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Introduction: With the extensive use of immunosuppressants, immunosuppression-
associated pneumonitis including Pneumocystis jirovecii pneumonia (PCP) has
received increasing attention. Though aberrant adaptive immunity has been
considered as a key reason for opportunistic infections, the characteristics of
innate immunity in these immunocompromised hosts remain unclear.

Methods: In this study, wild type C57BL/6 mice or dexamethasone-treated mice
were injected with or without Pneumocystis. Bronchoalveolar lavage fluids
(BALFs) were harvested for the multiplex cytokine and metabolomics analysis.
The single-cell RNA sequencing (scRNA-seq) of indicated lung tissues or BALFs
was performed to decipher the macrophages heterogeneity. Mice lung tissues
were further analyzed via quantitative polymerase chain reaction (QPCR) or
immunohistochemical staining.

Results: We found that the secretion of both pro-inflammatory cytokines and
metabolites in the Pneumocystis-infected mice are impaired by glucocorticoids.
By scRNA-seq, we identified seven subpopulations of macrophages in mice lung
tissues. Among them, a group of Mmpl12* macrophages is enriched in the
immunocompetent mice with Pneumocystis infection. Pseudotime trajectory
showed that these Mmp12* macrophages are differentiated from Ly6c* classical
monocytes, and highly express pro-inflammatory cytokines elevated in BALFs of
Pneumocystis-infected mice. In vitro, we confirmed that dexamethasone
impairs the expression of Lif, Il1b, /6 and Tnf, as well as the fungal killing
capacity of alveolar macrophage (AM)-like cells. Moreover, in patients with PCP,
we found a group of macrophages resembled the aforementioned Mmp12*
macrophages, and these macrophages are inhibited in the patient receiving
glucocorticoid treatment. Additionally, dexamethasone simultaneously impaired
the functional integrity of resident AMs and downregulated the level of
lysophosphatidylcholine, leading to the suppressed antifungal capacities.
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Conclusion: We reported a group of Mmp12* macrophages conferring protection
during Pneumocystis infection, which can be dampened by glucocorticoids. This
study provides multiple resources for understanding the heterogeneity and
metabolic changes of innate immunity in immunocompromised hosts, and also
suggests that the loss of Mmp12* macrophages population contributes to the
pathogenesis of immunosuppression-associated pneumonitis.
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1 Introduction

Pneumocystis, an opportunistic fungal organism, causes
Pneumocystis jirovecii pneumonia (PCP) in immunocompromised
individuals, including those HIV or non-HIV infected patients (1).
Recently, the prevalence of PCP gradually increases due to the
increasing use of immunosuppressive therapies, such as the
glucocorticoids treatment (2, 3).

Adaptive immune responses play a critical role in the protection
against Pneumocystis infection in immunocompetent hosts (4). We
previously demonstrated that B cells play a critical role in the
regulation of T-helper (Th) cells during Prneumocystis infection (5),
and suppression of B cell immunity by glucocorticoid treatment can
lead to PCP development (6). Programmed death 1 (PD-1)
deficiency can also promote the phagocytic capacity of
macrophages and Th1/Th17 response, and improve Pneurmocystis
clearance (7). Furthermore, we have also elucidated the signatures
of T cells and B cells repertoire profiling and their dynamics during
Pneumocystis infection (8, 9), confirming the contribution of
adaptive immunity in controlling PCP.

Dexamethasone (DEX) is one of the most frequently used
glucocorticoids in clinical research studies (10, 11). DEX treatment
has been proved beneficial in patients with inflammatory diseases
(12). Mechanistically, DEX can exert anti-inflammatory function
through either genomic or non-genomic actions, either by
regulating gene expression or altering the cation transport,
respectively (12, 13). DEX exerts potent regulatory effects on both
innate and adaptive immunity. However, how glucocorticoids
regulate immune response upon Preumocystis infection, as well as
the underlying mechanism, remains unclear. Enhancing the innate
immunity against the pathogenic microbes without influencing the
therapeutic purpose is a clinically desirable status.

In this study, we employed single-cell RNA sequencing (scRNA-
seq) and metabolomics to map the characteristics of heterogeneous
pulmonary macrophages in both immunocompetent and
immunocompromised hosts. We revealed significantly different
transcriptomics patterns between the two immune states. From
intensive investigation, we defined a population of recruited
Mmp12" macrophages featured by actively promoting host defense
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against pathogens challenge. We also showed that the resident alveolar
macrophages (AMs) are composed of both pro- and anti-inflammatory
subpopulations. Moreover, our data suggested that the downregulation
of granulocyte/macrophage colony-stimulating factor (GM-CSF) may
contribute to the pathogenesis of PCP in immunocompromised hosts,
which provides insights into designing therapeutic strategies for
immunocompromised patients by targeting macrophages.

2 Results

2.1 Glucocorticoid treatment impairs the
secretion of pro-inflammatory cytokines in
the bronchoalveolar lavage fluids of
Pneumocystis-infected mice

We first assessed the altered immune responses in
immunocompromised hosts during Pneumocystis pneumonia. To do
so, a pharmacologically immunosuppressed mouse model was
established by DEX feeding for 2 weeks (Figure 1A). Both DEX-
treated and immunocompetent mice were then intratracheally injected
with Prneumocystis murina (P. murina) at the dose of 1x10° cysts.
Control mice were administered with phosphate buffer solution (PBS).
The Pneumocystis burden of infected immunocompetent mice (WT-
PCP) and DEX-induced immunocompromised mice (DEX-PCP) were
investigated at indicated time points. As shown in Figure 1B, the fungal
load peak was observed at 4 weeks post infection in the
immunocompetent mice, and a significant reduction of the fungal
load was found after 5 weeks, consistent with our previous report (9).
In contrast, the fungal load gradually increased in the DEX-treated
group post infection, suggesting that the immune responses required
for controlling Pneumocystis growth were impaired in these
immunocompromised mice.

We further performed hematoxylin and eosin (H&E) staining to
analyze the pathological changes in the lungs of both groups at 2
weeks post infection. Strikingly, although the fungal burden were
comparable between DEX-treated and non-treated mice, the amount
of recruited immune cells were more evident in immunocompetent
mice, compared with that in the immunocompromised mice. These
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FIGURE 1

Dexamethasone impairs Pneumocystis clearance and cytokines secretion in mice. (A) Schematic diagram for the infection schedule and overall study design.
Mice were exposed to DEX or not for 2 weeks and then were intratracheally instilled with Pneumocystis of 1x10° cysts. These mice were sacrificed at
different time points and lung tissues or BALFs were then collected for analysis of Pneumocystis burden, cytokines, metabolites or scRNA-seq. (B) Mice were
incubated with Pneumocystis intratracheally and monitored for Pneumocystis burden in WT-PCP and DEX-PCP mice over the 5-week course of infection (n
= 4 per group). (C) The pathological characteristics demonstrated by H&E staining in WT-PCP and DEX-PCP mice at 2 weeks post infection. (D) Heatmap for
multiplex analysis of cytokines in BALFs at 2 weeks post infection for indicated groups of mice (n = 4 or 5 per group). Values represent log, fold change
versus the WT-CON group. (E) Bar plots showing selected differentially expressed cytokines in BALFs from (D). In (B), the results were presented as means +
SE of 4 mice per group in each experiment, performed in triplicate. In (E), the results were presented as means + SD of 4 or 5 mice per group. Comparisons
were evaluated by one-way ANOVA for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

data indicated that DEX treatment significantly interfered with the  bronchoalveolar lavage fluids (BALFs) from indicated groups were
early immune response against Pneumocystis infection (Figure 1C). collected and analyzed by cytokine multiplex analysis (Figures 1D, E).

As cytokines and chemokines are critical for recruiting immune ~ We found that many canonical pro-inflammatory cytokines
cells to the sites of infection, we next determined the secretion of these  including leukemia inhibitory factor (LIF), TNF-o, IL-1B, IL-6,
factors in both immune states following infection. To do so, ~ CXCLI1O0, etc., were highly elevated in WT-PCP mice relative to
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uninfected control, while DEX treatment significantly impaired the
secretion of these factors. Besides, the level of GM-CSF, critical for the
differentiation of the myeloid lineage, was also decreased in DEX-
PCP mice versus WT-PCP counterparts.

In addition, as shown in a previous study (14), Pneumocystis
infection can induce both Th2 and Th17 responses, stimulate the
secretion of IL-13 and IL-17A, and further facilitate the formation
of inducible bronchus associated lymphoid tissue (iBALT) in a
Cxcl13-dependent manner. Accordingly, we further compared the
levels of IL-13 and IL-17A and found the secretion were both
decreased in the BALFs of DEX-PCP group, compared with
indicated control group (Figure 1E), which suggests the impaired
iBALT formation in the immunocomprised mice. Taken together,
our results demonstrate that immunocompetent mice can control
and eliminate Pneumocystis via inducing a series of immune
responses, while glucocorticoid treatment leads to an ineffective
fungal clearance in Pneumocystis-infected mice, probably due to the
defects in eliciting protective immunity, stimulating iBALT
formation and secreting pro-inflammatory factors.

