
ORIGINAL RESEARCH

Airway Macrophages Encompass Transcriptionally and Functionally
Distinct Subsets Altered by Smoking
Maude Li�egeois1*, Qiang Bai2*, Laurence Fievez1,3, Dimitri Pirottin1,3, C�eline Legrand1, Julien Guiot4,5, Florence
Schleich4,5, Jean-Louis Corhay5, Renaud Louis4,5, Thomas Marichal2,3,6‡, and Fabrice Bureau1,3,6‡

1Laboratory of Cellular andMolecular Immunology, 2Laboratory of Immunophysiology, and 5Laboratory of Pneumology, GIGA Institute,
3Faculty of Veterinary Medicine, and 4Department of Pulmonary Medicine, Centre Hospitalier Universitaire, ULi�ege, Li�ege, Belgium;
and 6Walloon Excellence in Life Sciences and Biotechnology, Wallonia, Belgium

ORCID IDs: 0000-0001-7015-5970 (M.L.); 0000-0001-7423-0712 (Q.B.); 0000-0001-9581-8195 (L.F.); 0000-0001-8118-7230 (C.L.);
0000-0001-7800-1730 (J.G.); 0000-0002-2678-1373 (F.S.); 0000-0002-4737-9084 (R.L.); 0000-0003-1688-6291 (T.M.); 0000-0001-6264-4029 (F.B.).

Abstract

Alveolar macrophages (AMs) are functionally important innate
cells involved in lung homeostasis and immunity and whose
diversity in health and disease is a subject of intense
investigations. Yet, it remains unclear to what extent conditions
like smoking or chronic obstructive pulmonary disease (COPD)
trigger changes in the AM compartment. Here, we aimed to
explore heterogeneity of human AMs isolated from healthy
nonsmokers, smokers without COPD, and smokers with COPD
by analyzing BAL fluid cells by flow cytometry and bulk and
single-cell RNA sequencing. We found that subpopulations of
BAL fluid CD2061 macrophages could be distinguished based on
their degree of autofluorescence in each subject analyzed.
CD2061 autofluorescenthigh AMs were identified as classical,
self-proliferative AM, whereas autofluorescentlow AMs were
expressing both monocyte and classical AM-related genes,

supportive of a monocytic origin. Of note, monocyte-derived
autofluorescentlow AMs exhibited a functionally distinct
immunoregulatory profile, including the ability to secrete the
immunosuppressive cytokine IL-10. Interestingly, single-cell
RNA-sequencing analyses showed that transcriptionally distinct
clusters of classical and monocyte-derived AM were uniquely
enriched in smokers with and without COPD as compared with
healthy nonsmokers. Of note, such smoking-associated clusters
exhibited gene signatures enriched in detoxification, oxidative stress,
and proinflammatory responses. Our study independently confirms
previous reports supporting that monocyte-derived macrophages
coexist with classical AM in the airways of healthy subjects and
patients with COPD and identifies smoking-associated changes in the
AM compartment that may favor COPD initiation or progression.
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Mammalian lungs are at the interface
between the host and the environment and
are continuously exposed to noxious
substances, microorganisms, and foreign
antigens, and a tightly regulated cellular

network of immune cells is required to
sustain respiratory function while coping
with insults the lung is subjected to. Among
lung immune cells, alveolar macrophages
(AMs) populate the airways and are therefore

particularly exposed (1, 2). Like for other
tissue macrophages, the functional identity of
AMs is thought to be determined by the
niche of residence, their origin, and the
nature and extent of inflammation-related
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signals (3). Functionally, AMs act as a first
line of defense against external threats and
exert tissue-supportive functions such as
surfactant homeostasis (1). Moreover, they
can contribute to the regulation of various
infectious or noninfectious disorders in an
insulted lung (1, 4). The extent to which such
versatility is driven by ontogeny, the local
niche or stress signals remains a subject of
intense investigations (5). Indications about
the origin of AMs are mainly derived from
laboratory mouse studies supporting that
AMs are seeded early in life from embryonic
progenitors and can self-maintain with a
minimal contribution of monocytes under
homeostatic conditions (6–9), whereas
monocytes can contribute to the AM pool in
conditions in which homeostasis is broken
(10–12). Several studies indicate that human
monocytes can indeed give rise to
functionally distinct AMs in various disease
contexts (10, 13–15). Recently, evidence
emerged that monocyte-derived cells also
populate airways of healthy adults (16),
thereby providing further insights into the
diversity of human BAL fluid (BALF) cells.

