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Trained immunity of alveolar macrophages enhances
injury resolution via KLF4-MERTK-mediated
efferocytosis
Sreeparna Chakraborty1, Abhalaxmi Singh2, Li Wang1,3, Xinge Wang1,3,4, Mark A. Sanborn1,3, Zijing Ye1,3, Mark Maienschein-Cline5,
Amitabha Mukhopadhyay2, Balaji B. Ganesh5, Asrar B. Malik2, and Jalees Rehman1,2,3,4,6

Recent studies suggest that training of innate immune cells such as tissue-resident macrophages by repeated noxious stimuli
can heighten host defense responses. However, it remains unclear whether trained immunity of tissue-resident macrophages
also enhances injury resolution to counterbalance the heightened inflammatory responses. Here, we studied lung-resident
alveolar macrophages (AMs) prechallenged with either the bacterial endotoxin or with Pseudomonas aeruginosa and observed
that these trained AMs showed greater resilience to pathogen-induced cell death. Transcriptomic analysis and functional assays
showed greater capacity of trained AMs for efferocytosis of cellular debris and injury resolution. Single-cell high-dimensional
mass cytometry analysis and lineage tracing demonstrated that training induces an expansion of a MERTKhiMarcohiCD163+F4/
80low lung-resident AM subset with a proresolving phenotype. Reprogrammed AMs upregulated expression of the efferocytosis
receptor MERTK mediated by the transcription factor KLF4. Adoptive transfer of these trained AMs restricted inflammatory
lung injury in recipient mice exposed to lethal P. aeruginosa. Thus, our study has identified a subset of tissue-resident trained
macrophages that prevent hyperinflammation and restore tissue homeostasis following repeated pathogen challenges.

Introduction
Immune memory as a consequence of repeated exposure to
pathogens or pathogen components has been traditionally as-
sociated with the adaptive immune system and forms the basis
of vaccine efficacy (Cupovic et al., 2021). Recent studies suggest
that innate immune cells such as monocytes and macrophages
also exhibit key features of immunememory and this is referred
to as “trained immunity” (Netea et al., 2016). Most examples of
trained innate immunity constitute amplified inflammatory
responses in the setting of repeated pathogen exposure, thus
promoting the rapid elimination of pathogens (Divangahi
et al., 2021; Netea et al., 2020). Trained immunity is regulated
via transcriptional, metabolic, and epigenetic reprogramming
(Bekkering et al., 2018; Fanucchi et al., 2019; Lau et al., 2018) of
monocytes or tissue macrophages following an initial pathogen
exposure, thus triggering enhanced pathogen killing during
subsequent exposures (Feuerstein et al., 2020; Kaufmann et al.,
2018; Netea et al., 2020; Yao et al., 2018). However, in addition to
pathogen elimination, timely and efficient resolution of in-
flammation is extremely important to avoid self-harm by ex-
cessively activated immune cells, thus enabling the restoration

of homeostasis in the host (Medzhitov et al., 2012). However,
less is known about how training of innate immune cells regu-
lates their ability to resolve inflammation and prevent tissue
injury.

Lungs are continuously exposed to environmental toxins and
pathogens, thus requiring a robust and effective immune re-
sponse by innate immune cells (Lambrecht, 2006). An indication
of the uniqueness of lungs is that the lung endothelium (unlike
other organ-specific endothelial cells) is enriched in immune
cell trafficking and activation genes even during homeostasis
(Jambusaria et al., 2020). This predisposition of the lung toward
mounting a robust host–defense response also increases the
vulnerability of the lung to inflammatory injury secondary to
unchecked immune response (Lambrecht, 2006). Therefore, we
studied innate immune cells of the lung to elucidate the role of
trained immunity in injury resolution. Lung macrophages, al-
veolar macrophages (AMs), or interstitial macrophages (IMs)
consist of heterogeneous subpopulations with distinct tran-
scriptional profiles that promote inflammation or resolution of
inflammation in a highly regulated and coordinated manner
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(Hoyer et al., 2019; Lavin et al., 2014; Misharin et al., 2017). AMs
develop from fetal liver monocytes during embryonic develop-
ment (Ginhoux and Guilliams, 2016; Ginhoux and Jung, 2014;
van de Laar et al., 2016; Yu et al., 2017). AMs undergo cell death
during exposure to pathogens (Dagvadorj et al., 2015) and have
the potential to regenerate and restore tissue homeostasis (Zhu
et al., 2021). In addition to the well-established host–defense
function of AMs (He et al., 2017), they are critical for the reso-
lution of inflammation and tissue integrity (Watanabe et al.,
2019; Wynn and Vannella, 2016). Debris generated by cell
death during inflammatory injury can itself promote immune
cell activation, thus creating a feed-forward amplification of
inflammation (Cai et al., 2017; Yurdagul et al., 2017). Termina-
tion of such a cycle can be brought about by efferocytosis, the
phagocytosis of cellular debris by macrophages (Elliott et al.,
2017), which is very important for injury resolution (Bosurgi
et al., 2017). However, it remains to be determined whether
training modulates the efferocytosis capacity of AMs which
were previously challenged by pathogen exposure, thus
promoting the resolution of inflammation during subsequent
pathogen exposure and what molecular pathways underly the
response.

Here, we studied the trained innate immune response in
AMs using high-dimensional mass cytometry, unbiased tran-
scriptomics, and functional studies with complementary in vivo
models of inflammatory lung injury. This analysis identified a
sub-population of AMs that expanded following initial exposure
to either the bacterial endotoxin LPS or to live Pseudomonas
aeruginosa (PA). Reprogrammed AMs exhibited increased ac-
tivity of the transcription factor (TF) KLF4, which in other cell
types has been associated with tissue repair and angiogenesis
(Fan et al., 2017; Kapoor et al., 2015; Lou et al., 2020; Sangwung
et al., 2017). We show that KLF4 promoted a pro-efferocytosis
phenotype shift in trained AMs by upregulating the effer-
ocytosis mediator MERTK, whereas targeted genetic deletion
of KLF4 prevented the upregulation of MERTK and the pro-
resolution phenotype in AMs. Importantly, reprogramming as
a consequence of training was intrinsic to AMs because the
adoptive transfer of trained AMs prevented severe inflamma-
tory injury.

Results
Expansion of a lung macrophage subpopulation following
repeat endotoxin exposure
To investigate the trained immunity in the lung, we developed a
model in which mice were challenged with inhaled bacterial
endotoxin LPS to induce inflammatory lung injury, followed by
a second similar LPS challenge 7 d later (Fig. 1 A). The proin-
flammatory cytokine profile of lung tissue, as well as neutrophil
percentage in bronchoalveolar lavage (BAL; Fig. S1, A and B),
confirmed that inflammation subsided to basal levels at 7 d
following the initial challenge. This sequence of LPS challenges
allowed us to study distinct injury phases: (i) the naı̈ve baseline
condition, (ii) the acute response following the initial challenge,
(iii) the trained baseline condition, and (iv) the trained response
to the second acute challenge given after recovery from the

initial LPS challenge. We performed multidimensional time-of-
flight mass cytometry (CyTOF) to identify which immune cell
subpopulations showed the most prominent changes in trained
mice as compared to naı̈vemice. Here, we used a standard gating
strategy for CyTOF analysis (Fig. S1 C). For visualization, 50,000
lung cells frommultiple biological replicates were projected onto
a two-dimensional plane using visual t-distributed stochastic
neighbor embedding (viSNE; Amir el et al., 2013) via the analysis
platform Cytobank (https://www.cytobank.org; Fig. 1 B and Fig.
S1 D). The use of 17 CyTOF cell identity markers identified
11 immune cell subsets; i.e., three clusters of macrophages
(Mac1–3; CD45+CD64+F4/80+Ly6G−; Fig. 1 B and Fig. S1 D), (i)
CD4+ T cells (CD45+CD4+), (ii) CD8+ T cells (CD45+CD8+), (iii)
B cells (CD45+CD19+), (iv) NK cells (CD45+NK1.1+), (v) neu-
trophils (CD45+Ly6G+), (vi) monocytes (CD45+Ly6c+), (vii) den-
dritic cells (DCs; CD45+CD64−CD11c+MHCII+CD24+CX3CR1−), and
(viii) eosinophil (CD45+CD64−CD11b+SiglecF+; Fig. 1 B and Fig.
S1 D). We then used the unbiased clustering algorithm Flow-
SOM (Grandi et al., 2020; Van Gassen et al., 2015), which
identified distinct cell clusters, thus corroborating the clusters
identified by sequential gating of cell populations using estab-
lished markers (Fig. S1 E). Quantification of relative cluster
abundance showed that macrophage populations (Mac1–3)
demonstrated the most prominent shifts with training (Fig. 1
B), whereas other immune cells were mostly stable (Fig. S1 F).
To further extend the analysis, we used CD11c, SiglecF, CD11b,
and CX3CR1 as established markers for distinguishing lung IM
and AM populations (Guilliams et al., 2013; Janssen et al., 2011)
among those three macrophage clusters (Mac1–3; Fig. S1 G).
These Mac1–3 clusters corresponded to the FlowSOM meta-
clusters_14, 12, and 6 (Fig. S1 H) based on the differential ex-
pression of CD11c, CD11b, SiglecF, and CX3CR1 markers. Mac1
cells were primarily CD11b−CD11c+SiglecF+CX3CR1−, consistent
with an AM phenotype, and Mac2 cells were predominantly
CD11b+CD11c−SiglecF−CX3CR1+, consistent with an IM pheno-
type. Mac3 cells were CD11b+CD11cloSiglecF−CX3CR1lo, and thus
mirrored the recently described phenotype of transitional
macrophages (Aran et al., 2019; Fig. S1 H).

Next, we decided to further characterize the trained innate
response in LPS-challenged AM by comparing the AM popula-
tion dynamics between naı̈ve and trained mice (gating strategy:
Fig. S2 A). In naı̈ve mice, we observed pronounced depletion of
AMs (CD45+CD64+Gr1−CD11c+CD11b−/+SiglecF+) as early as 16 h
after LPS, with the gradual replenishment to basal levels after 7 d
(Fig. S2 B). The depletion and subsequent replenishment of AMs
demonstrated a transient shift in the phenotype as the AMs
expressed adhesion molecule CD11b at 16 h (CD11c+CD11b+SiglecF+),
which was downregulated by 120 h such that AMs returned to the
CD11b-negative state similar to näıve AMs (CD11c+CD11b−SiglecF+)
at 7 d after LPS challenge (Fig. S2 B).

