org/10.1371/journal.pone.0025391
https://doi.org/10.1111/j.1432-0436.2008.00295.x
https://doi.org/10.1111/j.1432-0436.2008.00295.x
https://doi.org/10.1096/fj.13-236828
https://doi.org/10.1096/fj.13-236828
https://doi.org/10.12688/f1000research.20590.1
https://doi.org/10.12688/f1000research.20590.1
https://doi.org/10.1165/rcmb.2015-0261OC
https://doi.org/10.1165/rcmb.2015-0261OC
https://doi.org/10.7150/thno.61810
https://doi.org/10.7150/thno.61810
https://doi.org/10.1038/s41586-020-2922-4
https://doi.org/10.1038/s41586-020-2922-4
https://doi.org/10.1165/rcmb.2020-0095MA
https://doi.org/10.1165/rcmb.2020-0095MA
https://doi.org/10.1038/s41467-020-15647-5
https://doi.org/10.1038/s41467-020-15647-5
https://doi.org/10.1369/00221554211054447
https://doi.org/10.1369/00221554211054447
https://doi.org/10.1369/0022155417751880
https://doi.org/10.1369/0022155417751880
https://doi.org/10.3389/fimmu.2020.00512
https://doi.org/10.1152/ajpcell.00162.2022
https://doi.org/10.1152/ajplung.00353.2017
https://doi.org/10.1152/ajplung.00353.2017
https://doi.org/10.1016/j.matbio.2014.01.011
https://doi.org/10.1074/jbc.M116.753186
https://doi.org/10.1074/jbc.M116.753186
https://doi.org/10.1016/j.cell.2019.08.008
https://doi.org/10.1016/j.cell.2019.08.008
https://doi.org/10.1038/s41577-021-00540-z
https://doi.org/10.1038/s41577-021-00540-z
https://doi.org/10.4269/ajtmh.21-0883
https://doi.org/10.4269/ajtmh.21-0883
https://doi.org/10.1038/s41385-022-00529-4
https://doi.org/10.1038/s41385-022-00529-4
https://doi.org/10.1038/mi.2013.67
https://doi.org/10.1038/mi.2013.67
https://doi.org/10.1016/j.chom.2018.12.006
https://doi.org/10.1016/j.chom.2018.12.006
https://doi.org/10.1038/s41385-022-00528-5
https://doi.org/10.1038/s41385-022-00528-5
https://doi.org/10.7554/eLife.69951
https://doi.org/10.7554/eLife.69951
https://doi.org/10.1007/s10787-020-00690-x
https://doi.org/10.1007/s10787-020-00690-x
https://doi.org/10.1038/ng1655
https://doi.org/10.1016/j.matbio.2018.01.011
https://doi.org/10.1016/j.matbio.2018.01.011
https://doi.org/10.1016/j.chom.2012.05.017
https://doi.org/10.1016/j.chom.2012.05.017
https://doi.org/10.1038/ncomms4738
https://doi.org/10.1038/ncomms4738
https://doi.org/10.1038/srep18910
https://doi.org/10.1002/art.39087

79.
80.

8

—

8

I

83.

84.
85.

86.

8

~

88.

8

Nel

90.

91.

92.
93.

94.

9

w

96.

9

~

RESEARCH ARTICLE

cytokine-induced synoviocyte proliferation by lubricin. Arthritis Rheumatol. 2015;67(6):1503-1513.

Volz KS, et al. Pericytes are progenitors for coronary artery smooth muscle. Elife. 2015;4:e10036.

Traber KE, et al. Induction of STAT3-dependent CXCL5 expression and neutrophil recruitment by oncostatin-M during pneu-
monia. Am J Respir Cell Mol Biol. 2015;53(4):479-488.

. Carlsen HS, et al. Monocyte-like and mature macrophages produce CXCL13 (B cell-attracting chemokine 1) in inflammatory

lesions with lymphoid neogenesis. Blood. 2004;104(10):3021-3027.

. Vaniotis G, et al. Collagen IV-conveyed signals can regulate chemokine production and promote liver metastasis. Oncogene.

2018;37(28):3790-3805.

Andersson-Sjoland A, et al. Versican in inflammation and tissue remodeling: the impact on lung disorders. Glycobiology.
2015;25(3):243-251.

Bensadoun E, et al. Proteoglycan deposition in pulmonary fibrosis. Am J Respir Crit Care Med. 1996;154(6 pt 1):1819-1828.
Faggian J, et al. Changes in versican and chondroitin sulfate proteoglycans during structural development of the lung. Am J
Physiol Regul Integr Comp Physiol. 2007;293(2):R784-R792.