Chronic obstructive pulmonary disease
(COPD) is a progressive inflammatory lung
disease mainly triggered by inhalation of
toxic substances such as cigarette smoke or
pollution and characterized by irreversible
airway obstruction and persistent
inflammatory responses in the lung (17).
COPD is the third leading cause of death
worldwide and represents a huge
socioeconomic burden (18, 19), emphasizing
the need to better understand disease
pathogenesis and elaborate novel therapies.

Here, we aimed to evaluate human AM
diversity in healthy nonsmokers, smokers
without COPD, and smokers with COPD by
analyzing BALF cells by flow cytometry, bulk
and single-cell (sc) RNA-sequencing
(RNA-seq). Our data provide experimental
evidence that monocytes can contribute to
the pool of AMs over the lifespan in humans,
and that smoking is associated with
yet-unidentified distinct clusters of AMs,
both in healthy subjects and patients with
COPD, which exhibit profiles consistent with
a potential contribution to inflammatory
events associated with COPD.

Methods

Study Design
We recruited three smokers without COPD,
three healthy nonsmokers, and three patients

with COPDmore than 40 years old between
March 2017 and October 2019 (see Table 1
and the data supplement). BALFs and blood
samples were collected at the pneumology
department of the University Hospital (CHU
Li�ege, Belgium) for bulk RNA-seq and
scRNA-seq experiments. Our study received
approval from the local ethical committee,
and all patients signed an informed consent.

BALF Processing
BALFs were processed directly after
collection. The first collection tube, typically
containing large amounts of mucus and
epithelial cells, was discarded. The following
fractions were pooled together. The sample
was centrifuged at 1,400 rpm for 10 minutes.
The cell pellet was suspended and filtered in
a PBS solution with 10 mMEDTA.

Blood Monocyte Isolation
Monocytes were isolated directly from blood
with the EasySep Direct HumanMonocyte
Isolation Kit (Stemcell). To eliminate debris
and increase purity, the cells were then FACS
sorted directly in Trizol reagent on the basis
of their CD14 expression.

Flow Cytometry
For phenotyping and sorting, cells were
stained during 30 minutes with antibodies
and Fc block (BD Biosciences) to avoid
nonspecific binding. Subpopulations of
macrophages were FACS-sorted on the basis
of their expression of CD45 and CD206 and
their autofluorescence (visualized in
phycoerythrin [PE] channel). The
macrophages were FACS-sorted directly in
Trizol reagent (Life Technologies) for bulk
RNA-seq or in PBS for cytospin and cell
culture. The majority of the experiments
have been performed on a FACSAria III (BD
Biosciences), except for the CCR2 staining
that has been performed on a FACS Sony
MA900. References for all antibodies can be
found in Table E1 in the data supplement.

Bulk and Single-Cell RNA-Seq
and Analyses
Methods related to bulk and single-cell
RNA-seq and analyses can be found in the
data supplement.

Data and Codes Availability
Resource data are available in the National
Center for Biotechnology Information Gene
Expression Omnibus database under
accession number GSE183982, and raw data
were deposed in the Sequence Read Archive

database under accession numbers
SRP336731 and SRP336735. Additional
details can be found in the data supplement.

Cytologic Examination and Culture
of FACS-sorted Macrophages
Detailed methods can be found in the data
supplement.

Statistical Analysis
Statistical analyses were performed using
Prism 7 (GraphPad Software), except for bulk
and scRNA-seq data, for which the R
packages “DESeq2” or “Seurat” were used,
respectively. For transcriptional data, the
adjusted P values are shown.We performed
two-tailed paired Student’s t tests and two-
way ANOVA, as mentioned in the respective
figure legends. We considered a P value lower
than 0.05 as significant. *P, 0.05, **P, 0.01,
and ***P, 0.001; ns, not significant.