However, when we compared the dynamics of AMs
(CD45+CD64+Gr1−CD11c+CD11b−/+) between the naı̈ve and trained
mice group (Fig. 1, C and D), we observed that the percentage of
AMs was higher in trainedmice (LPS challenge followed by 1-wk
rest and subsequent second LPS challenge) at 72 h after LPS
challenge as compared with naı̈ve mice (subjected to single
LPS challenge; Fig. 1 C and Fig. S2 C). To assess whether the
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Figure 1. Phenotypic characteristics of AMs generated via repeated LPS challenges. (A) Schematic showing immune training in the inhaled LPS acute
lung injury mouse model. (B) tSNE map derived from CyTOF analysis of lung CD45+ cells from näıve and trained mice at baseline (i.e., näıve baseline and
7 d-LPS after recovery baseline) and the acute 72-h LPS injury time points (i.e., 72 h and 7 d + 72 h). CD64 (upper panel) and F4/80 (lower panel) expressions are
highlighted by colored gradient expression; three macrophage clusters (i.e., Mac1–3) and one monocyte cluster (i.e., mono) were manually gated (left panel).
The differentially expressed markers for individual clusters are shown in the figure. In the right panel, the graph shows cluster abundance (% of total). Data
were collected from four independent experiments, and the cells were combined from three mice per group with n = 9–12 samples and were analyzed by
ANOVA with Bonferroni’s multiple comparisons test. (C) Flow cytometric plot shows CD45+CD64+Gr1−CD11c+CD11b−/loSiglecF+ macrophage populations in
basal conditions and 72 h after LPS in näıve and prechallenged mice. (D) Absolute number of CD45+CD64+Gr1−CD11c+CD11blo/−SiglecF+ cells per lung
was determined by flow cytometry. Data were collected from six independent experiments, (n = 6–8) and were analyzed by ANOVA with Bonferroni’s
multiple comparisons test. (E) Schematic of long-term immune training (left panel). The right panel shows the absolute number of AM
(CD45+CD64+Gr1−CD11c+CD11blo/−SiglecF+) within the lung 72 h after LPS in näıve and long-term (28 d)-trained mice. Data were collected from three in-
dependent experiments (n = 3–5) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (F) The graph shows the wet-to-dry lung weight
ratio at the mentioned time points in näıve and trained mice. Data were collected from three independent experiments (n = 3–4) and were analyzed by ANOVA
with Bonferroni’s multiple comparisons test. (G) The percentage of neutrophil (CD45+CD11b+Ly6g+) within CD45+ cells in the lung of näıve and prechallenged
mice at basal and 72 h after LPS at 7-d intervals (upper panel) and 28-d intervals (lower panel) were shown. Data were collected from six independent
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training-induced increase in AMs was due to a shift in relative
percentages or an absolute increase in AMs, we examined AM
numbers per lung and observed significantly higher AM ab-
solute numbers per lung in trained mice (Fig. 1 D). We also
assessed the lung IM number and observed that, unlike the
AMs, there was no significant difference in the lung IM
numbers between trained and naı̈ve mice (Fig. S2 D). A key
feature of AMs is their recruitment into the alveolar space
where they serve essential host–defense and tissue repair
functions. By analyzing the percentage of AMs in BAL, we
observed that the AM percentage in the alveolar space is
markedly higher in trained mice as compared with naı̈ve ones
(Fig. S2 E).

We next investigated the robustness of the observed trained
response of AMs by extending the time interval between the
initial and the subsequent LPS challenge. Therefore, after the
first LPS challenge, mice were allowed to recover for 4 wk prior
to the second challenge (Fig. 1 E, left panel). Consistent with our
previous result, at 72 h after LPS challenge, the absolute AM
number was significantly greater in the trained mice when
compared with naı̈ve ones (Fig. 1 E, right panel). These findings
indicate that the trained innate response in AMs in which se-
quential LPS challenges were separated by 4 wk showed similar
training responses as those seen when the challenges were
separated only by 1 wk.

Next, we compared lung edema between näıve and trained
mice at 24 h after LPS challenge and the results showed that lung
edema was significantly lower in trained mice, which suggested
less injury following the subsequent endotoxin challenge (Fig. 1 F).
We further assessed the neutrophil percentage at 72 h after LPS
challenge to evaluate the resolution of injury, as a decrease in
neutrophil accumulation is a hallmark of resolution. Interest-
ingly, we observed that with both training intervals (7 or 28 d),
the neutrophil percentage following the second challenge was
significantly lower when compared with the exposure of naı̈ve
mice to the acute challenge (Fig. 1 G), thus indicating acceler-
ated injury resolution. We next investigated the transcriptomic
differences between naı̈ve AM and trained AM. Using unbiased
RNA sequencing (RNA-seq) analysis, we identified 594 upre-
gulated genes and 299 downregulated genes in trained AMs
when compared with naı̈ve AMs at basal condition (Fig. 1 H).
We also compared the transcriptomic profiles of trained versus
naı̈ve AMs exposed to an acute LPS challenge (72 h after acute
LPS in both cases) and identified 526 upregulated and 413
downregulated genes in trained AMs (Fig. 1 H). We found that
175 upregulated genes and 54 downregulated genes in trained
AMs were shared between basal and after injury conditions
(Fig. 1 H), and these genes might be part of a core trained
AM gene expression signature. To identify the underlying

biological processes characterizing the trained AMs, we per-
formed Gene Ontology (GO) pathway analysis, which showed
that several GO terms associated with host defense such as
“defense response,” “response to bacterium,” and “defense re-
sponse to virus” were overrepresented in upregulated genes
in trained AMs (Fig. 1 I). Interestingly, we also found that
GO terms associated with phagocytosis and endocytosis
(i.e., “regulation of phagocytosis,” “receptor-mediated endocy-
tosis,” and “vesicle docking”), as well as injury resolution
(i.e., “wound healing,” “negative regulation of cell death,” “re-
generation,” and “negative regulation of inflammatory re-
sponse”) were profoundly upregulated with training (Fig. 1 I).
Examples of the genes upregulated by training included IL-10
(Zhang et al., 2019b), Socs3 (Yin and Heit, 2021), C2 (Mehrotra
and Ravichandran, 2022), and Ptges (Ampomah et al., 2022),
which are associated with injury resolution or phagocytosis
pathways and promote the phagocytosis of cellular debris,
which is referred to as efferocytosis (Fig. 1 J and Table S4).

Trained tissue-resident AMs show increased resilience
following inflammatory challenges
We next addressed mechanisms underlying increased AM
numbers in trained mice. We surmised that the potential un-
derlying causes could be either (i) increased proliferation of
surviving AMs after initial insult that rapidly replenished the
trained AM pool, (ii) increased influx of circulating monocytes
into lungs that could give rise to AMs, or (iii) resilience of
trained AMs compared to naı̈ve AMs thus blunting AMdepletion
in response to the second LPS insult.

We used incorporation of the nucleotide analog BrdU in vivo
to quantify AM proliferation and, as expected, we observed no
AM proliferation in the basal condition of naı̈ve mice or trained
mice (Fig. S2 F). Upon LPS challenge, the proliferation of sur-
viving AMs increased to compensate for the LPS-induced loss of
AMs but there was no difference in post-LPS AM proliferation
rates when comparing naı̈ve versus trained mice, suggesting
that the increased AM number in trained mice was not due to
increased AM proliferation (Fig. 2 A). Quantification of AM
proliferation was independently validated through the prolif-
eration marker Ki67 (Fig. S2 G).

To study the fraction of AMs derived from circulating mon-
ocytes, we used CX3CR1-CreERT2/Rosa mice for genetic lineage
tracing of circulating CX3CR1+ monocyte progeny (Aran et al.,
2019; Yona et al., 2013; Fig. 2 B). Although we observed a trend
toward an increased percentage of CX3CR1-lineage cells in the
lungs at 72 h after LPS when compared to the näıve condition, it
was not statistically significant (Fig. 2 C, left panel; and Fig.
S2 H). Moreover, the vast majority (70–80%) of CX3CR1-
derived cells in the lungs were IMs, whereas only 4% were

experiments (n = 3–6) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (H) Venn diagram represents shared upregulated and
downregulated gene numbers between the homeostasis and post-LPS conditions in trained AMs as compared to näıve ones. (I) The enriched GO terms from
upregulated genes between trained and näıve AMs in post-injury conditions. (J) Heatmap representation of differentially expressed genes, identified by
comparing trained AMs to näıve AMs at homeostasis and 72 h after LPS challenge. The blue-to-white-to-red gradient represents the increased expression of
the genes with blue representing minimal expression and red representing high expression. Data were collected from three independent experiments, and the
cells were combined from two mice per group with n = 6 samples. Graphs show mean ± SD, with each dot representing an individual mouse data point. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Increased resilience of trained tissue-resident AMs following repeated inflammatory challenges. (A) Flow cytometry plot shows AM pro-
liferation by quantifying BrdU uptake within the AM population (CD45+CD64+CD11c+CD11blo/−SiglecF+ gated) in näıve and trained mice 72 h after LPS (left
panel). The right panel shows quantification of percent BrdU-positive AM within all lung macrophages (CD45+CD64+ gated). Data were collected from four
independent experiments (n = 5) and analyzed by unpaired t test. (B) Schematic representation of lineage-tracing monocyte-derived AM after injury. (C) Graph
in the left panel shows the percentage of total CX3CR1+ cells within CD45+ gated myeloid cells in näıve and prechallenged mice lungs at baseline condition and
72 h after LPS. In the right panel, the percent CX3CR1 positivity among CD45+CD64+CD11b+SiglecF− (IM) and CD45+CD64+CD11b−/loSiglecF+ (AM) gated
populations was determined by flow cytometry. Data were collected from five independent experiments (n = 3–7) and were analyzed by ANOVA with
Bonferroni’s multiple comparisons test. (D) Schematic representation of clodronate liposome delivery in näıve and prechallenged mice. (E) Graph shows
percentage of AM within all lung macrophages (CD45+CD64+Gr1−pre-gated) in i.v. clodronate untreated or treated mice. Data were collected from three
independent experiments (n = 3–5) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (F) The schematic shows the training of
CCR2−/− mice by successive LPS challenges (left panel). In the right panel, the absolute number of AMs (CD45+CD64+Gr1−CD11b−/loSiglecF+) was determined.
Data were collected from four independent experiments (n = 4–6) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (G) The
percentage of neutrophils in CCR2−/− mice in basal conditions as well as 72 h after LPS challenge was determined. Data were collected from four independent
experiments (n = 4–6) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (H) Flow cytometric plot shows
CD45+CD64+Gr1−CD11c−CD11b+/loSiglecF+ macrophage populations at 24 h after LPS in näıve and prechallenged mice (left panel). Absolute number of
CD45+CD64+Gr1−CD11c+CD11blo/−SiglecF+ cells per lung (7 and 28 d interval training) was determined (right panel). Data were collected from six inde-
pendent experiments (n = 3–5). Data were collected from four independent experiments (n = 4–6) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (I) Graph shows percentage of annexin V positivity within AM (CD45+CD64+Gr1−CD11c+CD11blo/−SiglecF+ gated) at näıve and 24 h after
LPS in näıve and trained mice. Data were collected from six independent experiments (n = 3–7) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (J) The percentages of active caspase-3 positivity within gated AMs in the above-mentioned conditions were determined by flow cy-
tometry. Data were collected from three independent experiments (n = 3–4) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test.
(K) Relative mRNA expression of pro-apoptotic (Bax) and anti-apoptotic (MCL1) genes in flow-sorted näıve, untrained, and trained AMs at 24 h after LPS
injury was analyzed by qPCR. Data were collected from three independent experiments (n = 3–4) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (L) Schematic of the long-term training model (upper panel). Relative mRNA expression of Bax andMCL1 in näıve, untrained, and long-term
(28 d) trained AMs at 24 h after second LPS challenge is shown. PPIA (peptidylprolyl isomerase A) was used as the internal control in qPCR. Data were
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AMs (Fig. 2 C, right panel; and Fig. S2 H). Importantly, there was
no increase in CX3CR1-derived AMs in trainedmice as compared
with naı̈ve mice (Fig. 2 C, right panel), indicating that the higher
AM numbers observed in trained mice were not the result
of increased circulating CX3CR1+ monocytes differentiation
into AMs.