2.2 Pro-inflammatory metabolites are
decreased in the immunosuppressed hosts
with Pneumocystis infection

Recent studies indicate that cellular metabolism influences
the response of host immunity (15). To gain an insight into the
metabolic changes caused by DEX treatment and Prneumocystis
infection, BALFs from 4 groups of mice (5 mice per group) were
collected for quantitative metabolomics analysis. After data
preprocessing and annotation, 611 metabolites were included in
the dataset. Here we mainly focused on the metabolites that were
significantly altered due to both Pneumocystis infection and DEX
treatment (Figure 2A, Supplementary Data 1). Our data showed
that a series of metabolites including phospholipids, bile acids,
fatty acyls, eicosanoid, etc. were dramatically increased in the
mice of WT-PCP group, compared with the control group (WT-
CON), while significantly blocked by DEX treatment. As shown,
lysophosphatidylcholines (LPCs), a class of phospholipids
derived from phosphatidylcholine, was prominent accumulated
in the WT-PCP mice than DEX-PCP group (Figures 2B-L).
Considering that LPCs have been recognized as a class of
metabolites positively associated with inflammation, and can
promote macrophage polarization (16), the upregulation of
LPCs may function as critical metabolites that modulate host
immunity against infection. Besides, the changes of several pro-
inflammatory metabolites including oleamide (fatty acyl), 13-
HPODE (eicosanoid) and deoxycholic acid (bile acid) were also
observed during infection and DEX treatment (Figures 2M-0).
Together with previous observations that DEX treatment leads to
a decreased cytokine production and restricted antimicrobial
responses, these data suggest that DEX treatment significantly
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alters the host immunity, and prompt us to perform an in-
depth exploration of the DEX-induced changes of the host
immune microenvironment.

2.3 Single cell analysis reveals an
aberrant immune cell composition
in immunosuppressive
Pneumocystis-infected mice

To decipher how DEX exerted influence on the altered secretion
of cytokines and metabolites during infection, we performed scRNA-
seq on cell suspensions derived from the lung tissues of indicated
groups of mice (3 mice per group) at 2 weeks post Preumocystis
infection, respectively (Figure 1A). After quality filtering, we obtained
122785 cells with 400-6000 genes detected per cell, including 84149
immune cells and 38636 non-immune cells, respectively. Here, we
mainly focused on the immune cell population, and performed
subsequent analysis involving principal component analysis,
dimensionality reduction and clustering. Clustering analysis of these
immune cells identified 24 distinct clusters consisting of myeloid cells
(Cd68, Lyz2), neutrophils (S100a8, S100a9, Retnlg), natural killer (NK)
cells (Nkg7, Klra4), T cells (Cd3d, Cd3e, Cd3g), innate lymphoid cells
(ILC) (Il1rl1, Areg) and B cells (Ms4al, Cd79a), identified by canonical
signature genes (Figure 3A). Among these cells, myeloid cells showed
a specific enrichment pattern in different groups (Figures 3B-D). In
DEX-treated group, the total amount of lymphoid cells including NK,
T, ILC and B cells were significantly decreased, compared with
immunocompetent mice. Immune cells in the lungs of DEX-treated
mice were mainly composed of myeloid cells and neutrophils, and
data showed that myeloid cells are significantly increased in DEX-
treated group (Figure 3D). Therefore, we mainly focused on the anti-
fungal role of myeloid cells in our present study.

Then, we re-clustered the total myeloid cells to further explore the
dynamically transcriptional alterations induced by Pneumocystis
infection after DEX treatment. By assigning to known myeloid cell
types, these cells were designated as 9 distinct subpopulations
representing monocytes, dendritic cells (DCs) and macrophages,
according to identified marker genes (Figure 4A). Of note, the
macrophage population was more abundant in immunosuppressive
group (Figures 4B-D), and highly expressed the mRNA of most of
cytokines elevated in BALFs derived from WT-PCP mice (Figure 4E),
suggesting that macrophages play important roles in the protection
against Pneumocystis infection in the immunosuppressed hosts. In
addition, we also showed that the percent of several DCs subtypes
were upregulated in the WT-PCP group, while evidently decreased in
the DEX-PCP group. As one of the critical antigen presenting cell
types in the lungs, DCs can interact with Prneumocystis, and induce
humoral and Th2 cellular immune responses (17). Thus, our results
suggested these DCs may also confer protection during Preumocystis
infection in immunocompetent mice. However, in the DEX-treated
mice, lymphocytes are significantly suppressed, therefore
macrophages may play more essential roles.
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FIGURE 2

Metabolomic features of BALFs derived from mice with Pneumocystis infection. (A) Heatmap showing the differentially expressed metabolites for WT-PCP
versus WT-CON and DEX-PCP. The result showed significant changes in the levels of bile acids, fatty acyls, eicosanoid, glycerolipids and phospholipids

(B—L) Bar plots showing differentially expressed metabolites LPC belonging to phospholipids from (A). (M—0O) Bar plots showing differentially expressed
metabolites oleamide (fatty acyls), 13-HPODE (eicosanoid) and deoxycholic acid (bile acid) from (A). The results were presented as means + SD of 5 mice per
group. Comparisons were evaluated by one-way ANOVA for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

2.4 Recruited monocyte-derived Mmp12*
macrophages confer protection during
Pneumocystis infection

Macrophages are the main component of myeloid cells, and
have been considered to represent a heterogeneous population (18).
However, this heterogeneity has not been elucidated in
Pneumocystis pneumonia. Given this notion, we next probed the
diversity and complexity of macrophages in the Pneumocystis-
infected mice. The 21720 macrophages derived from the
lung tissues of aforementioned mice were clustered into seven
subsets, consisting of Earl™

macrophages, Ldlr" macrophages,

Scd1™ macrophages, Fos™ macrophages, Mmp12™ macrophages,

Apoe* macrophages and proliferating macrophages, according
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to the differentially expressed genes (DEGs) (Figures 5A-C,
Supplementary Data 2). Among them, the Apoe’ macrophages,
highly expressing Apoe, Clga, Clqb and Clgc, represent an
identical population recently termed as interstitial macrophages
(IMs) (19, 20).

The presence of immunosuppressant DEX and Pneumocystis
dramatically altered the composition of macrophages in lungs
(Figure 5D). Especially, the proportion of Mmp12* macrophages
was significantly increased after Pneumocystis infection, while
dramatically decreased upon DEX treatment. Further, these
Mmpl12* macrophages highly expressed pro-inflammatory genes
including Lif, Il1b, Il6 and Cxcl10 (Figure 5E). To gain a
comprehensive insight into the functional characteristics of
Mmp12" macrophages, we identified DEGs and performed gene
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set enrichment analysis (GSEA) against pathways in the gene
ontology (GO) as well as Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. The results showed that the DEGs of
Mmp12" macrophages were enriched in inflammatory response,
defense response and cytokine mediated signaling pathway,
indicating their critical role in conferring protection against
infections (Figure 5F).

Alveolar macrophages are the major population of the tissue
resident macrophages, mainly derived from embryonic precursors
and capable of self-renewal (21, 22). These cells can also be
replenished by monocyte-derived macrophages following an
infection or the sterile inflammation. To explore the cell fate
transition of these macrophage populations, we utilized Monocle2
to infer cell trajectories (Figures 5G, H). Pseudotime analysis
showed that four subsets including Earl® macrophages, Ldlr*
macrophages, Scdl* macrophages, and Fos® macrophages,
represent resident AMs derived from embryonic precursors.
Mmp12" macrophages, highly expressing Itgax, originated from
Ly6c” classical monocytes. After recruitment, these Mmp12™ cells
may develop into resident macrophages, suggesting that these
Mmp12* cells play a pro-inflammatory role in protection against
Pneumocystis infection.
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2.5 Dexamethasone impairs the
differentiation of Mmp12* macrophages

In inflammatory diseases, myeloid cells were the key population
potentially responsive to GM-CSF (23). Our data showed that the
decreased expression of GM-CSF was observed in the DEX-PCP
mice, which inhibited the monocyte to macrophage differentiation.
Combining the aforementioned observations of a relatively higher
proportion of Ly6c” monocytes and a lower proportion of Mmp12*
macrophages in DEX-PCP mice, we wondered whether DEX
hampers the differentiation and development of Mmp12*
macrophages. The gene expression profiles of Ly6c” monocytes
were compared between DEX-PCP and WT-PCP groups. GSEA
revealed that the DEX significantly downregulates multiple
pathways including monocyte differentiation, mononuclear cell
differentiation, etc. (Figures 6A-E)

The comparison of Mmp12™ macrophages in DEX-PCP group
versus WT-PCP group was also performed. We found that the
expression of Itgax, Mmpl2, Irf4, Ccll7, Cd74 and genes encoding
MHC class II were all markedly reduced in the Mmpl2*
macrophages of DEX-PCP mice (Figures 6F, G). In agreement with
this observation, previous reports suggested that interferon regulatory
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FIGURE 4

Dissection of myeloid cells showing anti-microbial functions of macrophages during Pneumocystis infection. (A) t-SNE plot for 30150 myeloid cells,
color-coded by cell types. (B) t-SNE plot for 30150 myeloid cells, color-coded by groups with 5963 cells from WT-CON group, 6776 cells from WT-

PCP group, 9981 cells form DEX-CON group and 7430 cells from DEX-PCP

group. (C) Stacked bar plot showing the average proportion of each

myeloid cell type from each group, with macrophages accounting for a large proportion. (D) Dot plot of the average expression of canonical

markers of each cell type. Data were colored based on the gene expression
inflammatory cytokines detected in BALFs in Figure 1 for each subtype from

factor 4 (IRF4), a key downstream of GM-CSF, can upregulate the
expression of CCL17 and genes encoding MHC class II (23, 24). It has
also been revealed that GM-CSF facilitates the CD11c expression,
which is required for the differentiation of monocytes into alveolar
macrophages (25, 26). Consistently, as shown in our data, Csf2
(encoding GM-CSF) is mainly expressed by ILCs in WT-PCP
group (Figure 4E), while in DEX-treated mice, the ILC population
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levels. (E) Heatmap of gene expression of GM-CSF and pro-
all samples.

was significantly inhibited, suggesting the reason for the lower
expression level of this cytokine in immunocompromised hosts.