Results

A Population of Autofluorescentlow

Small Macrophages Is Present in
Human BALF
First, we sought to analyze human BALF
cells by flow cytometry. BALFs were
obtained from routine complementary
exams performed on patients suffering from
diverse lung diseases at the pneumology
department of the University Hospital
(ULi�ege, Belgium) (Table E2). We used a
fluorescent-conjugated antibody directed
against the CD206 (C-type lectin mannose
receptor) to identify AMs by flow cytometry,
defined as singlet CD451CD2061 cells
(Figure 1A) (20, 21). Although we tested
additional antibodies directed against
CD11B, CD11C, HLA-DR, CD169, or
CD163, macrophage-specific expression of
those markers was homogeneous (Figure
E1), supporting no evidence for phenotypical
heterogeneity. Nevertheless, by looking at
auto-fluorescence, a hallmark of resident
AMs (20, 21), we consistently found
distinct amounts of autofluorescence
on CD2061 macrophages (Figure 1A).
Autofluorescenthigh (AFhi) macrophages
represented the predominant population of
AMs and were forward scatter (FSC)/side
scatter (SSC)hi, as opposed to
autofluorescentlow (AFlo) AMs, which were
FSC/SSClo (Figure 1B). Cytologic
examination of FACS-sorted AFlo and AFhi

macrophages showed that both AM
subpopulations contained vacuoles in their
cytoplasm, but AFhi AMs displayed a larger
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size than AFlo AMs (Figures 1C and 1D),
consistent with the idea that AFhi AMs
corresponded to resident “classical” AM,
whereas AFlo AM represented a less
characterized population.

BALF AFlo Macrophages Share
Expression of Both Monocyte- and
AM-associated Genes
Wewere further interested in investigating
the identity of AFlo and AFhi AMs in distinct

categories of patients using high-throughput
technologies. To this end, we recruited
three healthy nonsmokers, three smokers
without COPD, and three smokers with
COPD (i.e., stages II or III according to the

Table 1. Demographic and Clinical Characteristics of Human Patients from Whom Originate the BALF Cells Analyzed by Bulk
and Single-Cell RNA Sequencing

HD1 HD2 HD3 HD4 HD5 HD6 HD7 HD8 HD9

Status Healthy nonsmoker Smoker without COPD Smoker with COPD

Age 60 56 56 56 56 40 63 60 65
BMI 28.95 26.2 25.7 20.83 24.1 30.1 20.34 23.5 25.95
Males/Female F M M F M M M M M
Ethnicity Caucasian
Smoker status Nonsmoker Current smoker

Pack-years 0 0 0 13 41 24 40 35 55
FEV, % predicted 123 98 108 106 94 96 45 63 81
FEV/FVC, % 89.9 74 78 88.7 80 84 47 59 64
Leucocytes counts, 106 c/L 53.1 46.22 41.7 91.4 564 46.2 61.7 100 206
GOLD COPD stage NA NA NA NA NA NA III II II
Corticoids, yes/no NA NA NA NA NA NA No Yes Yes

Definition of abbreviations: BMI=body mass index; COPD=chronic obstructive pulmonary disease; FEV= forced expiratory volume;
FVC= forced vital capacity; GOLD=Global Initiative for COPD; HD=human donor; NA=not applicable.
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Figure 1. Alveolar macrophages (AMs) collected by BAL encompass small autofluorescentlow (AFlo) and large autofluorescenthigh (AFhi)
CD2061 macrophages. (A) Representative flow cytometry gating strategy to delineate BAL fluid (BALF) CD2061 AFlo (orange box) and AFhi

(blue box) macrophages. (B) Representative side scatter (SSC) versus forward scatter (FSC) plot depicting AFlo (orange) and AFhi (blue)
macrophages. (C) Quantification of the size of AFlo and AFhi AMs. (D) Representative photographs of FACS-sorted AFlo and AFhi AMs. (A, B,
and D) Data are representative of 1 of more than 10 experiments, each showing similar results. (C) Data show mean1SEM, as well as
individual cells (n=10 donors, 2–8 cells per donor). P values were calculated using a two-tailed paired Student’s t test. Scale bars= 32 mm.
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Global Initiative for Chronic Obstructive
Lung Disease COPD stage [22]), as presented
in Table 1. BALF cells were collected and
divided into two fractions that were used for
bulk RNA-seq and scRNA-seq (Figure 2A).