As CX3CR1-genetic lineage labeling of monocytes may not
label all circulating monocyte populations (Aegerter et al.,
2020), we employed a parallel approach to detect the contri-
bution of circulating monocytes to generate the AM pool during
repeat LPS insults. I.v. injection of clodronate-liposomes was
used to deplete circulating monocytes (Li et al., 2016), and AM
numbers were monitored at 72 h after LPS in naı̈ve and trained
mice (Fig. 2 D). Depleting circulating blood monocytes (Fig. S2 I)
did not alter the greater number of AMs in trained mice (Fig. 2
E), corroborating the lineage tracing data. To evaluate the po-
tential role of circulating monocytes in contributing to the
trained AM population, we used the genetic model of CCR2−/−

mice in which circulating monocytes do not enter tissues due to
the absence of the monocyte chemokine receptor CCR2 (Boring
et al., 1997).We challenged thesemicewith an initial inhaled LPS
exposure, followed by a second LPS challenge 7 d (Fig. 2 F, left
panel). We observed that AM numbers increased with training
in the absence of circulating monocytes (Fig. 2 F, right panel).
Consistent with the preserved AM augmentation, we observed
in CCR2−/− mice that the neutrophil influx at 72 h after injury
was significantly lower in trained mice (Fig. 2 G), thus con-
firming that circulating monocytes were not required for the
training-induced enhancement of lung injury resolution.

As the results showed that increased AMs in the training
setting were due to neither increased monocyte-to-AM differ-
entiation nor increased proliferation of AMs, we posited that
trained AMs likely exhibited greater resilience to LPS-induced
depletion such as AM apoptosis (Dagvadorj et al., 2015). We
therefore quantified the AM absolute number per lung at the
early phase of injury, i.e., 24 h after LPS, and observed a sig-
nificantly greater number of AMs in trained mice (Fig. 2 H).
Quantitative analysis of AM apoptosis by Annexin V staining
demonstrated markedly less LPS-induced apoptosis of trained
AMs as compared with naı̈ve AMs both at 7 and 28 d interval
training models (Fig. 2 I). We then assessed the protein levels of
active caspase-3 in AMs by flow cytometry and observed re-
duced apoptosis in trained mice at 24 h after LPS challenge
(Fig. 2 J). In response to LPS, trained AMs showed down-
regulation of pro-apoptotic gene Bax, and upregulation of anti-
apoptotic gene MCL1 at 24 h after LPS as compared with the
response of naı̈ve AMs to in vivo LPS exposure (Fig. 2, K and L).
These results thus showed that training enhances AM resilience
to LPS-induced apoptosis, thus increasing the AM pool.

Trained AMs exhibit enhanced efferocytosis
We investigated the cytokine profile of trained AMs following
the second insult. We observed augmented expression of anti-

inflammatory cytokine IL-10 in trained AMs without any in-
crease in the proinflammatory cytokine TNFα level (Fig. 3, A and
B). We also quantified the levels of IL-10 and TNFα in BAL fluid
by ELISA at 72 h after injury. We observed significantly higher
levels of the anti-inflammatory cytokine IL-10 in the trained
after injury condition, whereas TNFα level remained low in both
conditions (Fig. 3 C).

We next addressed the functional properties of trained AMs.
Our previous transcriptomic analysis suggested upregulation of
the genes associated with phagocytosis, endocytosis, and injury
resolution (Fig. 1 I). First, to compare the phagocytic capacity of
trained AMs and näıve AMs, we isolated AMs from naı̈ve or
trained mice subjected to LPS exposure and assessed phagocy-
tosis of GFP-labeled Escherichia coli. Trained AMs demonstrated
significantly higher bacterial phagocytosis as compared with
naı̈ve AMs (Fig. 3, D and E). As the transcriptomic analysis has
also shown upregulation of receptor-mediated endocytosis and
injury resolution after training, we next analyzed efferocytosis
because it represents a form of phagocytosis that removes dead
cells and proinflammatory cell debris and thus contributes to
injury resolution (Mehrotra and Ravichandran, 2022; Yurdagul
et al., 2017, 2020). When AMs were exposed to fluorescently
labeled dead neutrophils, we observed a doubling of effer-
ocytosis in trained AMs as compared with naı̈ve AMs by quan-
titative flow cytometry as well as by confocal microscopy
(Fig. 3 F). The increased ex vivo capacity of trained AMs to clear
dead neutrophils corresponded to our in vivo observations
showing the reduced presence of apoptotic neutrophils number
in trained mice challenged with LPS (Fig. 3 G), consistent with
rapid elimination of apoptotic neutrophils by trained AMs. To
specifically quantify the in vivo uptake of apoptotic neutrophils
by AMs in the naı̈ve and training conditions, we utilized amouse
model in which all neutrophils were genetically labeled with red
fluorescent tdTomato protein (“catchup mice”; Hasenberg et al.,
2015) and performed the single and repeated LPS exposures.
Lungs were isolated at early (24 h after LPS) and late (72 h after
LPS) phases following the LPS challenge, followed by flow cy-
tometry to quantify the percentage of AMs internalizing red
fluorescent neutrophils. We observed that in naı̈ve mice there
was minimal uptake of labeled neutrophils by AMs, consistent
with the minimal presence of neutrophils during homeostasis
(Fig. 3 H). In the injury setting, trained AMs demonstrated a
>50% increase in the uptake of apoptotic neutrophils in vivo
when compared with untrained AMs (Fig. 3 H). These results
suggested that increased efferocytosis is a key feature of trained
immunity that facilitates injury resolution.

Training upregulates key efferocytosis mediators in tissue-
resident AMs
To study the mechanisms of increased efferocytosis of trained
AMs, we assessed the mRNA expression of several established
phagocytosis receptors, including CD16, SCARB1, CLEC7a, FCGB,
as well as efferocytosis receptors such as MERTK, TYRO3, AXL,

collected from three independent experiments (n = 3) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. Graphs show mean ± SD,
with each dot representing an individual mouse data. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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TIM3, TIM4, OLR1, CD36, and SIPRα (Fig. 4 A). Trained AMs
showed increased expression of some general phagocytosis re-
ceptors like CD16 and CLEC7a. All of the three components of the
TAM receptor complex (TYRO3, AXL, and MERTK) as well as

TIM4, a known efferocytosismediator, showed increased relative
mRNA expression levels in trained AM (Fig. 4 A). However, the
overall mRNA expression levels of TYRO3, as well as TIM4, were
found to be very low in AMs (Fig. S2 J), thus indicating that they

Figure 3. Trained AMs exhibit enhanced efferocytosis. (A) Relative mRNA expression of IL-10 and TNFαwas analyzed from flow-sorted AM from näıve and
trained mice at 72 h after injury. Data were collected from four independent experiments (n = 3–4) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (B)MFI (mean fluorescence intensity) of TNFα and IL-10 protein within näıve and trained AMs (CD45+CD64+CD11blo/−SiglecF+ pre-gated) at
72 h after LPS was analyzed by flow cytometry. Data were collected from three independent experiments (n = 3–4) and were analyzed by unpaired t test.
(C) The levels of IL-10 and TNFα were measured in BAL fluid by ELISA in the afore-mentioned conditions. Data were collected from three independent
experiments (n = 3) and analyzed by unpaired t test. (D) Confocal microscopy shows the ex vivo phagocytosis of E. coli–GFP by näıve and trained AMs, isolated
at 72 h after LPS injury, and the number of E. coli internalized by AMs as quantified. Scale bar, 10 µm. Data were collected from three independent experiments
(n = 3) and were analyzed by unpaired t test. (E) Percent uptake of E. coli–GFP by AMs (CD45+CD64+CD11b−/loSiglecF+ gated) was analyzed by flow cytometry.
Data were collected from three independent experiments, (n = 3) and were analyzed by unpaired t test. (F) Percent uptake of dead neutrophils by näıve and
trained AMs, isolated at 72 h after LPS, was quantified by flow cytometry (left panel). Data were collected from three independent experiments, (n = 3) and
were analyzed by unpaired t test. Representative confocal image shows the efferocytosis in the aforementioned conditions (right panel). Scale bar, 10 µm.
(G) Percentage of Annexin V+ neutrophil at 24 h after LPS (left panel) and 72 h after LPS (right panel) in näıve and trained mice was analyzed by flow cytometry.
Data were collected from six independent experiments (n = 5) and were analyzed by unpaired t test. (H) In the left panel, flow cytometry histogram plot shows
tdTomato positivity within AM (CD45+CD64+CD11c+ CD11blo/SiglecF+gated). In the right panel, the percent uptake of neutrophils (tdTomato+) by näıve and
trained AMs at 24 and 72 h after LPS challenge was analyzed by flow cytometry. Data were collected from three independent experiments (n = 3–4) and were
analyzed by ANOVA with Bonferroni’s multiple comparisons test. Graphs show mean ± SD, with each dot representing individual mice. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.