To further confirm this notion, we assessed the expression of
Mmpl2, Itgax and Irf4 in DEX-treated or untreated mice at 2
weeks post Pneumocystis infection. The quantitative polymerase
chain reaction (qPCR) studies on lung tissues showed that
the mRNA expression of Mmp12, Itgax and Irf4 were markedly
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FIGURE 5

Mmp12* macrophages are enriched during Pneumocystis infection. (A) t-SNE plot for 21720 macrophages, color-coded by cell types. (B) t-SNE plot
of 21720 macrophages, color-coded by groups with 3979 cells from WT-CON group, 3934 cells from WT-PCP group, 9490 cells form DEX-CON
group and 4317 cells from DEX-PCP group. (C) Dot plot of the average expression of highly expressed genes for each subtype. Data were colored
based on the expression levels. (D) Stacked bar plot showing the average proportion of each macrophage cell type from each group, with Mmp12*
macrophages varying obviously. (E) Heatmap of genes expression of pro-inflammatory cytokines detected in BALFs in Figure 1 for each macrophage
subtype further suggesting the protective function of Mmp12* macrophages. (F) GSEA analysis using DEGs of Mmp12* macrophages versus other
macrophages to explore the functions of Mmp12* macrophages. (G, H). Differentiation trajectory inferred of Mmp12* macrophage via Monocle2
using all monocytes and macrophages from WT-PCP group, colored by pseudotime in (G) and cell type in (H).

decreased in DEX-PCP group (Figures 7A-C). Moreover, the
immunohistochemical examination showed negligible staining
of MMP-12 and macrophages maker CD68 in DEX-PCP mice
lung tissues, compared with the WT-PCP group (Figure 7D).
These data further confirmed that DEX treatment inhibits the
differentiation of Mmp12* macrophage during Pneumocystis
infection. Additionally, the obvious downregulation of genes
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encoding MHC class II in Mmp12* macrophages of DEX-PCP
mice may subsequently contribute to the dysfunction of CD4" T
cells. It has been reported that IL-21 signaling is necessary
for CD4" T cell effector responses. Thus, we further investigated
the II21 expression and found that it may be downregulated
in DEX-PCP mice, compared with WT-PCP counterpart
(Figure 7E). These results confirm that DEX treatment
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FIGURE 6

Dexamethasone impairs the differentiation of Mmp12* macrophages from Ly6c* monocytes. (A) GSEA analysis of DEGs of Ly6c* monocytes from
DEX-PCP versus WT-PCP group. (B—E) Selected enriched pathways in (A) were displayed. (F) Volcano plot showing the DEGs of Mmp12*
macrophages from DEX-PCP versus WT-PCP group, revealing genes responsive to GM-CSF were significantly downregulated in DEX-PCP mice.
(G) Violin plots showing the expression level for selected genes esponsive to GM-CSF in Mmp12* macrophages from DEX-PCP versus WT-PCP.

decreases the expression of GM-CSF, then reduces the capacity of
differentiation and maturity of myeloid cells and influences T cell
immunity via multiple pathways including the downregulation of
1121 signaling.

Moreover, we investigated the role of DEX in the fungal killing
capacity of macrophages in vitro. Firstly, AM-like cells were
generated from mouse bone marrow with the treatment of GM-
CSF, TGF-B, and peroxisome proliferator-activated receptor 7y
(PPAR-y) agonist as described (27). These AM-like cells were
then treated with or without DEX before P. murina infection. The
expression of pro-inflammatory cytokines and the degree of P.
murina burden were monitored by qPCR. We found that DEX
treatment impairs the P. murina-induced expression of Lif, Il1b, 16
and Tnf (Figures 7F-I), and leads to a significant increase in fungal
burden in these AM-like cells (Figure 7]). Together with our
previous in vivo results (Figure 1B), these data further confirmed
that DEX can dampen the anti-fungal immune responses.
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2.6 Group 2 macrophages in patients
with PCP resembles Mmp12* macrophages
in mice

To wvalidate our findings in human samples, we performed
scRNA-seq for the BALFs derived from two patients diagnosed
with Pneumocystis jirovecii pneumonia. Both patients
are immunocompromised, while receiving different
immunosuppressants, Methotrexate/Tripterygium Glycosides (Non-
glucocorticoids, designated as Patient #1) and Prednisone
(Glucocorticoids, designated as Patient #2), respectively
(Supplementary Data 3). The scRNA-seq data of BALF cells from
three healthy donors were downloaded from the GEO database
(GSE145926). After quality filtering, 38203 cells from five samples
were obtained for further analysis. Principal component analysis,
dimensionality reduction and clustering were conducted as described
in Figure 3. These cells were clustered into myeloid cells/neutrophils,
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FIGURE 7

Dexamethasone treatment reduces the number of Mmp12* macrophages and impairs the fungal killing capacity of macrophages. (A—C) Analysis
of Mmp12, Itgax and Irf4 mRNA levels in WT-PCP and DEX-PCP mice lungs by qPCR. (D) Detection of CD68 and MMP-12 in lung tissue sections
by immunohistochemistry. Representative images were shown. (E) Analysis of /(21 mRNA level in WT-PCP and DEX-PCP mice lungs by gPCR. In
(A-C, E) data are presented as the means + SE fold change in Mmp12, Itgax, Irf4 and 1l21 mRNA levels normalized to the B-actin mRNA
compared with WT-CON mice. Comparisons were evaluated by unpaired Student’s t test. (F=I) Analysis of Lif, Il1b, Il6 and Tnf mRNA levels in
AM-like cells at 2 hr post P. murina incubation following DEX-treatment. Data are presented as means + SE and multiple comparisons were
evaluated by one-way ANOVA. (J) Detection of P. murina burden at 24 hr post P. murina incubation following DEX-treatment. Data are
presented as means + SE and comparisons were evaluated by unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

T cells, B cells, epithelial cells and proliferating cells according to
canonical signature genes (Supplementary Figure 1).

We next re-clustered total myeloid cells to dissect their
heterogeneity. Based on the gene expression patterns, we
designated 3 groups of macrophages (Figures 8A-C). Of note,
group 2 macrophages (Mac.Group2) characterized by highly
MAFB expression, which is essential for human monocytes-
derived macrophages differentiation (28), suggesting that these
cells originate from monocytes (29). Moreover, this macrophage
population is specifically enriched in the BALFs of patient #1, but
not the patient receiving glucocorticoids treatment (Figure 8D). We
then investigated DEGs of group 2 macrophages versus group 1&3
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and performed GSEA analysis. Consistent with the data obtained in
Mmp12* macrophage (Figure 5F), both the pro-inflammatory and
anti-microbial pathways, including response to chemokine,
inflammatory response, defense response, etc. are also upregulated
in group 2 macrophages (Figure 8E). By comparing the
transcriptomic features of group 2 macrophages with Mmp12*
macrophages in mice, we found that Mac.Group2 exhibited the
characteristic signatures similar to Mmp12* macrophages, and vice
versa (Figures 8F, G), indicating the functional similarity of the two
groups of macrophages. These data further support the existence of
a group of anti-infectious macrophages during Pneumocystis
infection, which may be inhibited by glucocorticoids treatment.
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FIGURE 8

Group 2 macrophages in patients with PCP resemble Mmp12* macrophages in mice. (A) t-SNE plot for 27118 myeloid cells and neutrophils,
color-coded by cell types. (B) t-SNE plot for 27118 cells, color-coded by donors with 8888 cells from CON-HC1, 8880 cells from CON-HC2,
4032 cells from CON-HC3, 3853 cells from Patient #1 ((Non-glucocorticoids) and 1465 cells from Patient #2 (Glucocorticoids). (C) Dot plot of
the average expression of highly expressed genes for each subtype. Data were colored based on the expression levels. (D) Stacked bar plot
showing the average proportion of each macrophage group from each donor, with group 2 macrophage varying obviously. (E) GSEA analysis of
DEGs of group 2 macrophages versus group 1&3 macrophages to explore the functions of group 2 macrophages. (F) GSEA analysis of DEGs of
group 2 macrophages versus group 163 macrophages using signatures of Mmp12* macrophages in mouse dataset. (G) GSEA analysis of DEGs of
mouse Mmp12* macrophages versus other macrophages using signatures of group 2 macrophages in human dataset.
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2.7 Dexamethasone upregulates the
expression of Lpcat3 in resident AMs and
lowers the level of lysophosphatidylcholine
in BALFs

We next focused on 4 other subsets of resident AMs in mice,
and compared the expression levels of their functional pathways
(Figure 9A). We found that these subsets exhibited distinct
gene expression patterns. The Earl®™ macrophages and Ldlr"
macrophages are enriched in ‘positive regulation of cytokine
production’, ‘cellular response to molecule of bacterial origin’,
‘inflammatory response’, etc., indicating that they may exert an
anti-infectious activity. In contrast, the other two subsets, Scd1®
macrophages and Fos® macrophages, showed a completely
opposite gene expression pattern. The expression of cytokines and
chemokines genes involved in inflammation were further explored
among all identified macrophage groups. We found that Earl®
macrophages and Ldlr™ macrophages are characterized by the
expression of pro-inflammatory factors such as Lif, Tnf, Illa,
Il6, Cxcll and Cxcl2, suggesting their pro-inflammatory
phenotype (Figure 5E).