For bulk RNA-seq, CD141 blood
monocytes and FACS-sorted AFlo and AFhi

CD451CD2061 BALF cells were included
(Figures 2A and 2B). A total of 27 samples
were collected and analyzed. Principal
component (PC) analysis revealed a cell
population-based clustering, with AFlo AMs

being more closely related to AFhi AMs than
bloodmonocyte on PC1 (Figure 2C).
Of note, the three isolated cell populations
analyzed were largely similar among healthy
nonsmokers, smokers without COPD, and
smokers with COPD (Figure 2C).

Unsupervised hierarchical clustering
further confirmed a cell type–based
clustering that was independent of the health
status (Figure 2D). Using a log2 fold-change
(FC) of 1 and an adjusted P value (Padj) of
less than 0.05, a total of 3,037, 4,382, and 725

genes were differentially expressed between
monocytes and AFlo AMs, monocytes and
AFhi AMs, and AFlo and AFhi AMs,
respectively (Figure 2E). We defined a
common “macrophage” signature as the list
of differentially expressed genes that were
jointly upregulated in AFlo and AFhi AMs as
compared with monocytes (Figure 3A). Such
signature encompassed 1,785 genes,
includingMARCO, FABP4, PPARG, and
MRC1 (Figure 3B), confirming that both AM
subsets expressed core AM-associated genes
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Figure 2. Bulk RNA-sequencing (RNAseq) of blood monocytes and AFlo and AFhi AMs reveals conserved cell type–specific signatures that are
independent of the health status. (A) Experimental pipeline for bulk and single-cell RNAseq. (B) Flow cytometry plots depicting AF versus
CD206 expression of BALF singlet CD451 cells collected from the healthy nonsmokers (n=3), smokers without chronic obstructive pulmonary
disease (COPD) (n=3) and smokers with COPD (n=3) included in this study. The orange and blue boxes indicate the gating used for FACS
sorting of AFlo and AFhi AMs before bulk RNAseq. (C) Two-dimensional principal component (PC) analysis comparing blood monocytes, BALF
AFlo and AFhi AMs in the indicated groups of individuals. Percentages indicate the variability explained by each compartment. (D) Unsupervised
hierarchical clustering of the biological samples analyzed. The color scale reflects the clustering distance (0=highest correlation; 150= the
lowest correlation) between the transcriptomic profiles of each biological sample. (E) Summary of differentially expressed (DE) genes (P, 0.05;
fold change. 2) in the indicated pairwise comparisons showing significant DE genes in color in the volcano plots and the total numbers of
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(13, 14, 23). Because AFlo AMs were located
between monocytes and AFhi AM on PC1
(Figure 2B), we also defined a signature of
commonly upregulated genes between AFlo

AMs andmonocytes as compared with AFhi

AMs, which encompassed 262 genes
(Figure 3C), among which were core
monocyte-associated genes, such as CCR2,
CX3CR1, orADAM19 (Figure 3D) (24, 25).
Of note, only 27 genes were jointly
upregulated betweenmonocytes and AFhi

AMs as compared with AFlo AMs
(Figure 3E).

Strikingly, CCR2, a marker of CD141
monocytes (24), was the most significantly
upregulated gene within AFlo AMs as
compared with AFhi AMs (Figure 3D)
(log2 FC, 8.13; Padj=2.013 102103). Of note,
assessment of CCR2 protein expression
revealed a small population of CCR21

macrophages that were all AFlo (Figure 3F),
consistent with the hypothesis that AFlo AM
are derived from CCR21 monocytes that
have differentiated into AM to acquire
expression of core AM genes.

AFlo AMs Are Functionally Distinct
from Classical AFhi AMs and Contain
IL-10–Producing Cells
Even though bulk RNA-seq analysis
indicates that AFlo AMs and AFhi AMs
jointly express AM-associated genes, their
distinct transcriptional profiles suggested
that they may have specific functionalities.
We used gene set enrichment analyses to

compare the transcriptome of AFhi and AFlo

AMs with defined gene sets (26). AFhi AMs
expressed genes involved in lipid or fatty acid
metabolism and in PPAR signaling pathways
(Figure 4A and Table E3), further supporting
that AFhi AMs represent “bona fide” AMs
involved in surfactant recycling and removal.
Conversely, AFlo AMs expressed genes
enriched in cytokine receptor activity,
chemokine binding, and the negative
regulation of T-cell activation (Figure 4A and
Table E3), highlighting their potential roles
in the regulation of immune and
inflammatory responses. To assess this
possibility, we cultured FACS-sorted AFlo