Chakraborty et al. Journal of Experimental Medicine 7 of 26

Training of pro-resolving alveolar macrophages https://doi.org/10.1084/jem.20221388

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/220/11/e20221388/1917098/jem
_20221388.pdf by guest on 06 D

ecem
ber 2025

https://doi.org/10.1084/jem.20221388


may not be relevant for the enhanced efferocytosis we observed
in trained AM. Moreover, the scavenger receptor OLR1 was
found to be also upregulated by training whereas the expres-
sion levels of CD36 and SIPRαwere not upregulated by training.
Although we observed increased expression of TIM4mRNA, we
did not find any significant change in surface expression as

detected by CyTOF. On the other hand, our flow cytometry data
confirmed the increased surface expression of MERTK, a key
gatekeeper of efferocytosis (Cai et al., 2018), in the AMs of
trained mice as compared with naı̈ve mice (Fig. 4 B). Quanti-
fication of the absolute cell number showed that this difference
became even more prominent following acute LPS exposure

Figure 4. Training upregulates key efferocytosis mediators in tissue-resident AMs. (A) The relative mRNA levels for phagocytosis and efferocytosis
genes (CLEC7a, CD16, SCARB1, FCGR2B, TYRO3, AXL, OLR1,MERTK, TIM3, TIM4, CD36, SIPRα) in näıve and trained AM at 72 h after LPS challenge are shown. Data
were collected from four independent experiments (n = 4) and were analyzed by unpaired t test. (B) In the left panel, histogram overlay shows MERTK
expression in AM (CD45+CD64+CD11blo/−SiglecF+ gated) in näıve and trained mice at 72 h after LPS. In the right panel, the graph shows the percentage
of MERTKhi AMs (CD11b−/loSiglecF+MERTKhi) subset within all lung macrophages (CD45+CD64+Gr1− pre-gated) in above-mentioned conditions. Data
were collected from four independent experiments, (n = 6–7) and were analyzed by unpaired t test. (C) The absolute number of MERTKhi AMs
(CD11b−/loSiglecF+MERTKhi) subset within all lung macrophages (CD45+CD64+Gr1− pre-gated) was quantified. Data were collected from three inde-
pendent experiments (n = 5) and were analyzed by unpaired t test. (D) Relative mRNA expression of SOCS3 and DUSP1 in näıve and trained AMs, isolated
at after 72 h LPS, were analyzed by qPCR. Data were collected from three independent experiments (n = 3–5) and were analyzed by ANOVA with
Bonferroni’s multiple comparisons test. (E) In the left panel, histogram overlay shows MERTK expression in AM (CD45+CD64+CD11blo/−SiglecF+ gated) in
näıve and trained CCR2−/− mice at 72 h after LPS. In the right panel, graph shows the absolute number of MERTKhi AMs (CD11b−/loSiglecF+MERTKhi)
subset within all lung macrophages (CD45+CD64+Gr1− pre-gated) in above-mentioned conditions. Data were collected from four independent ex-
periments (n = 4–6) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. For all qPCR experiments PPIA was used as the internal
control. Graphs show mean ± SD, with each dot representing individual mice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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when the MERTKhi AM population constituted 25% of the total
lung macrophage population in trained mice whereas MERTKhi

AM comprised only 10% of the total lung macrophages in naı̈ve
mice (Fig. 4 C). We next examined the expression of genes
known to be upregulated by MERTK activation, SOCS3, and
DUSP1, which suppress inflammatory TLR signaling (Roberts
et al., 2017; Rothlin et al., 2007), thus downregulating inflam-
mation during efferocytosis. Trained AMs expressed higher
levels of SOCS3 and DUSP1 mRNA (Fig. 4 D). We have also as-
sessed the MERTKhi AM population in CCR2−/− mice. The re-
sults showed persistence of the training-induced increase of
MERTKhi AM, underscoring that circulating monocytes do not
contribute to this increased population of MERTKhi AMs fol-
lowing injury (Fig. 4 E).

High-dimensional single-cell analysis of lung macrophages by
mass cytometry identifies the expansion of MERTKhi AM
subpopulation after training
We next carried out unbiased immunophenotyping of lung
macrophages using CyTOF to assess whether increased surface
MERTK expression constituted a defining feature of trained
AMs. We generated a panel of 28 antibodies (Table S2) for
known markers associated with macrophage phenotypes and
functions, including an antibody targeting MERTK, the upre-
gulated efferocytosis mediator and regulator identified in Fig. 4
B. Single live CD45+Gr1−CD64+ cells were pre-gated by a se-
quence of gating steps (Fig. S3 A) to enrich for macrophages.
After standardizing each sample to 50,000 cells, we generated
the viSNE plots that showed 9–10 clusters of macrophages from
näıve and trained lungs 72 h after LPS challenge (Fig. 5 A). De-
pending on the differential expression of CD11c, SiglecF, CD11b,
and CX3CR1, we have manually gated three AMs’ clusters
(i.e., 1–3) which show higher expression of CD11c and SiglecF
and low expression of CD11b and CX3CR1 that resemble the
AMs’ phenotype (CD11c+SiglecF+CD11b−/loCX3CR1−; Fig. 5 A).
While viSNE is well-suited for subjective visual assessment of
clusters, we also ran the unsupervised clustering algorithm
FlowSOM (Grandi et al., 2020; Van Gassen et al., 2015) and
identified 15 clusters, nearly all of which mapped to the major
clusters seen viSNE (Fig. S3 B). The differential protein ex-
pression of the markers allowed us to identify distinct mac-
rophage clusters for individual samples (Fig. S3 C). When we
overlaid the FlowSOM_metaclusters on viSNE clusters, we
observed that FlowSOM_metacluster-5 and 7 overlapped with
the AM Clusters 1 and 2 (MERTKhi), respectively (Fig. S3 D).

To identify the cell markers that best defined the sub-
populations that responded to training, we used an unsuper-
vised hierarchical clustering algorithm CITRUS (Bruggner et al.,
2014). We first distinguished the clusters of AMs and gated
based on SiglecF and CD11b expression (Fig. 5 B). Among the
AM-gated clusters, we identified two phenotypic clusters which
expressed a higher level of MERTK (Fig. 5 C) and the MERTKhi

cluster showed higher frequency in trained mice as compared to
näıve mice (Fig. 5 D). Next, we mapped back the MERTKhi

cluster in the viSNE plots of gated AM (CD45+Gr1−CD64+

CD11b−/loSiglecF+) and found these overlapped with AM cluster-
2 and were increased in trained mice (Fig. 5 E, left panel). In

parallel, we used the clustering algorithm FlowSOM which al-
lowed us to compare expression levels of defined proteins be-
tween clusters and compared FlowSOM_5 (cluster 1) with
FlowSOM_7 (cluster 2; Fig. S3). When comparing the mean ex-
pression of MERTK between AM cluster 1 and AM cluster 2,
cluster 2 showed markedly higher MERTK expression in trained
mice (Fig. 5 E, right panel; and Fig. S3 E). Together these data
demonstrated that an unbiased analysis of potential training-
specific AM markers identified MERTKhi as a hallmark of
trained AM. Our unbiased CITRUS analysis showed that the
MERTKhi cluster (cluster 2 in viSNE) was also characterized by
high expression of Marco (also a mediator of efferocytosis) and
CD163 as well as lower expression of F4/80when comparedwith
other AM clusters (cluster 1; Fig. 5, F–H; and Fig. S3, F–H). Next,
we checked the active caspase-3 level in this MERTKhi cluster
(cluster 2) and found that the MERTKhi cluster showed a sig-
nificantly lower level of active caspase-3 in trained mice as
compared with naı̈vemice (Fig. 5 I and Fig. S3 I), consistent with
our results in Fig. 2, showing resilience to LPS-induced apoptosis
as the cause of higher AM number in trained mice.