As mentioned in Figure 2, LPCs were a major class of pro-
inflammatory metabolites exhibiting a dramatic alteration
between WT-PCP and DEX-PCP group. LPCs could be
converted into phosphatidylcholine by lysophosphatidylcholine
acyltransferases (LPCATs) (16). Among them, LPCAT3,
downstream of Liver X receptors (LXRs), is specially expressed
in murine macrophages (30, 31). Accordingly, we determined
these LXR-related gene expression in the 4 subsets of AMs before
and after DEX treatment, and found that Nr1h3 (encoding LXRs)
and Lpcat3 (encoding LPCAT3) were both elevated in the
samples of DEX-PCP group, compared with WT-PCP
counterpart, which may lead to the decreased level of LPCs
(Figures 9B-D). We next validated the expression of Lpcat3
and Nrlh3 in the DEX-treated or untreated mice lungs at 2
weeks post Pneumocystis infection using qPCR (Figures 10A, B).
The data showed that the expression levels of both Lpcat3 and
Nr1h3 are markedly elevated in the DEX-PCP group comparing
to WT-PCP mice. To further investigate the function of LPC
during infection, DEX-treated mice were intranasally
administered LPC at indicated time points post Pneumocystis
challenge (Figure 10C). The BALFs were collected and analyzed
using cytokine multiplex analysis (Figures 10D-G). The data
showed that LPC can partially rescue the secretion of pro-
inflammatory cytokines, including LIF, IL-1f, IL-6 and TNF-a,
in BALFs of DEX-PCP mice.

Furthermore, our data showed that in Scd1™ macrophages and
Fos™ macrophages, the DEX treatment upregulates two LXRs
downstream genes Abcal and Abcgl (Figures 9B-D), both of
which can promote the efflux of cholesterol to suppress
inflammation. Together with the finding that the GM-CSF-
induced expression of IRF4 could be inhibited by LXR agonists
(32), our data indicate that DEX treatment can trigger a profound
immunosuppressive effect in the Scdl™ and Fos™ resident AMs,
which further disrupted the anti-infection immunity of the hosts.
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3 Discussion

Here, we have conducted a detailed investigation to decipher
the influences of glucocorticoids on the heterogeneity of lung
macrophages in the context of Pneumocystis infection. By using a
combination of multiplex cytokine analysis, metabolomics and
scRNA-seq, we revealed that DEX impairs the differentiation of
the recruited protective monocyte towards Mmp12* macrophages,
and dampens the pro-inflammatory function of resident AMs,
probably due to the reduction of GM-CSF.

GM-CSF, as a hematopoietic growth factor for myelopoiesis,
has also been considered as a cytokine critical for the differentiation
of the myeloid lineage (33). GM-CSF also played important roles in
regulating host defense against Pneumocystis (34). In CD4-deficient
mice, the level of GM-CSF in lung tissues is increased after
Pneumocystis infection. GM-CSF-deficient mice exhibits increased
fungal burden and aberrant lung function post infection, due to the
decreased phagocytosis and TNF-o production in AMs (34).
Glucocorticoids has also been reported to reduce the level of GM-
CSF produced in both bronchial epithelial cells (35), airway smooth
muscle (36, 37), and monocyte-derived macrophages (38).
Moverover, in patients with giant cell arteritis, a systemic
granulomatous vasculitis, the GM-CSF level in artery biopsy
specimens is decreased after receiving glucocorticoids therapy
(39). Together with these reports, we found that the level of GM-
CSF in BALFs is much lower in the DEX-treated group than that in
control mice, suggesting GM-CSF, which functions as a key driver
for activating the pro-inflammatory role of macrophages, may be
targeted by glucocorticoids in hosts with Pneumocystis infection.

In a study on immunosuppressed organ transplant hosts, Xu
et al. showed that GM-CSF selectively restored multiple DEX-
suppressed genes, and protected DEX-treated mice from
Salmonella infection (40). A series of studies have also showed
that GM-CSF can reverse the immunosuppressive effects of DEX on
bronchoalveolar macrophages and peritoneal macrophages, and
rescue the clearance of Aspergillus conidia and the production of
pro-inflammatory cytokines, involving the activation of NF-kB
translocation (41-43). These investigations suggested a potential
use of GM-CSF in patients receiving DEX treatment at risk for
opportunistic infections. Based on these findings, we further
elaborate the detailed effects of glucocorticoids on various
macrophages subtypes, and suggest the potential therapeutic use
of GM-CSF in improving the resistance of DEX-treated hosts
against Pneumocystis infections.

Macrophages are the primary phagocytes of the innate immune
system with a high degree of plasticity, and understanding the
functions of distinct macrophage populations is critical to decipher
disease pathogenesis (44). Macrophages in the lung can be broadly
divided into AMs, present in the airways or alveoli, and IMs, present
in the tissue interstitium (21). These lung macrophages, especially
AMs, can function as immune sentinels, and play a critical role in
the recognition, phagocytosis, destruction and clearance of lung
pathogens such as Pneumocystis (45). Moreover, with the deepening
study of the polarization of macrophages, researchers have
gradually reached a consensus that macrophages are very
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FIGURE 9

Dexamethasone treatment leads to the dysfunction of four resident AMs subtypes. (A) Dot plot for enriched pathways via GSEA analysis of each resident AMs

subtype versus other macrophages, showing two distinct gene expression patterns. (B) Schematic plot showing impacts DEX extered on different resident
AMs subtypes. (C) Volcano plot showing the DEGs for each resident AMs subtype in DEX-PCP versus WT-PCP counterpart. (D) Violin plots showing
expression levels of selected genes involved in LPCs, cholesterol efflux and responsive to GM-CSF in each resident AMs subtype from DEX-PCP and

WT-PCP group.

heterogeneous, and a binary M1/M2 classification is inadequate to
capture the complexity (44, 46). For instance, Melgert and her
colleagues reported the existence of differentially polarized
macrophages during the allergic inflammation of murine lung
(47). Currently, several studies have explored the role of
macrophage in Pneumocystis-infected hosts, while still mainly
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focused on M1/M2 polarization (48, 49). Better understanding of
the heterogeneity of macrophages during Prneumocystis infection is
still lacking. In the current study, we have explored this issue on the
single-cell level, and defined a population of monocyte-derived
macrophages with high Mmpl2 expression in Pneumocystis-
infected hosts, which conferred considerable antimicrobial
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FIGURE 10

LPC treatment partially rescues the pro-inflammatory cytokines expression in dexamethasone-treated mice. (A, B) Analysis of Lpcat3 and Nrlzh3 mRNA levels
in WT-PCP and DEX-PCP mice lungs by gPCR. (C) Schematic plot for the LPC exposure schedule and study design. DEX-treated immunosuppressive mice
were challenged with Pneumocystis of 1x10° cysts. Then these mice were intratracheally administered LPC 5 g each time on day 8, day 10 and day 12 post
infection. Mice were sacrificed on day 14 post infection and BALFs were collected to analyze the levels of cytokines. (D—G) Bar plots showing the levels of
LIF, IL-1B, IL-6 and TNF-a in BALFs from indicated group of mice in (C) (n = 3 per group). In (A, B), data are presented as the means + SE fold change in
Lpcat3 and Nrlh3 mRNA level normalized to the B-actin mMRNA compared with WT-CON mice. In (D—G), data are presented as the means + SE.
Comparisons were evaluated by unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

protection. We also validated these data in BALF cells from patients
with Prneumocystis jirovecii pneumonia. The group 2 macrophages
are obviously enriched in pathways related to immune response,
and confirmed to have similar transcriptomic profiles to Mmp12*
macrophages. In the presence of DEX, this group of recruited
macrophages was significantly reduced, associated with the
decreased GM-CSF level, suggesting the reason why infection
tends to be exacerbated in the glucocorticoids-treated patients.
MMP-12 (also known as macrophage elastase) was expressed in
AMs, and first identified as an enzyme possessing elastolytic activity
(50, 51). As a pro-inflammatory mediator, aberrant activation of
MMP-12 led to multiple diseases progression, including chronic
obstructive pulmonary disease (COPD) (52), pneumonia (53), efc.
Degradation of extracellular matrix components by MMP-12 is
critical for the migration of macrophage, as Mmp12”~ macrophages
were incapable of penetrating reconstituted basement membranes
(54). In a study of colitis, MMP-12, served as a key pathogenic
factor, can degrade the basement membrane laminin, therefore
facilitating macrophage transmigration across the intestinal tight
junctions (55). It has also been shown that GM-CSF treatment can
increase the MMP-12 expression in both macrophages and
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monocyte-derived cells (56, 57). As recently shown in COPD,
csGRP78"™ AMs, mostly expressed MMP-12, expanded in
cigarette smoke (CS)-induced COPD mice and showed the
potential to be therapeutic target (52). In atherosclerosis, a subset
of Lgals3” macrophages exhibiting highly expressed Mmp12
accumulated in the advanced plaques with pro-inflammatory
characteristics (56). Though Nelson et al. have showed that
Mmp12-deficient mice were not more susceptible to Prneumocystis
(58), we considered that the group of macrophages characterized by
Mmpl2 may function through many other immune mediators
other than degrading extracellular matrix.