AMs and AFhi AMs ex vivo and measured
the concentrations of IL-10, a hallmark of
regulatory macrophages (27, 28). We found
that AFlo AMs were uniquely able to
secrete IL-10, as opposed to AFhi AMs
(Figure 4B and Table E1). IL-10 transcript
concentrations were also higher in AFlo AMs
than AFhi AMs or blood monocytes, even
though it did not reach statistical significance
(Figure 4C).

In line with others (16), our data suggest
that, in adult lungs, AMs encompass resident
homeostatic AMs as well as monocyte-
derived AFlo AMs endowed with distinct
functional properties. Importantly, such AM
heterogeneity is found in the BALF of
healthy nonsmokers, smokers without
COPD, and smokers with COPD, suggesting
that monocyte-derived AMs contribute to
the pool of AMs over the lifespan.

ScRNA-Seq of Human BALF Cells
Consistently Identifies Classical and
Monocyte-derived AMs
Bulk RNA-seq analyses did not disclose any
difference related to the health status but
might have highlighted two extreme ends of
a more complex spectrum enclosing
monocyte-derived AFlo AMs and classical
AFhi AMs and, hence, have missed more
subtle differences. Thus, we sought to
perform scRNA-seq on BALF cells obtained
from the same subjects (Table 1) to further
assess the functional diversity of AMs.We
subjected all BALF cells to scRNA-seq using
the 10X Genomics Platform (29) (Figure 2A
and Figure E2). A total of 31,708 cells from
nine samples passed quality control (QC)
filtering, from which 29,827 cells belonged to
the mononuclear phagocyte system (Figure
E3 and Table E4). Graph-based clustering of
merged single cells identified four
transcriptionally distinct clusters of cells, as
visualized on a global uniformmanifold
approximation and projection plot (Figure
5A). Uniformmanifold approximation and
projection plots of cells from each condition
and from each sample are shown in
Figure 5B and Figure E4, respectively. The
relative contribution of each cluster within
each sample is shown in Figure 5C.

All clusters exhibited high expression
of core macrophage genes and the
AM-associated transcription factor PPARG
(Figure 5D). As compared with the other
clusters, cluster 1 significantly upregulated
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transcripts encoding FAPB4,AKR1C1,
LIMA1,APOL1, and RBP4 (Figures 5D and
5E), all of which are involved in lipid
metabolism (Figure 5F). Of note, we also
found that cells from cluster 1 expressed the
highest signature score corresponding to
AFhi AMs analyzed by bulk RNA-seq
(Figures E5A–E5C).

Although cluster 4 also expressed high
amounts of genes associated with classical
AMs (dashed clear blue box, Figure 5D), it
also upregulated cycling-related genes,

includingMKI67, PCLAF, and CDK1
(Figures 5D and 5E), supporting that it
encompassed resident AMs undergoing cell
proliferation. Accordingly, cluster 4
comprised cells found in phases S or G2M of
their cell cycle, whereas cells from the other
clusters were mainly in the gap phase G1
(Figure E5D).

Cluster 3 encompassed monocyte-
derived cells, as cluster 3 overexpressed
transcripts encoding monocyte
lineage-associated molecules (e.g., CCR2,

SPP1, CCL2, S100A8, and CD14) (Figures 5D
and 5E). Moreover, cells from cluster 3
expressed the highest signature score
corresponding to AFlo AMs analyzed by bulk
RNA-seq (Figures E5A–E5C).