KLF4 is upregulated during training and promotes MERTKhi

AM expansion
Next, we addressed the question of whether trained AMs
showed evidence of differential chromatin opening as a potential
epigenetic mechanism underlying training. We performed ATAC-
seq (assay for transposase-accessible chromatin with sequencing)
of naı̈ve vs. trained AM (Fig. S4, A–C). We analyzed differen-
tially accessible regions (DARs) in the chromatin of the naı̈ve
basal group and trained basal group. As shown in Fig. 6 A, we
identified 4,951 significant (false discovery rate [FDR] ≤ 0.05)
DARs from 57,169 consensus ATAC peak regions, which ac-
counted for 8.6% of the total regions. Among these, 3,791 re-
gions were significantly more accessible in the trained basal
group and 1,124 regions were less accessible in the trained basal
group compared with the naı̈ve basal group. Each significant
DAR is located in one of the seven major types of genomic re-
gions, as shown in Fig. 6 B, including promoters, introns, exons,
distal intergenic, 59 untranslated regions (UTRs), 39 UTRs, and
downstream regions. The majority of DARs in our study were
located within promoters, introns, and distal intergenic re-
gions. The trained basal group showed more DARs located
within introns than the naı̈ve group (Fig. 6 B). Next, we ana-
lyzed more open promoter DARs and linked them to corre-
sponding genes to determine the biological processes which
were more likely to be activated after the training. These genes
with their promoters, significantly more open after the chal-
lenge, were significantly enriched in several cellular processes
(FDR ≤ 0.05), such as regulation of immune effector process,
regulation of adaptive immune response, autophagy, exocytosis
and phagocytosis, and other 10 related GO terms (Fig. 6 C). Next,
we performed TF binding motif enrichment analysis using these
promoter DARs that are more accessible from the trained group
to infer which TFs were more likely to be active in the trained
condition. To increase the robustness of our analysis, we applied
two independent approaches, Homer (Heinz et al., 2010) and
MEME suite (Bailey et al., 2015), for the enrichment analysis.
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Figure 5. Mass cytometry analysis of training-induced lung macrophage heterogeneity. (A) tSNE map was derived by tSNE algorithm from CyTOF data
of lung macrophages (CD45+CD64+Gr1− gated) from näıve and trained mice at 72 h after LPS. Plots show the colored gradient expression of CD11c, SiglecF,
CD11b, and CX3CR1 in different clusters. AM (CD45+CD64+Gr1−CD11c+SiglecF+CD11bloCX3CR1−) clusters are highlighted by gating. (B) CyTOF data of lung
macrophages (CD45+CD64+Gr1− gated) is analyzed by the automated unsupervised hierarchical cell clustering algorithm CITRUS. The representation of
CITRUS-tree with colored gradient expression of SiglecF and CD11b. The cluster nodes belonging to AM (CD45+CD64+Gr1−CD11c+ CD11bloSiglecF+) are marked
with a gate. (C) Colored gradient expression of MERTK is represented in CITRUS-tree and higher expressing cluster nodes are highlighted with a red circle.
(D) The violin plot shows the relative abundances of MERTKhi cluster in näıve and trained mice at 72 h after LPS. (E) The tSNE plot shows the colored gradient
expression and percentage of MERTKhi cluster (2) within pre-gated AM (CD45+CD64+Gr1−CD11bloSiglecF+) in above-mentioned condition (left panel). In the
right panel, the histogram overlay shows the mean expression of MERTK within cluster 1 and cluster 2 in trained AMs. (F–H) In the left panel, CITRUS-tree
shows colored gradient expression of Marco, CD163, and F4/80; MERTKhi clusters node is highlighted with red circles. In the right panel, representative viSNE
plot shows the colored gradient expression of the above within pre-gated AM (CD45+CD64+Gr1−CD11bloSiglecF+) in trained mice at 72 h after LPS challenge.
The histogram overlay shows the mean expression of Marco, CD163, and F4/80 within cluster 1 and cluster 2 (MERTKhi) of pre-gated AM
(CD45+CD64+Gr1−CD11bloSiglecF+) in above mentioned condition. (I) The histogram overlay shows the mean expression of active caspase-3 within cluster
2 (MERTKhi) of pre-gated AM (CD45+CD64+Gr1−CD11bloSiglecF+) in näıve and trained mice at 72 h after LPS challenge. For all CyTOF data, representative tSNE
plots are analyzed with cells from n = 3 mice per group obtained from three independent experiments with a total n = 9 samples. Statistical analysis was
performed using CITRUS.
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Figure 6. TF KLF4 is upregulated during training and promotes MERTKhi AM expansion. (A) The volcano plot shows the DARs from ATAC-seq analysis.
X axis indicates the log2 fold change. Y axis is a log10-transformed adjusted P value using DESeq2 analysis. Red indicated significant with FDR <0.05. (B) The bar
plot shows the distribution of the genomic location of DARs. DARs genomic annotation were grouped into promoter, intron, exon, distal intergenic, 59 UTR and
-39 UTR, and downstream ≤300 bp. Red indicates log2 fold change is larger in the näıve group, and blue indicates log2 fold change is larger in the basal group.
(C) GO enrichment analysis of the genes with promoter more open in the trained group is represented. Fisher’s exact test was applied with a FDR <0.05. X axis
is the gene number; y axis is the corresponding GO term. The color shades represent the adjusted P value from the enrichment analysis. (D) The TF motif
enrichment was analyzed by Homer. The top 10 TF motifs were enriched from the more open promoter DARs from the trained group using Homer. FDR <0.05
were applied. Each row is a TFmotif, with sequence logo details. (E) The TFmotif enrichment was performed using MEME. The top six TFmotifs were enriched
from the more open promoter DARs from the trained group using MEME. Each row is a TF motif, with sequence logo details. Data were collected from two
independent experiments with two mice in each experiment with a total n = 4. (F) The bar diagram shows the KLF4- and NF-κB–binding motif enrichment in
the differentially expressed genes between trained AMs and näıve AMs (left panel). In the right panel, bar diagrams represent the KLF4-binding motif en-
richment in the upregulated genes associated with host defense, phagocytosis, and inflammatory injury resolution, respectively. Data were collected from
three independent experiments, and cells were combined from two mice per group with n = 6 samples. (G) Relative mRNA expression of KLF4 in flow-sorted
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Interestingly, both methods showed that the TF KLF4 ranked
among the top 10 TFs in terms of TF-binding site enrichment in
the differentially open promoter regions (Fig. 6, D and E).

In silico analysis of our transcriptomic data (RNA-seq) data
comparing naı̈ve AMs and trained AMs concordantly showed
that the promoters of the differentially expressed genes were
enriched for the binding motifs of the TFs KLF4 and NF-κB
(Fig. 6 F, left panel). The promoters of upregulated genes asso-
ciated with injury resolution were enriched for KLF4 binding
motifs (Fig. 6 F, right panel), suggesting that the proresolving
phenotype of trained AMs was likely driven by KLF4-mediated
transcription. Trained AMs also expressed higher KLF4 mRNA
than naı̈ve AMs (Fig. 6 G). Next, we compared the chromatin
accessibility of the KLF4 promoter (+100 to −600 bp) between
trained and naı̈ve AMs by using ATAC-qPCR (quantitative PCR)
with our designed primer sets. The results showed that the
chromatin accessibility was significantly higher in trained AM
as compared with naı̈ve AM 72 h after LPS challenge (Fig. 6 H,
left panel). However, naı̈ve AMs showed no chromatin accessi-
bility by ATAC-qPCR despite some degree of mRNA expression
at that time point (Fig. 6 G). Therefore, we matched the pre-
dicted ATAC-qPCR amplicon with the KLF4 promoter regions as
assessed by ATAC-seq, which provides a more comprehensive
assessment of chromatin accessibility (Fig. S4 D). We found that
the ATAC-qPCR amplicon for the KLF4 promoter stretched into a
region with a portion of closed chromatin (“valley”), which
likely resulted in the impaired amplification and thus under-
estimated the extent of chromatin accessibility of the KLF4
promoter. We also assessed the DNA methylation of the KLF4
promoter, and results showed that DNA methylation is signifi-
cantly higher in naı̈ve AMs as compared with trained AMs
(Fig. 6 H, right panel). Next, we evaluated the protein expression
of KLF4 by confocal microscopy of isolated trained and naı̈ve
AMs. We observed intracellular localization of KLF4 and greater
nuclear localization of KLF4 in trained AMs (Fig. 6 I) indicating
increased KLF4 transcriptional activity in trained AMs. Com-
putational analysis of the MERTK promoter predicted five pu-
tative KLF4-binding sites at −592, −352, −250, and −188 bp
upstream of the transcription start site (TSS; Fig. 6 J, upper
panel), which are evolutionarily conserved (Fig. S4, E–H). We
assessed the active binding of KLF4 to the MERTK promoter
using four sets of overlapping primers from −661 to −124 bp
region of theMERTK promoter (Fig. 6 J, lower panel). Chromatin
immunoprecipitation (ChIP) assay showed positive ChIP signals

for all KLF4-binding sites in AMs; however, the relative binding
of KLF4 was significantly greater in trained AMs as compared
with naı̈ve AMs at −250 and −352 bp sites (Fig. 6 K), indicative of
increased KLF4-mediated transcription of the efferocytosis
regulator MERTK in trained AMs.

KLF4 promotes MERTKhi AM-mediated injury resolution in
trained mice
To define the mechanistic and causal involvement of KLF4 in
AM training, we generated myeloid-specific constitutive KLF4
deletion mice; LyzM-Cre+/−KLF4fl/fl (KOLyzM-Cre; Fig. S5 A).
Deletion of KLF4 in isolated AMs from KOLyzM-Cre mice was
confirmed by qPCR (Fig. S5 B). The KOLyzM-Cre mice and the
littermate control (WT) were trained with LPS at 7-d intervals
and analyzed 72 h after second-LPS challenge (Fig. S5 C). First,
we assessed the absolute numbers of AMs in KLF4- KOLyzM-Cre

and WT mice at basal conditions in naı̈ve and 7-d trained mice
(C and 7 d, respectively). The results showed that there was no
significant change in the AM number during baseline in KLF4-
KOLyzM-Cre vs. WT mice (Fig. 7 A, left panel). Next, we ana-
lyzed the AM number 72 h after LPS challenge in both
untrained and trained conditions. Results showed that in
trained mice, the number of AMs was significantly lower in
KLF4- KOLyzM-Cre mice as compared with the WT (Fig. 7 A,
middle right panel), whereas in untrained after injury con-
ditions, there was no significant change (Fig. 7 A, right panel),
which suggested that myeloid KLF4 was required for the
training-induced increase in AM numbers. Even though
LyzM-Cre–mediated deletion is very effective, it also results
in the deletion of targeted genes in neutrophils. We therefore
developed a more specific genetic deletion model to study
macrophage-specific KLF4 deletion in mice using a Csf1R-Cre-
ERT2. After breeding of Csf1R-CreERT2+/−KLF4fl/fl (KOCsf1R-CreERT2)
mice, tamoxifen was used to induce KLF4 deletion specifically
in macrophages (Fig. S5 D), and the deletion of KLF4 in isolated
AMs was confirmed by qPCR (Fig. S5 E). These mice were
trained similarly (Fig. S5 F) and we used flow cytometry to
compare the AM number in KOCsf1R-CreERT2 vs. WT at basal
conditions (C and 7 d). Results showed that there was no sig-
nificant difference in AM numbers between KOCsf1R-CreERT2 and
WT mice at baseline conditions (Fig. 7 B, left panel). Further
analysis confirmed that at 72 h after injury, the absolute number
of AMs in KOCsf1R-CreERT2 mice was significantly lower as com-
pared with littermate control (WT) in trained mice (Fig. 7 B,

näıve and trained AMs at baseline and 72 h after LPS challenge was represented. PPIA was used as the internal control. Data were collected from three
independent experiments (n = 4–5) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (H) The graph shows the percent FE of
chromatin accessibility of KLF4 promoter (−600 bp) in näıve and trained AMs isolated 72 h after LPS challenge, detected by ATAC-qPCR by designed primer (left
panel). The DNA methylation of the KLF4 promoter was analyzed by methylation-specific PCRethylation-specific PCR)-qPCR in the above-mentioned condition
and shown graphically (right panel). Data were collected from six independent experiments, and cells were combined from two mice per group with n = 6–8
samples and analyzed by unpaired t test. (I) KLF4 colocalization with DAPI in näıve and trained AMs, isolated from 72 h post-LPS challenge lung (left panel),
was measured by confocal microscopy. Scale bar, 10 µm. Pearson’s r was quantified by ImageJ and represented graphically (right panel). Data were collected
from three independent experiments (n = 4) and were analyzed by unpaired t test. (J) The upper panel shows putative binding sites of KLF4 on MERTK
promoter (−1,000 to +100 bp relative to TSS), and the bottom panel shows the primer sets used for ChIP-qPCR. (K) FE of KLF4 binding onMERTK promoter in
isolated 72-h post-LPS näıve and trained AMs was analyzed by ChIP-qPCR. Data were collected from five independent experiments (n = 3–5) and were
analyzed by ANOVA with Bonferroni’s multiple comparisons test. Graphs show mean ± SD with each dot representing individual mouse data. *P < 0.05, **P <
0.01, ****P < 0.0001.
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Figure 7. KLF4 is required for MERTKhi AM expansion in trained mice. (A) The left panel shows the absolute AM number at the basal condition in näıve (C)
and trained (7 d) KOlyzM-cre mice and WT littermate control mice. In the middle panel, the representative flow cytometry plots show the percentage of AMs
(CD45+CD64+CD11b−/loSiglecF+) within CD45+CD64+ (lung macrophages) pre-gated population in LPS (7 d)-trainedWT littermate control and KOlyzM-cre at 72 h
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middle right panel), whereas it remained unchanged in un-
trained mice (Fig. 7 B, right panel).