The immune changes during Pneumocystis infection have always
been widely concerned. CD4" T cells have been believed to play an
essential role in clearing Pneumocystis, as demonstrated by HIV-
induced immunosuppressive patients with decreased CD4" T cells
susceptible to Pneumocystis infection (59). Kolls JK and colleagues
found that Pneumocystis challenge is capable of priming type 2
immunity including Th2 response (60). Simultaneously, anti-
infective Th17 response (type 3 immunity) is also induced during
Pneumocystis pneumonia (61). ILC2 secreting effector cytokines IL-5,
IL-13 and ILC3 secreting IL-17, IL-22 participated synergistically in
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type 2 or 3 immunity respectively (62). In our data, we found that the
change of IL-13 in indicated groups were more obvious than IL-17A,
and ILC mainly expressed II5 and 1113 in WT-PCP mice. Therefore,
type 2 and 3 immunity were both stimulated in WT-PCP mice while
ILC2 may play a more important role in the protection against
pneumonia. However, our scRNA-seq data showed that not only the
lymphocytes, but also the myeloid cells were affected by DEX
treatment, suggesting that DEX-induced immunocompromised
model may exhibit a severe defect in innate immune responses
against Pneumocystis infection. Consistently, it has been reported
that the prognosis for HIV-negative Pneumocystis pneumonia
patients is worse than those HIV-infected PCP patients (63).

In conclusion, we first proposed the Mmp12* macrophages
featured by conferring considerable protection in the lungs of
Pneumocystis-infected mice. Treatment of glucocorticoids exerted
undesirable effects especially on inhibiting both the development of
recruited monocytes and the functional integrity of resident AMs.
These findings are expected to become potential targets for treating

the infection in immunocompromised individuals.

4 Materials and methods

4.1 Patients

This study was conducted in conformity to the approved
guidelines of the Institutional Review Boards of Beijing Chao-
Yang Hospital, Capital Medical University. Two patients
definitely diagnosed with PCP (male, mean age, 69 years) were
enrolled in present study. Both participants have signed informed
consent. BALFs samples derived from two subjects were collected in
sterile tubes using standard techniques. The specimens were
immediately stored on ice, first filtered through a 0.1 uM cell
strainer and then centrifuged at 700 g for 5 min to obtain cell
pellets. The resulting pellet was lysed with RBC lysing buffer (BD) to
remove red blood cells followed by centrifugation as well as cell
counts and viability determination.

The scRNA-seq data of BALF cells from three healthy donors
was downloaded from the GEO database (GSE145926).

4.2 Mice

Healthy C57BL/6 female mice were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing China) and
housed in specific pathogen-free conditions. Mice were randomly
grouped into four groups as described previously. DEX-induced
immunocompromised mice were given drinking water dissolving 4
mg/L DEX (Sigma) and 0.5 g/L tetracycline (Solarbio) consecutively
for 2 weeks before Pneumocystis inoculation. Mice were
continuously fed DEX before being sacrificed (6, 7). To explore
the function of LPC, the DEX-treated mice were intranasally
administered LPC (MedChemExpress) 5 Lg each time on day 8,
day 10 and day 12 post Pneumocystis infection. The experimental
protocol was approved by the Capital Medical University Animal
Care and Use Committee.
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4.3 Pneumocystis infection

P. murina were obtained from American Type Culture
Collection (ATCC, Manassas, VA) and were maintained in CB-17
SCID mice as previously reported (6, 7). To construct Pneumocystis-
infected mouse models, each mouse was intratracheally instilled
1x10° cysts diluted in 100uL sterile PBS, while Pneumocystis-
uninfected control mice were administered 100 UL sterile PBS (8,
64). Mice were humanely killed under anesthesia at indicated time
points. The Pneumocystis burden in the middle lobe of right lung
was quantified based on the TagMan qPCR as previously detailedly
elaborated (5, 65). In addition, the upper lobe of right lung was
fixed in 4% paraformaldehyde and performed H&E staining for
histological analysis.

4.4 Preparation of single-cell suspensions

Mice were sacrificed under anesthetization at specific time
points. Lung tissues were collected, minced and then digested
using the Lung Dissociation Kit (Miltenyi Biotech) in
combination with the gentleMACS Dissociators (Miltenyi
Biotech) in accordance with the instruction manual. After
incubation at 37°C for 30 min with shaking, cell suspensions were
filtered with 70 um cell strainers and centrifuged at 300 g for 5 min.
Then the resulting pellet was lysed with RBC lysing buffer to remove
erythrocytes followed by centrifugation as well as cell counts and
viability determination.

4.5 scRNA-seq and data analysis

Single-cell libraries were constructed using the 10xGenomics
Single Cell 3’ Library & Gel Bead Kit v3 (10xGenomics) and
10xGenomics Chromium Controller (10xGenomics). After
quality assessment using Agilent 4200, the libraries were
sequenced via the Illumina NovaSeq 6000 System (Illumina, San
Diego, CA) (performed by CapitalBio Technology Inc., Beijing,
China and Novogene Co. Ltd, Beijing, China). To generate raw gene
expression matrices, the Cell Ranger (v.4.0.0) was applied. Mouse
GRCm38/mm10 and human GRCh38-1.2.0 were used as reference
genome respectively.

Then the Seurat (66) package (v.4.1.0) in R software (v.4.1.2)
was used for further analysis including quality control and cell
clustering. Doublets identified by Scrublet were discarded. For
mouse scRNA-seq data, cells detected fewer than 400 genes,
greater than 6000 genes or 25000 unique molecular identifiers
(UMIs), as well as cells containing more than 10% of reads
derived from mitochondrial genome were removed from further
analysis. For human BALF cells scRNA-seq data, cells detected
fewer than 200 genes or containing more than 20% of reads derived
from mitochondrial genome were removed from further analysis.
Following quality control, the NormalizeData function was used for
data normalization and the top 3000 variable genes were identified
via the FindVariableFeatures function. To reduce the dimensions,
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the scaled data was obtained from the ScaleData function and used
to perform principal component analysis and t-distributed
stochastic neighbor embedding (t-SNE) projections. Lastly, cells
were clustered and annotated based on the expressions of known
canonical markers.

4.6 Differentially expressed genes and
pathway enrichment

Differentially expressed genes were identified using the
FindMarkers function by Wilcoxon Rank Sum test. Then we selected
genes expressed in more than 10% of cells and with a log fold change
threshold of 0.1. Genes obtained from comparison between specific cell
types were ranked based on their expression. Then GSEA was
performed via clusterProfiler R package (v.4.2.2) against pathways in
GO and KEGG database as well as hallmark gene sets.

To compare the group 2 macrophages in human data and
Mmpl12" macrophages in mouse data, we generated group 2
macrophages signatures (i.e., upregulated genes in group 2 versus
group 1&3 macrophages and log, FC > 0.5) and Mmpl2™
macrophages signatures (i.e., upregulated genes in Mmp12™
macrophages versus other macrophages and log, FC > 0.5) based
on scRNA-seq data respectively. Then we performed transcriptomic
comparison via GSEA.

4.7 Single-cell trajectory analysis

The Monocle2 (67) R package (v.2.22.0) was used to conduct
pseudotime analysis and infer the cell lineage developmental
trajectories of macrophages and monocytes. Following ordering
cells and dimensionality reduction with default parameters, cells
were plotted and colored by pseudotime or cell types to visualize
using the plot_cell_trajectory function.

4.8 Determination of cytokines levels
in BALFs

Mice were killed under anesthesia and then lungs were lavaged
with sterile PBS. Followed by centrifugation, the supernatants were
collected and measured using ProcartaPlex Multiplex Immunoassay
(ThermoFisher) based on Luminex platform to detect cytokines and
chemokines levels according to manufacturer’s recommendations.

4.9 Quasi-targeted metabolomics

BALFs collected from 4 group of mice were centrifuged and 100
UL of supernatants were tested via LC-MS/MS system analyses
(performed by Novogene Co. Ltd, Beijing, China). After metabolites
quantification and annotation using the KEGG, Human
Metabolome Database and Lipid maps database, principal
component analysis and partial least squares discriminant
analysis were performed at metaX software (68).

Frontiers in Immunology

10.3389/fimmu.2023.1179094

4.10 Immunohistochemistry

We first deparaffinized and rehydrated the paraffin-
embedded lung tissue sections and blocked endogenous
peroxidase activity. Then we performed antigen retrieval with
tris-EDTA buffer pH 9.0. Sections were blocked with goat serum,
incubated with either anti-MMP-12 (Proteintech) or anti-CD68
(Proteintech) antibodies, then incubated with secondary
antibody Goat Anti-Rabbit IgG H&L (HRP) (Abcam), stained
with DAB and counterstained briefly with hematoxylin before
microscopic observation.

4.11 qPCR verification

Total RNA was extracted from mice lung and then quantified.
cDNA was synthesized using PrimeScript RT reagent Kit with
gDNA Eraser (TaKaRa) and qPCR was conducted using
LightCycler 480 SYBR Green I Master (Roche). Then we
calculated gene expression via the 2”**CT method. B-actin was
used as a housing-keeping gene. Primers were as follows: Mmp12 5’-
CCTGCTTACCCCAAGCTGAT-3" and 5-ATGTTTTGG
TGACACGACGG-3% Itgax 5-CTGGATAGCCTTTCTTCTGCTG-3
and 5’-GCACACTGTGTCCGAACTCA-3’; Irf4 5°-
TCCGACAGTGGTTGATCGAC-3’ and 5-CCTCACGATTGTAG
TCCTGCTT-3% Lpcat3 5-GACGGGGACATGGGAGAGA-3’ and 5*-
GTAAAACAGAGCCAACGGGTAG-3’; Nrlh3 5’-
CTCAATGCCTGATGTTTCTCCT-3" and 5-TCCAACCC
TATCCCTAAAGCAA-3’; 1121 5- GGACCCTTGTCTGT
CTGGTAG-3’ and 5- TGTGGAGCTGATAGAAGTTCAGG-3’; Lif
5- ATTGTGCCCTTACTGCTGCTG-3’ and 5- GCCAGTTG
ATTCTTGATCTGGT-3’; Il1b 5°-GCAACTGTTCCTGAA
CTCAACT-3 and 5-ATCTTTTGGGGTCCGTCAACT-3% II6 5-
CCCCAATTTCCAATGCTCTCC-3" and 5-CGCACTAG
GTTTGCCGAGTA-3; Tnf 5- CGGGCAGGTCTACTTTGGAG -3
and 5-ACCCTGAGCCATAATCCCCT-3.