A Distinct Cluster of Classical AM Is
Associated with Smoking
As opposed to the other clusters, cluster 2
was almost uniquely present in smokers
without COPD and smokers with COPD as
compared with healthy nonsmokers (Figure
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5C). The gene expression profile of cluster 2
was relatively similar to that of cluster 1
(dashed orange box, Figure 5D), and RNA
velocity analysis (30) of single cells supported
the idea that cluster 2 represented an altered
state of classical AMs but did not derive from
monocyte-derived AMs (Figure 5G).
As compared with cluster 1, the
transcriptomic profile of cluster 2 was
significantly enriched in genes involved in the
response to toxic substances (NCF1,
ALOX5AP, and CES1), cellular oxidant
detoxification (ALOX5AP, TXNRD1, and
MGST1), and oxidative stress (PRDX1, TXN,
and CYBB) (Figures 5H and 5I). Moreover,
cluster 2 upregulated genes involved in
proinflammatory responses such as leukocyte
migration, myeloid cell differentiation, and
neutrophil activation (Figure 5H). Altogether,
these data support the hypothesis that cluster
2 represents classical AMs that are stressed or
damaged in response to toxic substances
present in cigarette smoke and that exhibit
proinflammatory capabilities.

BALF Cells Contain Dendritic Cells
and Distinct Subsets of Monocyte-
derived AMs
Given the heterogeneity present in cluster 3,
we sought to subset and recluster it, which
revealed four distinct clusters (Figure 6A),
whose distribution by sample and by
condition is shown in Figures 6B and 6C and
in Table E4. Cluster 4 was homogeneously
distributed, whereas clusters 2 and 3 were
enriched in healthy nonsmokers and cluster
1 was enriched in smokers. Reclustering
allowed identification of a small population
of dendritic cells (cluster 4) on the basis of
elevated expression of dendritic
cell–associated genes as compared with the
other clusters (Figures 6D and 6E). Cluster 3
significantly upregulated genes associated
with matrix components, such as SPP1,
SELENOP,MMP9,MARCKS, LGMN, or
FOLR2, and involved in the regulation of
response to wounding, regulation of wound
healing, and inflammatory response to
wounding (Figures 6D–6F), whereas cluster
2 exhibited a chemokine-secreting profile as

exemplified by elevated expression of CCL18,
CCL20, CCL4, CCL3, CXCL9, and CXCL10
(Figures 6D and 6E). Finally, cluster 1, more
prominent in smokers, expressed high
amounts of the monocyte lineage genes, such
as CCR2, CSF1R, or FCN1 (Figure 6E), and
its profile was enriched in proinflammatory
genes involved in myeloid cell activation
(Figure 6F). These data suggest that cluster 1
encompasses recently recruited monocyte-
derived AMs with an activated phenotype, a
process that is linked with smoking. Last, but
not least, cluster 1 also upregulated
expression of CLEC5A andVCAN (Figures
6D and 6E), two genes that have been shown
to be associated with monocyte recruitment
(31) and COPD pathology (32, 33).

Discussion

Here, we show that the pool of AMs in adult
healthy nonsmokers, smokers without
COPD, and smokers with COPD is
heterogeneous and encompasses
transcriptionally distinct subpopulations.
Our data also support that smoking alters
the AM landscape and triggers changes that
may have implications for COPD
physiopathology.

In nondiseased human lungs, AMs are
classically defined by flow cytometry as
autofluorescent SSChi CD2061 cells (20, 21,
34). Here, we report that a population of
small AFlo AMs is consistently present and
equally represented between healthy subjects
and patients with COPD. Of note, our results
are concordant with those from Jambo and
colleagues, who previously identified small
and large AMs in the BALF of human adults
based on their concentrations of SSC (35).
Although AFlo AMs express monocyte-
associated genes, supportive of a monocytic
origin, they also express high amounts of
AM-associated genes, suggesting that they
have been imprinted by the local niche to
express features of classical AMs.

Our results are consistent with the idea
that monocytes contribute to the pool of
homeostatic AMs in healthy lungs, as shown

recently (16). In line with this, it was
demonstrated that human CD141

monocytes were able to give rise to fully
differentiated CD2061 AMs in a humanized
mouse model (36). Of note, as opposed to
previous evidence obtained from laboratory
mice supporting that AMs self-maintain with
a minimal contribution from the monocyte
compartment (6, 8, 9), a recent mouse study
challenged this notion and also found that
AMs were slowly replaced by monocyte-
derived cells in old mice (37).