Next, we compared the neutrophil percentages in both
KOLyzM-Cre and KOCsf1R-CreERT2 vs. WT mice at naı̈ve (C) and
trained (7 d) basal conditions and found no significant differ-
ences (Fig. 7, C and D, left panels). However, we observed that
at 72 h after LPS challenge, the percentage of neutrophils in
lungs in trained KLF4 deletion mice was significantly higher
than WT (Fig. 7, C and D. right panel), suggesting that deletion
of KLF4 in macrophages prevents the training-induced aug-
mentation of injury resolution. Importantly, in the absence of
training, KOLyzM-Cre or KOCsf1R-Cre mice were similar to WT
mice (Fig. 7, C and D, right panel), which suggested that the
KLF4 role was specific to the training. Importantly, the in-
flammatory cytokine (i.e., TNFα, IL1β) expression in the lung
was significantly higher in KOCsf1R-Cre trained mice when
compared to trained WT, again supporting a key role for KLF4
in macrophages promoting injury resolution (Fig. 7 E).

Next, we evaluated the MERTKhi AM population in KLF4-KO
untrained and trained mice 72 h after LPS challenge. We ob-
served that in both the KOLyzM-Cre and KOCsf1R-CreERT2 trained
mice, the percentage and the absolute number of MERTKhi AMs
was significantly lower (Fig. 7, F and G). However, KLF4 deletion
in untrained mice did not show any significant changes in
MERTKhi AM at 72 h after injury (Fig. 7, F and G). As we had
observed (Fig. 5) that MERTKhi AM also expressed a higher level

of the efferocytosis mediator Marco, we assessedMarco levels in
KOLyzM-Cre and KOCsf1R-CreERT2 mice and found that the reduction
in MERTK was mirrored by a reduction of Marco in KOLyzM-Cre

and KOCsf1R-CreERT2 trained mice but not in untrained mice
(Fig. 7 H), suggesting that KLF4 in AMs drives the gene ex-
pression of efferocytosis mediators induced by training.

We next evaluated the in vivo efferocytosis efficiency of
trained AMs following LPS challenge. We depleted KLF4 in AMs
by intratracheal (i.t.) liposome delivery of shRNA targeting KLF4
and encoding GFP for the purpose of assessing targeted delivery.
The liposomes were well dispersed in water, and their hydro-
dynamic diameter was ∼229 nm, with a PDI of 0.3, as measured
by dynamic light scattering (Fig. S5 G). Due to the electronegative
nature of siRNA, the zeta potential of shRNA-loaded liposomes
was reduced (42 mV at 25°C) compared with blank liposomes,
which had a zeta potential of 58 mV (Fig. S5 H). KLF4 shRNA-
loaded liposomes were injected i.t. into trained catchup (tdTo-
mato-labeled neutrophil) mice (which had been challenged with
LPS 7 d before). After liposomal delivery, mice were challenged
again with LPS and assessed at 72 h after a repeat LPS challenge
(Fig. 7 I, left panel). Flow cytometry analysis confirmed the
presence of KLF4-shRNA-liposomes within AMs by GFP ex-
pression as well as KLF4 knockdown in the AMs (Fig. 7 I, right
panel; and Fig. S5 I). To assess the specificity of liposome
KLF4-shRNA delivery, we compared the GFP expression of
KLF4-shRNA within the gated AM or gated neutrophil

after LPS challenge. The graph in the right panel represents the absolute AM number in above mentioned conditions. Data were collected from six independent
experiments (n = 3–6) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (B) The left panel shows the absolute AM number at the
basal condition in näıve (C) and trained (7 d) KOCsf1R-CreERT2 and WT littermate control mice. In the middle panel, the representative flow cytometry plots show
the percentage of AMs (CD45+CD64+CD11b−/loSiglecF+) within CD45+CD64+ (lung macrophages) pre-gated population, in LPS (7 d)-trained WT littermate
control (WT) and KOCsf1R-CreERT2 at 72 h after LPS challenge. The graph in the right panel represents the absolute AM number in the above-mentioned
conditions. Data were collected from six independent experiments (n = 4–5) and were analyzed by ANOVAwith Bonferroni’s multiple comparisons test. (C) The
graph shows the percentages of neutrophils in KOlyzM-Cre and WT littermate control mice at basal conditions (C and 7 d; left panel) and at 72-h post-LPS
challenge conditions. Data were collected from six independent experiments (n = 3–7) and were analyzed by ANOVA with Bonferroni’s multiple comparisons
test. (D) The percentages of neutrophils in KOCsf1R-CreERT2 andWT littermate control mice at basal conditions (C and 7 d; left panel) and 72 h after LPS challenge
were represented (right panel). Data were collected from six independent experiments (n = 3–5) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (E) The relative mRNA expression of TNFα and IL1β in total lung tissue isolated from untrained and trained WT littermate control and KOCsf1R-CreERT2

mice 72 h after LPS challenge. Data were collected from six independent experiments (n = 3) and were analyzed by ANOVA with Bonferroni’s multiple
comparisons test. (F) The histogram overlay shows the MERTK expression and percent positivity within pre-gated AM (CD45+CD64+CD11b−/loSiglecF+) in
trained littermate control (WT) and KOlyzM-Cre at 72 h after LPS challenge (left panel). The graph in the right panel shows the absolute number of MERTKhi

AM in untrained and trained KOlyzM-Cre and WT mice at 72 h after LPS challenge. Data were collected from six independent experiments (n = 3–6) and were
analyzed by ANOVA with Bonferroni’s multiple comparisons test. (G) The histogram overlay shows the MERTK expression and percent positivity within pre-
gated-AM (CD45+CD64+CD11b−/loSiglecF+) in trained littermate control (WT) and KOCsf1R-CreERT2 mice at 72 h after LPS challenge (left panel). The absolute
number of MERTKhi AM in untrained and trained KOCsf1R-CreERT2 and WT mice at 72 h after LPS challenge is shown in the right panel. Data were collected
from six independent experiments (n = 4) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (H) The relative Marco mRNA ex-
pression in isolated 72 h after LPS–challenged untrained (left panel) and LPS (7 d)-trained AM (right panel) in KOlyzM-Cre and KOCsf1R-CreERT2 mice and
respective littermate controls (WT) is represented. Data were collected from six independent experiments (n = 3–4) and were analyzed by ANOVA with
Bonferroni’s multiple comparisons test. (I) Schematic representation of KLF4-shRNA-liposome delivery experiment in trained mice (left panel). In the right
panel, representative histogram overlay shows the mean expression of GFP (KLF4-shRNA) in AM (CD45+CD64+CD11c+CD11blo/−SiglecF+) pre-gated cells in
untreated and KLF4-shRNA-liposome–injected trained mice. (J) Absolute numbers of MERTKhi AM within the whole lung of scrambled- and KLF4 shRNA-
liposome–injected trained mice were shown. Data were collected from three independent experiments (n = 4) and were analyzed by unpaired t test.
(K) Neutrophil percentage within all lung immune cells (CD45+ gated) was analyzed in the aforementioned condition. Data were collected from five in-
dependent experiments (n = 10) and were analyzed by unpaired t test. (L) Histogram overlay shows the mean expression of CD11b in pre-gated neutrophils
(CD45+Ly6G+) in the absence or presence of KLF4 shRNA-liposome (left panel) and mean fluorescence intensity (MFI) are statistically analyzed (right panel).
Data were collected from three independent experiments (n = 6) and were analyzed by unpaired t test. (M) In trained catchup mice, the percent uptake of
tdTomato-labeled neutrophil by AMs in the absence or presence of KLF4-shRNA-liposomes was analyzed by flow cytometry (left panel). Data were collected
from five independent experiments (n = 10) and were analyzed by unpaired t test. Flow cytometry analysis of annexin V positivity of neutrophil
(CD45+Ly6G+) in above-mentioned conditions is represented graphically (right panel). Data were collected from three independent experiments, (n = 3) and
were analyzed by unpaired t test. For all qPCR experiments, PPIA was used as the internal control. Graphs show mean ± SD, with each dot representing
individual mouse data. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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population. As shown in the histogram overlay (Fig. S5 J, left
panel), the neutrophil population (green) did not show any
noticeable GFP expression, whereas the AM population did
(red), which suggests negligible uptake of KLF4-shRNA by
neutrophils. We also found no significant reduction in KLF4
mRNA expression in isolated neutrophils (Fig. S5 J, right
panel).

Depletion of KLF4 markedly reduced the numbers of
MERTKhi AMs in trainedmice 72 h after LPS (Fig. 7 J). Consistent
with our earlier results, depletion of KLF4 in trained AMs re-
sulted in greater neutrophil accumulation in the lungs (Fig. 7 K),
which showed augmented expression of adhesion molecule
CD11b and indicated higher levels of proinflammatory neutro-
phil activation (Fig. 7 L). Furthermore, we observed that in vivo
efferocytosis of neutrophil debris was markedly reduced fol-
lowing KLF4 depletion in trained AMs (Fig. 7 M, left panel),
consistent with the increased number of apoptotic neutrophils
in lungs (Fig. 7 M, right panel). These results together show the
obligatory role of KLF4 in the reprogramming of pro-resolving
trained AMs.