4.12 Macrophages-mediated Pneumocystis
killing assay

AM-like cells were generated from adult mouse bone marrow as
described (27). Briefly, the mouse bone marrow-derived cells were
isolated and cultured in the presence of 20 ng/mL GM-CSF and 2
ng/mL TGF-B for 7 days. Then the cell culture medium was
replaced with 20 ng/mL GM-CSF, 2 ng/mL TGF-B and 0.1 pM
rosiglitazone. At day 9, the adherent macrophages were collected as
AM-like cells.

The fungal killing capacity of macrophages was assessed as
described in a previous study (69). Briefly, AM-like cells were
seeded into a 24-well plate at a density of 2x10° cells per well,
and treated with 100 nM DEX for 6 hr. Then these cells were
challenged with 8x10° P. murina (1:4 ratio) per well. The mRNA
expression of Lif, I11b, 1l6 and Tnf, as well as the P. murina burden
were assessed by qPCR at 2 hr and 24 hr post infection, respectively.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1179094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Data availability statement

The names of the repository/repositories and accession number
(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/,
GSE225246; https://ngdc.cncb.ac.cn/gsa-human/, HRA004082.

Ethics statement

The studies involving human participants were reviewed and
approved by the Institutional Review Boards of Beijing Chao-Yang
Hospital, Capital Medical University. The patients/participants
provided their written informed consent to participate in this
study. The animal study was reviewed and approved by the
Animal Experiments and Experimental Animal Welfare
Committee of Capital Medical University.

Author contributions

ZT and NS conceived and designed the study. YW, KL, WZ and
HY performed the experiments. YL and TL contributed to the
collection of clinical specimens. YW and KL analyzed the data,
performed bioinformatic analysis and drafted the manuscript. WZ,
ZT and NS revised the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (82070005, 82270009, 82172278), the

References

1. Kelly MN, Shellito JE. Current understanding of pneumocystis immunology.
Future Microbiol (2010) 5(1):43-65. doi: 10.2217/fmb.09.116

2. Salzer HJF, Schifer G, Hoenigl M, Giinther G, Hoffmann C, Kalsdorf B, et al.
Clinical, diagnostic, and treatment disparities between hiv-infected and non-Hiv-
Infected immunocompromised patients with pneumocystis jirovecii pneumonia.
Respiration (2018) 96(1):52-65. doi: 10.1159/000487713

3. Martin-Garrido I, Carmona EM, Specks U, Limper AH. Pneumocystis
pneumonia in patients treated with rituximab. Chest (2013) 144(1):258-65.
doi: 10.1378/chest.12-0477

4. Charpentier E, Ménard S, Marques C, Berry A, Iriart X. Immune response in
pneumocystis infections according to the host immune system status. J Fungi (Basel
Switzerland) (2021) 7(8):625-45. doi: 10.3390/jof7080625

5. Rong H-M, Li T, Zhang C, Wang D, Hu Y, Zhai K, et al. II-10-Producing b cells
regulate Th1/Th17-cell immune responses in pneumocystis pneumonia. Am J Physiol
Lung Cell Mol Physiol (2019) 316(1):L291-301. doi: 10.1152/ajplung.00210.2018

6. Hu Y, Wang D, Zhai K, Tong Z. Transcriptomic analysis reveals significant b
lymphocyte suppression in corticosteroid-treated hosts with pneumocystis pneumonia.
Am ] Respir Cell Mol Biol (2017) 56(3):322-31. doi: 10.1165/rcmb.2015-03560C

7. Zhang C, Rong H-M, Li T, Zhai K, Tong Z-H. Pd-1 deficiency promotes macrophage
activation and T-helper cell type 1/T-helper cell type 17 response in pneumonia. Am |
Respir Cell Mol Biol (2020) 62(6):767-82. doi: 10.1165/rcmb.2019-02340C

8. Sun H, Yang H-Q, Zhai K, Tong Z-H. Signatures of b cell receptor
repertoire following infection. Front Microbiol (2021) 12:636250. doi: 10.3389/
fmicb.2021.636250

Frontiers in Immunology

17

10.3389/fimmu.2023.1179094

National Natural Youth Science Foundation of China (82100006),
the National Key Research and Development Program of China
(2021YFC0863600, 2023YFC0872500), the Beijing Natural Science
Foundation (JQ22019), the Capital’s Funds for Health
Improvement and Research (CFH2022-1-1061), the Beijing
Scholars Program (No. 062), the Reform and Development
Program of Beijing Institute of Respiratory Medicine.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1179094/
full#supplementary-material

9. Yang H-Q, Wang Y-S, Zhai K, Tong Z-H. Single-cell tcr sequencing reveals the
dynamics of T cell repertoire profiling during pneumocystis infection. Front Microbiol
(2021) 12:637500. doi: 10.3389/fmicb.2021.637500

10. Talreja J, Bauerfeld C, Sendler E, Pique-Regi R, Luca F, Samavati L. Derangement of
metabolic and lysosomal gene profiles in response to dexamethasone treatment in
sarcoidosis. Front Immunol (2020) 11:779. doi: 10.3389/fimmu.2020.00779

11. Stifel U, Wolfschmitt E-M, Vogt J, Wachter U, Vettorazzi S, Tews D, et al.
Glucocorticoids coordinate macrophage metabolism through the regulation of the
tricarboxylic acid cycle. Mol Metab (2022) 57:101424. doi: 10.1016/
j.molmet.2021.101424

12. Hardy RS, Raza K, Cooper MS. Therapeutic glucocorticoids: mechanisms of
actions in rheumatic diseases. Nat Rev Rheumatol (2020) 16(3):133-44. doi: 10.1038/
541584-020-0371-y

13. Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nat Rev
Immunol (2017) 17(4):233-47. doi: 10.1038/nri.2017.1

14. Eddens T, Elsegeiny W, Garcia-Hernadez M, Castillo P, Trevejo-Nunez G,
Serody K, et al. Pneumocystis-driven inducible bronchus-associated lymphoid tissue
formation requires Th2 and Th17 immunity. Cell Rep (2017) 18(13):3078-90.
doi: 10.1016/j.celrep.2017.03.016

15. Yan J, Horng T. Lipid metabolism in regulation of macrophage functions.
Trends Cell Biol (2020) 30(12):979-89. doi: 10.1016/j.tcb.2020.09.006

16. Law S-H, Chan M-L, Marathe GK, Parveen F, Chen C-H, Ke L-Y. An updated
review of lysophosphatidylcholine metabolism in human diseases. Int | Mol Sci (2019)
20(5):1149-72. doi: 10.3390/ijms20051149

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://ngdc.cncb.ac.cn/gsa-human/
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1179094/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1179094/full#supplementary-material
https://doi.org/10.2217/fmb.09.116
https://doi.org/10.1159/000487713
https://doi.org/10.1378/chest.12-0477
https://doi.org/10.3390/jof7080625
https://doi.org/10.1152/ajplung.00210.2018
https://doi.org/10.1165/rcmb.2015-0356OC
https://doi.org/10.1165/rcmb.2019-0234OC
https://doi.org/10.3389/fmicb.2021.636250
https://doi.org/10.3389/fmicb.2021.636250
https://doi.org/10.3389/fmicb.2021.637500
https://doi.org/10.3389/fimmu.2020.00779
https://doi.org/10.1016/j.molmet.2021.101424
https://doi.org/10.1016/j.molmet.2021.101424
https://doi.org/10.1038/s41584-020-0371-y
https://doi.org/10.1038/s41584-020-0371-y
https://doi.org/10.1038/nri.2017.1
https://doi.org/10.1016/j.celrep.2017.03.016
https://doi.org/10.1016/j.tcb.2020.09.006
https://doi.org/10.3390/ijms20051149
https://doi.org/10.3389/fimmu.2023.1179094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

17. Kobayashi H, Worgall S, O'Connor TP, Crystal RG. Interaction of pneumocystis
carinii with dendritic cells and resulting host responses to p. carinii. J Immunother
(2007) 30(1):54-63. doi: 10.1097/01.¢ji.0000211314.13492.64

18. Park MD, Silvin A, Ginhoux F, Merad M. Macrophages in health and disease.
Cell (2022) 185(23):4259-79. doi: 10.1016/j.cell.2022.10.007

19. Gibbings SL, Thomas SM, Atif SM, McCubbrey AL, Desch AN, Danhorn T,
et al. Three unique interstitial macrophages in the murine lung at steady state. Am |
Respir Cell Mol Biol (2017) 57(1):66-76. doi: 10.1165/rcmb.2016-03610C

20. Hurskainen M, Mizikova I, Cook DP, Andersson N, Cyr-Depauw C,
Lesage F, et al. Single cell transcriptomic analysis of murine lung development on
hyperoxia-induced damage. Nat Commun (2021) 12(1):1565. doi: 10.1038/s41467-021-
21865-2