Functionally, monocyte-derived AFlo

AMs express high amounts of the gene
coding for fatty acid binding protein (i.e.,
FABP4) as compared with blood monocytes,
consistent with the hypothesis that some
AFlo AMs, like classical AMs, may also
contribute to fatty acid metabolism.
Nevertheless, AFlo AMs also expressed a
unique transcriptional signature associated
with specific immunoregulatory functions.
Of note, such signature, along with
their monocytic origin and their small
size, is reminiscent of what is described
for immunoregulatory CD2061

IL-10–producing interstitial macrophages in
the murine steady-state lung (38, 39).
Importantly, mouse interstitial macrophages
can also be recruited to the airways under
particular experimental conditions, such as
after exposure to microbial products (28) or
after a respiratory infection with murine
herpesvirus-4 infection (11) or influenza
virus (12). Thus, the abundance and
functionality of AFlo AMmight give a
picture of the immunoregulatory
potential of human lungs andmight
translate their ability to control excessive
inflammatory and immune responses,
which can have functional consequences
for lung diseases.

ScRNA-seq of human BALF cells
represents a highly valuable tool to decipher
AM diversity in health and disease. We
detected, in addition to classical AMs, a
population of monocyte-derived AMs that
was present in each sample analyzed,
including those from healthy subjects, as
previously described (16). Even though the

Figure 5. (Continued ). within individual samples. (D) Dot plots showing average expression and percentage of cells expressing the indicated
genes within cell clusters. (E) Heatmap depicting the 10 most upregulated genes in each cluster. (F) Histograms showing results of gene
ontology (GO) enrichment tests for the upregulated genes in cluster 1 as compared with the other clusters. (G) Patterns of RNA velocities of
single cells from smokers with COPD substantiated by arrows visualized on the UMAP plot. (H) Histograms showing results of GO enrichment
tests for the upregulated genes in cluster 2 as compared with cluster 1. (I) Dot plots showing average expression and percentage of cells
expressing the indicated genes within cell clusters.
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total number of cells present in monocyte-
derived AMs is relatively small, we found
after reclustering a cluster of cells expressing
many genes coding for chemokines, which is
concordant with the discrete cluster of
proinflammatory AMs identified byMould
and colleagues (16). Similarly to what was
shown in the same report, we describe the
existence of monocyte-derived AMs
expressing high amounts of matrix-
associated genes (16). Whether these cells
contribute to the homeostatic remodeling of
the lung tissue or to pathological profibrotic
events remains unclear, but the fact that they
tend to be underrepresented in smokers is
consistent with the hypothesis that they may
exert beneficial rather than detrimental
functions.

An original edge of our study is the
comparison BALF cells from healthy
nonsmokers, smokers without COPD, and
smokers with COPD at the single-cell level.
Although performed on a limited number of
samples, we were able to identify a distinct
cluster of AMs that was uniquely enriched in
subjects exposed to cigarette smoke.
Interestingly, this cluster does not express

monocyte lineage–associated genes and
represents a continuum with classical AMs,
supporting that it represents an altered state
of classical AMs in response to exposure to
cigarette smoke. Functionally, these
macrophages exhibit a proinflammatory
profile and may therefore be implicated in
persistent inflammation associated with
COPD. In addition, a cluster of
proinflammatory monocyte-derived
macrophages was significantly enriched in
smokers with and without COPD as
compared with healthy nonsmokers. Of note,
these cells expressed elevated amounts of
CLEC5A and VCAN, which are thought to
contribute to COPD pathology. Indeed,
CLEC5A has been shown to be upregulated
in AMs from smoking mice or humans and
can mediate features of COPD pathology
in mice (33). Similarly,VCAN is coding for
a proteoglycan involved in fibroblast
differentiation and is also thought to
contribute to tissue remodeling in COPD
(32). Interestingly,VCAN and CLEC5A have
also been associated with monocyte
recruitment (31), and their overexpression in
smokers could contribute to the regulation of

monocyte influx in the airways. Altogether,
our data support the hypothesis that cigarette
smoke alters both classical andmonocyte-
derived AM to endow them with functional
features that may favor either subclinical
proinflammatory events in smokers without
COPD or COPD-related persistent
inflammation in smokers with COPD.
Future prospective investigations will be
needed using samples from larger cohorts of
patients with the inclusion of nonsmokers
with COPD or ex-smokers to better
understand the fate, plasticity, functions,
and persistence of such macrophage
subpopulations during COPD
progression.�
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