Yoshida K, et al. Neutrophil cytoskeletal rearrangements during capillary sequestration in bacterial pneumonia in rats. 4m J
Respir Crit Care Med. 2006;174(6):689—698.

. Doerschuk CM, et al. Quantitation of neutrophil migration in acute bacterial pneumonia in rabbits. J Appl Physiol (1985).

1994;77(6):2593-2599.
Xu L, et al. Knockdown of versican V1 induces a severe inflammatory response in LPS-induced acute lung injury via the
TLR2-NF-«B signaling pathway in C57BL/6J mice. Mol Med Rep. 2016;13(6):5005-5012.

. Reeves S, et al. Subepithelial accumulation of versican in a cockroach antigen-induced murine model of allergic asthma. J Histo-

chem Cytochem. 2016;64(6):364-380.

Spanjer A, et al. TGF-B-induced profibrotic signaling is regulated in part by the WNT receptor Frizzled-8. FASEB J.
2016;30(5):1823-1835.

Wang Z, et al. Versican silencing improves the antitumor efficacy of endostatin by alleviating its induced inflammatory and
immunosuppressive changes in the tumor microenvironment. Oncol Rep. 2015;33(6):2981-2991.

Hirose J, et al. Versican interacts with chemokines and modulates cellular responses. J Biol Chem. 2001;276(7):5228-5234.
Islam S, et al. Accumulation of versican facilitates wound healing: Implication of its initial ADAMTS-cleavage site. Matrix Biol.
2020;87:77-93.

Kunisada M, et al. Increased expression of versican in the inflammatory response to UVB- and reactive oxygen species-induced
skin tumorigenesis. Am J Pathol. 2011;179(6):3056-3065.

. Kellar GG, et al. Loss of versican and production of hyaluronan in lung epithelial cells are associated with airway inflammation

during RSV infection. J Biol Chem. 2021;296:100076.
Zhuang L, et al. High proteoglycan decorin levels are associated with acute coronary syndrome and provoke an imbalanced
inflammatory response. Front Physiol. 2021;12:746377.

.Beach TG, et al. Arizona study of aging and neurodegenerative disorders and brain and body donation program. Neuropathology.

2015;35(4):354-389.

JCl Insight 2025;10(7):e177084 https://doi.org/10.1172/jci.insight.177084 20


https://doi.org/10.1172/jci.insight.177084
https://doi.org/10.1002/art.39087
https://doi.org/10.7554/eLife.10036
https://doi.org/10.1165/rcmb.2014-0342OC
https://doi.org/10.1165/rcmb.2014-0342OC
https://doi.org/10.1182/blood-2004-02-0701
https://doi.org/10.1182/blood-2004-02-0701
https://doi.org/10.1038/s41388-018-0242-z
https://doi.org/10.1038/s41388-018-0242-z
https://doi.org/10.1093/glycob/cwu120
https://doi.org/10.1093/glycob/cwu120
https://doi.org/10.1164/ajrccm.154.6.8970376
https://doi.org/10.1152/ajpregu.00801.2006
https://doi.org/10.1152/ajpregu.00801.2006
https://doi.org/10.1164/rccm.200502-276OC
https://doi.org/10.1164/rccm.200502-276OC
https://doi.org/10.1152/jappl.1994.77.6.2593
https://doi.org/10.1152/jappl.1994.77.6.2593
https://doi.org/10.3892/mmr.2016.5168
https://doi.org/10.3892/mmr.2016.5168
https://doi.org/10.1369/0022155416642989
https://doi.org/10.1369/0022155416642989
https://doi.org/10.1096/fj.201500129
https://doi.org/10.1096/fj.201500129
https://doi.org/10.3892/or.2015.3903
https://doi.org/10.3892/or.2015.3903
https://doi.org/10.1074/jbc.M007542200
https://doi.org/10.1016/j.matbio.2019.10.006
https://doi.org/10.1016/j.matbio.2019.10.006
https://doi.org/10.1016/j.ajpath.2011.08.042
https://doi.org/10.1016/j.ajpath.2011.08.042
https://doi.org/10.1074/jbc.RA120.016196
https://doi.org/10.1074/jbc.RA120.016196
https://doi.org/10.3389/fphys.2021.746377
https://doi.org/10.3389/fphys.2021.746377
https://doi.org/10.1111/neup.12189
https://doi.org/10.1111/neup.12189