Adoptive transfer of trained AMs prevents inflammatory
injury and promotes resolution in PA pneumonia
Next, we used the PA-induced pneumonia model of lung injury
because of its translational relevance and to delineate the ther-
apeutic potential of generating pro-resolving trained AMs. We
challenged mice with i.t. PA infection with the sublethal dose of
1 × 104 CFU PA intranasally and allowing for resolution of this
initial injury (14 d). Subsequently, prechallenged mice were
further infected with a lethal dose of 2 × 106 CFU PA (Fig. 8 A).
Corresponding to our previous endotoxin-training model, the
AM number was significantly higher in PA-trained mice 72 h
after insult (Fig. 8 B). Survival studies also showed that training
with sublethal PA insult significantly decreased mortality in
trained mice as compared with naı̈ve mice following counter
challenge with a lethal dose of PA (Fig. 8 C). When naı̈ve mice
were exposed to PA, the percentage of neutrophils increased to
over 40% of the lung immune cells, whereas trained mice
showed only minimal neutrophil accumulation after 72 h of
counter PA challenge (<10% of total lung immune cells; Fig. 8 D),
suggesting that—similar to LPS-induced training described
above—PA-induced trained AMs dampened the extent of in-
flammatory lung injury. We next addressed whether PA-
induced training also leads to the expansion of MERTKhi AMs.
The absolute number of MERTKhi was assessed by flow cytom-
etry and showed a significantly greater number in trained mice,
comparable with endotoxin-trained mice (Fig. 8 E). We also
checked the transcript level of MERTK and KLF4 and it showed
higher expression in trained AMs as compared with naı̈ve Ams
(Fig. 8 F).

Next, to determine whether promoting injury resolution was
intrinsic to the trained AMs or a function of the lung AM niche,
we performed adoptive cell transfer of trained AMs into naı̈ve
mice that were exposed to a lethal dose of PA (Fig. 8 G). One
group of mice received sublethal 1 × 104 CFU PA for the purpose
of AM training, and after 14 d of recovery, the trained AMs were
isolated from this group for adoptive transfer (Fig. 8 G). Next,

we challenged three groups of mice with a lethal dose of 1 × 106

CFU PA. Among them, the first group received an i.t. injection of
2 × 105 trained AMs after receiving the lethal PA dose (Fig. 8 G).
To compare the therapeutic efficacy of trained and naı̈ve AMs, in
the second group, 2 × 105 naı̈ve AMs were injected (i.t.), and the
third group received no AMs (Fig. 8 G). Lung histology showed
profound perivascular and peribronchial cellular accumulation
as well as perivascular edema in PA-infected mice. The severity
of lung injury was significantly reduced in the trained AM-
treated mice as observed by markedly reduced accumulation
of cells in perivascular or peri-bronchial regions whereas the
treatment with näıve AM showedmodest benefits (Fig. 8 H). We
next quantified the levels of TNFα and IL-10 in the BAL fluid.
The level of the anti-inflammatory cytokine IL-10 was not sig-
nificantly affected by the infection (Fig. 8 I). However, as ex-
pected, the levels of the proinflammatory cytokine TNFα were
significantly increased with infection (Fig. 8 J). Importantly,
treatment with trained AM reduced levels to those seen in ho-
meostasis, whereas treatment with naı̈ve AM did not signifi-
cantly impact TNFα levels (Fig. 8 J). Furthermore, neutrophil
accumulation was significantly increased at 24 h following the
lethal PA challenge, but this increase was markedly blunted in
mice receiving trained AMs as compared with the mice that
received naı̈ve AMs (Fig. 8 K). Together, all these results dem-
onstrate that trained immunity is an intrinsic property of lung
AMs and highlight the potential of adoptively transferring
trained AMs to promote the resolution of the injury.

Discussion
Trained innate immunity typically involves phenotype shifts in
innate immune cells such as monocytes, macrophages, or NK
cells without pathogen specificity (Min-Oo and Lanier, 2014;
Netea et al., 2016; Saeed et al., 2014; Seeley et al., 2018). Recent
studies have identified metabolic, epigenetic, and transcrip-
tional mediators of trained immunity (Cheng et al., 2014; Ishii
et al., 2009; Khan et al., 2020; Netea et al., 2016; Saeed et al.,
2014) and shown that trained immunity is characterized by
augmented immune responses with enhanced bacterial killing
capacity (Quintin et al., 2012; Saeed et al., 2014). There are also
reports which suggest that sequential pathogen exposures sup-
pressed immune responses and lead to tolerogenic immune re-
sponses (Ishii et al., 2009; Seeley et al., 2018). However, the
influence of trained immunity in the regulation of proresolving
features and functions of AMs remains unknown.

Our current study focused on investigating features of
trained immunity in lung macrophages. Using transcriptomic
analysis and high dimensional mass cytometry, we observed
that repeated exposure to bacterial endotoxin augmented the
resilience and survival of AMs after pathogen challenge and
increased their efferocytosis capacity mediated by the TF KLF4.
The increased capacity for clearance of inflammatory cell debris
by efferocytosis allowed trained AMs phenotype shifts that accel-
erated the resolution of inflammation. In a translationally relevant
model of repeated PA pneumonia, we also observed that adoptive
transfer of AMs, which had previously been exposed in vivo to the
same bacteria, accelerated the resolution of lung injury and reduced
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Figure 8. Adoptive transfer of trained AMs confers protection in recipient mice with PA-induced pneumonia. (A) Schematic showing training in PA-
induced pneumonia model. One group of mice received a sublethal dose of PA (1 × 104 CFU) intranasally to induce pneumonia. After 14 d, along with a näıve
group of mice, PA-challenged mice were again challenged with a lethal dose of PA (2 × 106 CFU) and after 72 h, all mice were sacrificed for further analysis.
(B) In the left panel, representative flow cytometry plots show the näıve and trained AM population (CD45+CD64+CD11b−/loSiglecF+) in the 72 h post-acute PA
insult (72 h and 14 d + 72 h). In the right panel, AM absolute numbers were quantified. Data were collected from three independent experiments, (n = 3–7) and
were analyzed by unpaired t test. (C) The survival curve shows the percent survival of näıve and trained mice after counter PA (2 × 106 CFU) challenge. Data
were collected from three independent experiments (n = 21) and were analyzed by Kaplan–Meier survival analysis. (D) Graph shows the percentage of
neutrophils (CD45+Ly6G+) within total lung immune cells (CD45+ pre-gated) in näıve and trained mice at 72 h after the second PA insult. Data were collected
from three independent experiments (n = 3–7) and were analyzed by unpaired t test. (E) The histogram overlay shows the MERTK positivity within pre-gated
AM in näıve and PA-trained mice (left panel). In the right panel, the absolute number of MERTKhi AM is shown. Data were collected from three independent
experiments (n = 3–7) and were analyzed by unpaired t test. (F) The relative mRNA expression ofMERTK and KLF4 in isolated AMs from näıve and trained mice
following a PA challenge. Data were collected from three independent experiments (n = 3) and were analyzed by ANOVA with Bonferroni’s multiple com-
parisons test. (G) Schematic showing the adoptive transfer of näıve and trained AMs. Trained AMs were collected from PA (1 × 104 CFU) pre-challenged mice,
and näıve AMs were collected from näıve mice. Three groups of näıve mice were inoculated with PA (1 × 106 CFU). After 4 h, either 2 × 105 trained AMs or 2 ×
105 näıve AMs were injected i.t., whereas a third group of mice received no cell therapy (PA). Then, after 24 h, all mice were sacrificed for further analysis.
(H) H&E staining of lung sections show the lung histology of PA-infected untreated mice, näıve AM treated, and trained AM treated mice which were exposed
to lethal PA. Scale bar, 100 µm. The box section has been enlarged to show the highlighted region in the bottom panel. Arrowhead shows the perivascular
accumulation of leukocytes and perivascular edema. (I and J) The level of IL-10 and TNFα was measured from BAL fluid by ELISA in the aforementioned group
of mice. Data were collected from three independent experiments (n = 4–5) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test.
(K) Flow cytometry quantification of the percentage of neutrophil (CD45+Ly6G+) within all lung immune cells was compared between PA-infected untreated
(PA), näıve AM-treated (+näıve AM) and trained AM-treated (+trained AM) mice. Data were collected from three independent experiments (n = 4–10) and were
analyzed by ANOVA with Bonferroni’s multiple comparisons test. Graphs show mean ± SD, with each dot representing an individual mouse data point. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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mortality in recipient mice encountering de novo PA challenge.
Taken together, our results show that in the epigenetically re-
programmed trained AM, KLF4 plays a critical role in triggering
efferocytosis to accelerate injury resolution, and this feature of
trained immunity is intrinsic to the tissue-resident AMs.

Exposure to pathogenic toxins such as the bacterial endo-
toxin LPS can result in the rapid depletion of tissuemacrophages
including AMs (Dagvadorj et al., 2015; Evavold et al., 2021). De-
pleted lung macrophage pools are replenished via proliferation of
surviving tissue macrophages and influx of circulating CX3CR1+ or
CCR2+ bone marrow–derived monocytes which differentiate into
lung macrophages (Aegerter et al., 2020; Aran et al., 2019;
Misharin et al., 2017). In our present study, we observed that in
trained mice, the numbers of AMs were higher after exposure to a
subsequent endotoxin or live PA challenge than AM numbers of
mice without the preceding exposure, thus suggesting that in-
creased AM numbers are one of the hallmarks of the training.

To precisely address whether bone marrow–derived circu-
latingmonocytes contributed to the higher AMnumber, we used
genetic lineage tracing with CX3CR1+ reporter mice, a genetic
model of impaired monocyte infiltration (CCR2−/− mice), and
clodronate mediated blood monocyte depletion experiments. All
three approaches consistently demonstrated that the increased
AM number during the training condition was not due to the
increased recruitment of circulatingmonocytes. In an acute lung
injury model, an increased level of IL4 causes AMs proliferation
and lung remodeling (Vaz de Paula et al., 2020). However, post-
injury proliferation of AMs was similar in naı̈ve and trained
mice. Instead, we found that the increased AM number follow-
ing the repeat in vivo pathogen challenges was due to reduced
apoptosis, and thus, our study highlights the potential reduction
of apoptosis as another important feature of trained immunity.

A recent study has shown that the mice recovered from in-
fluenza infection are better protected from following Strepto-
coccus pneumoniae infection, which is associated with a high
IL-6–producing monocyte-derived AMs with enhanced bacterial
killing capacity (Aegerter et al., 2020). Another study also re-
ported a SiglecFlowMHCIIhigh AM population in S. pneumoniae
challenged mice, which was phenotypically different from resi-
dent AM and metabolically reprogrammed to control bacterial
growth during the counter challenge (Guillon et al., 2020). Our
studies here complement this prior work by using high-
dimensional mass cytometry analysis to identify the MERTKhi

AM subpopulation that expands in trainedmice upon receiving a
second challenge. MERTKhi AM are characterized by a specific
combination of markers (MarcohiCD163+F4/80low). Our mass
cytometry analysis also complements recent studies that have
used single-cell RNA-seq analysis to address macrophage het-
erogeneity in the brain and lung microenvironments (Ochocka
et al., 2021; Schyns et al., 2019). Previous single-cell RNA-seq
analysis has identified two distinct subpopulations of lung IMs
(Chakarov et al., 2019; Schyns et al., 2019). The identification of
the MERTKhi AM population in the present study underscores
the value of using mass cytometry to identify different macro-
phage subsets in trained immunity as a complement to tran-
scriptomic analysis because expression differences for some
genes are more readily observed at the protein level.