21. Bain CC, MacDonald AS. The impact of the lung environment on macrophage
development, activation and function: diversity in the face of adversity. Mucosal
Immunol (2022) 15(2):223-34. doi: 10.1038/s41385-021-00480-w

22. Aegerter H, Kulikauskaite J, Crotta S, Patel H, Kelly G, Hessel EM, et al. Influenza-
induced monocyte-derived alveolar macrophages confer prolonged antibacterial
protection. Nat Immunol (2020) 21(2):145-57. doi: 10.1038/s41590-019-0568-x

23. Achuthan AA, Lee KMC, Hamilton JA. Targeting gm-csf in inflammatory and
autoimmune disorders. Semin Immunol (2021) 54:101523. doi: 10.1016/
j.smim.2021.101523

24. Hamilton JA. Gm-csf in inflammation. J Exp Med (2020) 217(1):e20190945.
doi: 10.1084/jem.20190945

25. Guth AM, Janssen WJ, Bosio CM, Crouch EC, Henson PM, Dow SW. Lung
environment determines unique phenotype of alveolar macrophages. Am ] Physiol
Lung Cell Mol Physiol (2009) 296(6):L936-L146. doi: 10.1152/ajplung.90625.2008

26. Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. Alveolar
macrophages develop from fetal monocytes that differentiate into long-lived cells in the
first week of life via gm-csf. J Exp Med (2013) 210(10):1977-92. doi: 10.1084/
jem.20131199

27. Luo M, Lai W, He Z, Wu L. Development of an optimized culture system for
generating mouse alveolar macrophage-like cells. J Immunol (2021) 207(6):1683-93.
doi: 10.4049/jimmunol.2100185

28. Goudot C, Coillard A, Villani A-C, Gueguen P, Cros A, Sarkizova S, et al. Aryl
hydrocarbon receptor controls monocyte differentiation into dendritic cells versus
macrophages. Immunity (2017) 47(3):582-96. doi: 10.1016/j.immuni.2017.08.016

29. Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, et al. Reference-based analysis
of lung single-cell sequencing reveals a transitional profibrotic macrophage. Nat
Immunol (2019) 20(2):163-72. doi: 10.1038/541590-018-0276-y

30. Jiang H, Li Z, Huan C, Jiang X-C. Macrophage lysophosphatidylcholine
acyltransferase 3 deficiency-mediated inflammation is not sufficient to induce
atherosclerosis in a mouse model. Front Cardiovasc Med (2018) 5:192. doi: 10.3389/
fcvm.2018.00192

31. Ishibashi M, Varin A, Filomenko R, Lopez T, Athias A, Gambert P, et al. Liver X
receptor regulates arachidonic acid distribution and eicosanoid release in human
macrophages: a key role for lysophosphatidylcholine acyltransferase 3. Arterioscler
Thromb Vasc Biol (2013) 33(6):1171-9. doi: 10.1161/ATVBAHA.112.300812

32. Carb6 JM, Leon TE, Font-Diaz J, de la Rosa JV, Castrillo A, Picard FR, et al.
Pharmacologic activation of Ixr alters the expression profile of tumor-associated
macrophages and the abundance of regulatory T cells in the tumor microenvironment.
Cancer Res (2021) 81(4):968-85. doi: 10.1158/0008-5472.CAN-19-3360

33. Draijer C, Penke LRK, Peters-Golden M. Distinctive effects of gm-csf and m-csf
on proliferation and polarization of two major pulmonary macrophage populations.
J Immunol (2019) 202(9):2700-9. doi: 10.4049/jimmunol.1801387

34. Paine R, Preston AM, Wilcoxen S, Jin H, Siu BB, Morris SB, et al. Granulocyte—
macrophage colony-stimulating factor in the innate immune response to pneumocystis
carinii pneumonia in mice. J Immunol (2000) 164(5):2602-9. doi: 10.4049/
jimmunol.164.5.2602

35. Korn SH, Jerre A, Brattsand R. Effects of formoterol and budesonide on gm-csf
and il-8 secretion by triggered human bronchial epithelial cells. Eur Respir J (2001) 17
(6):1070-7. doi: 10.1183/09031936.01.00073301

36. Tran T, Fernandes DJ, Schuliga M, Harris T, Landells L, Stewart AG. Stimulus-
dependent glucocorticoid-resistance of gm-csf production in human cultured airway
smooth muscle. Br ] Pharmacol (2005) 145(1):123-31. doi: 10.1038/sj.bjp.0706174

37. Saunders MA, Mitchell JA, Seldon PM, Yacoub MH, Barnes PJ, Giembycz MA,
et al. Release of granulocyte-macrophage colony stimulating factor by human cultured
airway smooth muscle cells: suppression by dexamethasone. Br J Pharmacol (1997) 120
(4):545-6. doi: 10.1038/s}.bjp.0700998

38. Donnelly LE, Tudhope SJ, Fenwick PS, Barnes PJ. Effects of formoterol and
salmeterol on cytokine release from monocyte-derived macrophages. Eur Respir |
(2010) 36(1):178-86. doi: 10.1183/09031936.00158008

39. Wagner AD, Wittkop U, Thalmann J, Willmen T, Godecke V, Hodam J, et al.
Glucocorticoid effects on tissue residing immune cells in giant cell arteritis: importance
of gm-csf. Front Med (2021) 8:709404. doi: 10.3389/fmed.2021.709404

40. Xu J, Lucas R, Schuchmann M, Kiihnle S, Meergans T, Barreiros AP, et al. Gm-
csf restores innate, but not adaptive, immune responses in glucocorticoid-

Frontiers in Immunology

10.3389/fimmu.2023.1179094

immunosuppressed human blood in vitro. ] Immunol (2003) 171(2):938-47.
doi: 10.4049/jimmunol.171.2.938

41. Kamberi M, Brummer E, Stevens DA. Regulation of bronchoalveolar
macrophage proinflammatory cytokine production by dexamethasone and
granulocyte-macrophage colony-stimulating factor after stimulation by aspergillus
conidia or lipopolysaccharide. Cytokine (2002) 19(1):14-20. doi: 10.1006/
€yt0.2002.1049

42. Brummer E, Kamberi M, Stevens DA. Regulation by granulocyte-macrophage
colony-stimulating factor and/or steroids given in vivo of proinflammatory cytokine
and chemokine production by bronchoalveolar macrophages in response to aspergillus
conidia. J Infect Dis (2003) 187(4):705-9. doi: 10.1086/368383

43. Choi J-H, Brummer E, Kang Y], Jones PP, Stevens DA. Inhibitor kappab and
nuclear factor kappab in granulocyte-macrophage colony-stimulating factor
antagonism of dexamethasone suppression of the macrophage response to
aspergillus fumigatus conidia. J Infect Dis (2006) 193(7):1023-8. doi: 10.1086/500948

44. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental guidelines.
Immunity (2014) 41(1):14-20. doi: 10.1016/j.immuni.2014.06.008

45. Otieno-Odhiambo P, Wasserman S, Hoving JC. The contribution of host cells to
immunity: an update. Pathogens (2019) 8(2):52-61. doi: 10.3390/pathogens8020052

46. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation.
Nat Rev Immunol (2008) 8(12):958-69. doi: 10.1038/nri2448

47. Draijer C, Florez-Sampedro L, Reker-Smit C, Post E, van Dijk F, Melgert BN.
Explaining the polarized macrophage pool during murine allergic lung inflammation.
Front Immunol (2022) 13:1056477. doi: 10.3389/fimmu.2022.1056477

48. Nandakumar V, Hebrink D, Jenson P, Kottom T, Limper AH. Differential
macrophage polarization from pneumocystis in immunocompetent and
immunosuppressed hosts: potential adjunctive therapy during pneumonia. Infect
Immun (2017) 85(3):¢00939-16. doi: 10.1128/ia1.00939-16

49. Wang J, Gigliotti F, Bhagwat SP, George TC, Wright TW. Immune modulation
with sulfasalazine attenuates immunopathogenesis but enhances macrophage-
mediated fungal clearance during pneumocystis pneumonia. PloS Pathog (2010) 6(8):
€1001058. doi: 10.1371/journal.ppat.1001058

50. Aristorena M, Gallardo-Vara E, Vicen M, de Las Casas-Engel M, Ojeda-
Fernandez L, Nieto C, et al. Mmp-12, secreted by pro-inflammatory macrophages,
targets endoglin in human macrophages and endothelial cells. Int ] Mol Sci (2019) 20
(12):3107-25. doi: 10.3390/ijms20123107

51. Shapiro SD, Kobayashi DK, Ley TJ. Cloning and characterization of a unique
elastolytic metalloproteinase produced by human alveolar macrophages. J Biol Chem
(1993) 268(32):23824-9. doi: 10.1016/S0021-9258(20)80459-1

52. Lam TYW, Nguyen N, Peh HY, Shanmugasundaram M, Chandna R, Tee JH,
et al. Ism1 protects lung homeostasis Via cell-surface Grp78-mediated alveolar
macrophage apoptosis. Proc Natl Acad Sci USA (2022) 119(4):e2019161119.
doi: 10.1073/pnas.2019161119

53. Park J-W, Shin I-S, Ha U-H, Oh S-R, Kim J-H, Ahn K-S. Pathophysiological
changes induced by pseudomonas aeruginosa infection are involved in mmp-12 and
mmp-13 upregulation in human carcinoma epithelial cells and a pneumonia mouse
model. Infect Immun (2015) 83(12):4791-9. doi: 10.1128/IA1.00619-15

54. Shipley JM, Wesselschmidt RL, Kobayashi DK, Ley TJ, Shapiro SD.
Metalloelastase is required for macrophage-mediated proteolysis and matrix invasion
in mice. Proc Natl Acad Sci U.S.A. (1996) 93(9):3942-6. doi: 10.1073/pnas.93.9.3942

55. Nighot M, Ganapathy AS, Saha K, Suchanec E, Castillo EF, Gregory A, et al.
Matrix metalloproteinase mmp-12 promotes macrophage transmigration across
intestinal epithelial tight junctions and increases severity of experimental colitis.
J Crohn's Colitis (2021) 15(10):1751-65. doi: 10.1093/ecco-jcc/jjab064

56. Di Gregoli K, Somerville M, Bianco R, Thomas AC, Frankow A, Newby AC,
et al. Galectin-3 identifies a subset of macrophages with a potential beneficial role in
atherosclerosis. Arterioscler Thromb Vasc Biol (2020) 40(6):1491-509. doi: 10.1161/
ATVBAHA.120.314252

57. Fuentelsaz-Romero S, Cuervo A, Estrada-Capetillo L, Celis R, Garcia-Campos R,
Ramirez J, et al. Gm-csf expression and macrophage polarization in joints of
undifferentiated arthritis patients evolving to rheumatoid arthritis or psoriatic
arthritis. Front Immunol (2020) 11:613975. doi: 10.3389/fimmu.2020.613975

58. Nelson MP, Christmann BS, Dunaway CW, Morris A, Steele C. Experimental
pneumocystis lung infection promotes M2a alveolar macrophage-derived Mmp12
production. Am ] Physiol Lung Cell Mol Physiol (2012) 303(5):L469-L75.
doi: 10.1152/ajplung.00158.2012

59. Phair J, Mufioz A, Detels R, Kaslow R, Rinaldo C, Saah A. The risk of
pneumocystis carinii pneumonia among men infected with human immunodeficiency
virus type 1. Multicenter AIDS Cohort Study Group N Engl ] Med (1990) 322(3):161-5.
doi: 10.1056/NEJM199001183220304

60. Eddens T, Campfield BT, Serody K, Manni ML, Horne W, Elsegeiny W, et al. A
novel Cd4+ T cell-dependent murine model of pneumocystis-driven asthma-like
pathology. Am ] Respir Crit Care Med (2016) 194(7):807-20. doi: 10.1164/
rcem.201511-22050C

61. Ripamonti C, Bishop LR, Kovacs JA. Pulmonary interleukin-17-Positive
lymphocytes increase during pneumocystis murina infection but are not required for

frontiersin.org


https://doi.org/10.1097/01.cji.0000211314.13492.64
https://doi.org/10.1016/j.cell.2022.10.007
https://doi.org/10.1165/rcmb.2016-0361OC
https://doi.org/10.1038/s41467-021-21865-2
https://doi.org/10.1038/s41467-021-21865-2
https://doi.org/10.1038/s41385-021-00480-w
https://doi.org/10.1038/s41590-019-0568-x
https://doi.org/10.1016/j.smim.2021.101523
https://doi.org/10.1016/j.smim.2021.101523
https://doi.org/10.1084/jem.20190945
https://doi.org/10.1152/ajplung.90625.2008
https://doi.org/10.1084/jem.20131199
https://doi.org/10.1084/jem.20131199
https://doi.org/10.4049/jimmunol.2100185
https://doi.org/10.1016/j.immuni.2017.08.016
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.3389/fcvm.2018.00192
https://doi.org/10.3389/fcvm.2018.00192
https://doi.org/10.1161/ATVBAHA.112.300812
https://doi.org/10.1158/0008-5472.CAN-19-3360
https://doi.org/10.4049/jimmunol.1801387
https://doi.org/10.4049/jimmunol.164.5.2602
https://doi.org/10.4049/jimmunol.164.5.2602
https://doi.org/10.1183/09031936.01.00073301
https://doi.org/10.1038/sj.bjp.0706174
https://doi.org/10.1038/sj.bjp.0700998
https://doi.org/10.1183/09031936.00158008
https://doi.org/10.3389/fmed.2021.709404
https://doi.org/10.4049/jimmunol.171.2.938
https://doi.org/10.1006/cyto.2002.1049
https://doi.org/10.1006/cyto.2002.1049
https://doi.org/10.1086/368383
https://doi.org/10.1086/500948
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.3390/pathogens8020052
https://doi.org/10.1038/nri2448
https://doi.org/10.3389/fimmu.2022.1056477
https://doi.org/10.1128/iai.00939-16
https://doi.org/10.1371/journal.ppat.1001058
https://doi.org/10.3390/ijms20123107
https://doi.org/10.1016/S0021-9258(20)80459-1
https://doi.org/10.1073/pnas.2019161119
https://doi.org/10.1128/IAI.00619-15
https://doi.org/10.1073/pnas.93.9.3942
https://doi.org/10.1093/ecco-jcc/jjab064
https://doi.org/10.1161/ATVBAHA.120.314252
https://doi.org/10.1161/ATVBAHA.120.314252
https://doi.org/10.3389/fimmu.2020.613975
https://doi.org/10.1152/ajplung.00158.2012
https://doi.org/10.1056/NEJM199001183220304
https://doi.org/10.1164/rccm.201511-2205OC
https://doi.org/10.1164/rccm.201511-2205OC
https://doi.org/10.3389/fimmu.2023.1179094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

clearance of pneumocystis. Infect Immun (2017) 85(7):e00434-16. doi: 10.1128/
TAL00434-16

62. Stehle C, Hernandez DC, Romagnani C. Innate lymphoid cells in lung infection
and immunity. Immunol Rev (2018) 286(1):102-19. doi: 10.1111/imr.12712

63. Festic E, Gajic O, Limper AH, Aksamit TR. Acute respiratory failure due to
pneumocystis pneumonia in patients without human immunodeficiency virus infection:
outcome and associated features. Chest (2005) 128(2):573-9. doi: 10.1378/chest.128.2.573

64. Yang H-Q, Wang Y-S, Zhai K, Tong Z-H. Single-cell tcr sequencing reveals the
dynamics of T cell repertoire profiling during infection. Front Microbiol (2021)
12:637500. doi: 10.3389/fmicb.2021.637500

65. Rong H-M, Qian X-J, Zhang C, Li T, Tong Z-H. II-17 inversely correlated with il-10 via
the Stat3 gene in -infected mice. Med Inflamm (2019) 2019:6750861. doi: 10.1155/2019/6750861

Frontiers in Immunology

19

10.3389/fimmu.2023.1179094

66. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat
Biotechnol (2018) 36(5):411-20. doi: 10.1038/nbt.4096

67. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, et al. Reversed graph
embedding resolves complex single-cell trajectories. Nat Methods (2017) 14(10):979—
82. doi: 10.1038/nmeth.4402

68. Wen B, Mei Z, Zeng C, Liu S. Metax: a flexible and comprehensive software for
processing metabolomics data. BMC Bioinf (2017) 18(1):183. doi: 10.1186/512859-017-
1579-y

69. de la Rua NM, Samuelson DR, Charles TP, Welsh DA, Shellito JE. Cd4(+) T-
Cell-Independent secondary immune responses to pneumocystis pneumonia. Front
Immunol (2016) 7:178. doi: 10.3389/fimmu.2016.00178

frontiersin.org


https://doi.org/10.1128/IAI.00434-16
https://doi.org/10.1128/IAI.00434-16
https://doi.org/10.1111/imr.12712
https://doi.org/10.1378/chest.128.2.573
https://doi.org/10.3389/fmicb.2021.637500
https://doi.org/10.1155/2019/6750861
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/nmeth.4402
https://doi.org/10.1186/s12859-017-1579-y
https://doi.org/10.1186/s12859-017-1579-y
https://doi.org/10.3389/fimmu.2016.00178
https://doi.org/10.3389/fimmu.2023.1179094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Integrated multi-omics analyses reveal the altered transcriptomic characteristics of pulmonary macrophages in immunocompromised hosts with Pneumocystis pneumonia
	1 Introduction
	2 Results
	2.1 Glucocorticoid treatment impairs the secretion of pro-inflammatory cytokines in the bronchoalveolar lavage fluids of Pneumocystis-infected mice
	2.2 Pro-inflammatory metabolites are decreased in the immunosuppressed hosts with Pneumocystis infection
	2.3 Single cell analysis reveals an aberrant immune cell composition in immunosuppressive Pneumocystis-infected mice
	2.4 Recruited monocyte-derived Mmp12+ macrophages confer protection during Pneumocystis infection
	2.5 Dexamethasone impairs the differentiation of Mmp12+ macrophages
	2.6 Group 2 macrophages in patients with PCP resembles Mmp12+ macrophages in mice
	2.7 Dexamethasone upregulates the expression of Lpcat3 in resident AMs and lowers the level of lysophosphatidylcholine in BALFs

	3 Discussion
	4 Materials and methods
	4.1 Patients
	4.2 Mice
	4.3 Pneumocystis infection
	4.4 Preparation of single-cell suspensions
	4.5 scRNA-seq and data analysis
	4.6 Differentially expressed genes and pathway enrichment
	4.7 Single-cell trajectory analysis
	4.8 Determination of cytokines levels in BALFs
	4.9 Quasi-targeted metabolomics
	4.10 Immunohistochemistry
	4.11 qPCR verification
	4.12 Macrophages-mediated Pneumocystis killing assay

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