Several studies have investigated how trained immunity in
AMs improves bacterial killing (Aegerter et al., 2020; Guillon
et al., 2020), which could possibly involve the upregulation of
several phagocytosis receptors (Fossati et al., 2002; Mentrup
et al., 2022; Zhang et al., 2019a). Efferocytosis, the clearance of
cell debris, is essential for the resolution of inflammation be-
cause inefficient clearance of dead cells and debris amplifies
inflammatory signaling (Cai et al., 2017; Elliott et al., 2017; Zhang
et al., 2019b). Several receptors are reported to be associated
with the efferocytosis processes, and among them, TAM re-
ceptors, i.e., TYRO3, AXL, and MERTK are known to play critical
roles in the maintenance of homeostasis and promote reparative
response in macrophages (Akalu et al., 2022; Chang et al., 2018).
Among the three TAM receptors, MERTK is a critical component
in the signaling cascade of efferocytosis which recognizes
apoptotic cells via the evolutionary conserved “eat me” signal
phosphatidylserine. It has been shown that disruption of
MERTK activity severely compromised injury resolution in
atherosclerosis (Cai et al., 2018; Cai et al., 2017). Our study
complements these findings by emphasizing how trained im-
munity causes the expansion of MERTKhi AMs which triggers
injury resolution in pathogen-prechallenged mice by augmented
uptake of neutrophilic debris in the injured lung microenvi-
ronment. Moreover, our data showing the upregulation of the
scavenger receptor OLR1 in trained AM complements the recent
finding that increased levels of oxidized low-density lipo-
protein and C-reactive protein) exacerbated lung injury
(Korkmaz et al., 2022) because trained AMs with high scav-
enger receptor expression could prevent injury-propagating
high oxidized low-density lipoprotein concentrations. How-
ever, the expression of other efferocytosis receptors like CD36,
which detects damage-associated molecular patterns and also
acts as a fatty acid transporter (Chen et al., 2022), or SIPRα,
which is involved in senescent cells clearance (Rothlin and
Ghosh, 2023), was not increased in trained AMs, suggesting
that primarily the efferocytosis programs in AMs are upregu-
lated by training.

The proficiency of efferocytosis in trained AMsmay be due to
metabolic-epigenetic reprogramming. It has been reported that
IL-4, which is upregulated in acute lung injury or acute respi-
ratory distress syndrome (Vaz de Paula et al., 2020), along with
apoptotic cells induces the tissue repair program of macro-
phages (Bosurgi et al., 2017). Efferocytosis at injured tissue loads
the macrophages with metabolites, which leads to metabolic
reprogramming via regulation of fatty acid oxidation (Zhang
et al., 2019b) as well as solute carrier–mediated aerobic glycol-
ysis that releases lactate (Morioka et al., 2018) and causes an
escalation of different anti-inflammatory signatures, i.e., IL-10,
VEGFα, and TGFβ (Morioka et al., 2018; Zhang et al., 2019b). Our
transcriptomic analysis complements these reports by demon-
strating that trained AMs which show enhanced efferocytosis
efficiency, show upregulated genes associated with lipid metabo-
lism (Korkmaz et al., 2022) and anti-inflammatory genes like IL-10
and VEGFα, as well as genes associated with injury resolution.
Moreover, our data suggested that trained AMs shows the upre-
gulation of gene associated with arginine metabolism, which is
reported to be essential for prolonged efferocytosis (Yurdagul
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et al., 2020). Thus, the present study demonstrates that prefer-
ential release of anti-inflammatory cytokines and increased ef-
ferocytosis after injury are hallmarks of trained immunity that
facilitate injury resolution.

We also addressed the transcriptional reprogramming un-
derlying trained AM-induced accelerated efferocytosis and in-
jury resolution. A previous study showed that the TF ATF7
reduced the expression of inflammatory chemokines in peri-
toneal macrophages and bone marrow–derived macrophages
(Yoshida et al., 2015). On the other hand, C/EBPβ reports me-
diating memory reprogramming in hematopoietic stem cells
exposed to LPS, which enhances bacterial killing capacity (de
Laval et al., 2020). Our unbiased epigenetic analysis of chro-
matin accessibility showed that trained AMs are programmed
to upregulate genes involved in phagocytosis, exocytosis, lipid
metabolism, and that KLF4 targets are among the most differ-
entially open chromatin regions in AMs following training.
KLF4 is known to regulate tissue homeostasis and repair in the
endothelial cells by promoting vascular integrity (Cowan et al.,
2010) and regulating smooth muscle cell phenotype transition
in atherosclerosis (Lou et al., 2020; Shankman et al., 2015). In
macrophages, KLF4 regulates lipid metabolism andmacrophage
M2-like polarization (Liao et al., 2011) as well as TLR9 ex-
pression in peritoneal macrophages (Roberts et al., 2017). Our
findings show that upregulated KLF4 transcriptionally induces
the efferocytosis mediator MERTK in trained AMs and is essential
for the enhanced efferocytosis proficiency of trained AMs fol-
lowing counter pathogen challenge, which helps to restore tissue
homeostasis. Moreover, KLF4 is known to negatively regulate p53
transcription and thus inhibit apoptosis (Rowland et al., 2005)
which explains the possible molecular mechanism associated with
death resilience of trained AMs as in KLF4 knockoutmice. In these
mice, we observed a lower number of trained AMs following the
counter-pathogen challenge. We observed only a modest increase
in KLF4 expression, but TFs such as KLF4 are also regulated at a
posttranslational level (Dhaliwal et al., 2019), and training may
concomitantly affect KLF4 activity via additional regulatory
mechanisms and its nuclear localization (Dhaliwal et al., 2018).
Therefore, future studies addressing the importance of post-
translational regulation of KLF4 function in the trained immunity
of tissue-resident macrophages may prove to be useful.

Prior studies suggest a critical role for the tissue niche in the
programming of tissue-specific macrophages such as secretion
of GM-CSF and TGFβ by type II alveolar epithelial cells which
maintain AM identity via regulating PPARγ expression
(Schneider et al., 2014; Yu et al., 2017). Similarly, endothelial
and stellate cells instruct the differentiation of monocytes
into liver macrophages (Kupffer cells) via BMP/TGFβ signaling
(Bonnardel et al., 2019). This raises the intriguing question of
whether the trained immunity of AMs is a function of niche
memory or whether the memory is intrinsic to the AMs
themselves. In our study, we observed that adoptive transfer of
trained AMs, isolated from PA challenged mice, limited in-
flammatory lung injury of naı̈ve recipient mice infected with
PA. Thus, the pro-resolution AM phenotype induced by train-
ing appears to be intrinsic to the AMs. This finding does not
rule out the possibility that niche cues from epithelial, stromal,

or endothelial cells may also contribute to the reprogram-
ming of trained AMs, but it does suggest that once AMs are
reprogrammed, their pro-resolving function does not re-
quire continued niche input.

Cell therapies are emerging as an important therapeutic ap-
proach to limit inflammatory tissue injury in settings of deleterious
inflammation such as autoimmune disease or transplantation
(Wang et al., 2020). Transfer of autologous tolerogenic DCs can
ameliorate type I diabetes and mitigate inflammation following
kidney transplantation by downregulation of the required co-
stimulatory signals to autoreactive lymphocytes (Bouchet-
Delbos et al., 2021; Giannoukakis et al., 2011). Initial clinical
studies suggest that allogeneic mesenchymal stromal cell
transfer in drug-resistant systemic lupus erythematosus pa-
tients has the potential to reduce disease progression and im-
prove survival (Wang et al., 2018). The profound efficacy of
adoptively transferred trained AMs in the present study in
reducing lung injury highlights the potential of developing AM-
based cell therapies in which trained AMs are delivered during
a severe lung infection as a means of reducing inflammation-
induced lung injury.

In summary, our study identifies a lung-resident tissue
macrophage population that expands with trained immunity
and shows augmented efferocytosis induced by the TF KLF4.
There are emerging studies that have identified potential cross-
talk between the training of adaptive and innate immune cells.
For example, a non-canonical pathway in T cells can modulate
the trained immunity of macrophages after viral infections via
the production of IFN-γ (Yao et al., 2018). Our focus was on the
pro-resolving phenotype of trained AMs, but we cannot rule out
additional co-regulation of this AM phenotype by adaptive im-
mune cells. Future studies using distinct pathogens—viral and
bacterial—could focus on characterizing potential cross-talk
between adaptive immune cells and AMs. Furthermore, even
though we established a key role for KLF4 as a regulator of en-
hanced efferocytosis in trained AMs to promote injury resolu-
tion, there may be additional TFs involved in establishing the
pro-resolving trained AM phenotype which comprises death
resilience or enhanced bacterial killing capacity (Aegerter et al.,
2020; Guillon et al., 2020). According to our unbiased epigenetic
analysis, trained AMs show increased chromatin accessibility
for other TFs, and these could be the starting point for additional
TF analyses to understand the genetic programs underlying AM
training. In our present study, these pro-resolving and anti-
inflammatory functions of trained AMs underscore their ther-
apeutic potential in lung diseases with severe tissue injury and
inflammation such as acute respiratory distress syndrome and
autoimmune diseases.

Materials and methods
Mice
C57BL/6J, CX3CR1CreERT2 (Jax cat. no. 021160), B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J (tdTomatofl/fl; Jax cat. no 007909),
LyzMCre;B6.129P2-Lyz2tm1(cre)Ifo/J (Jax cat. no. 004781), Csf1RCreERT2;
B6J.FVB-Tg (Csf1r-icre)1Jwp/BacJ (Jax cat. no. 034470), and
B6.129S4-Ccr2tm1Ifc/J mice were originally purchased from Jackson
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Laboratory, and KLF4fl/fl; B6.129S6-Klf4tm1Khk/Mmmh (Mutant
Mouse Resource and Research Centers [MMRRC] cat. no. 29877)
mice were originally purchased from MMRRC. tdTomatofl/fl

mice were crossed with CX3CR1CreERT2 (tamoxifen-inducible
CX3CR1 monocyte-specific Cre recombinase) mice to generate in-
ducible CX3CR1CreERT2+; tdTomatofl/fl mice, lineage tracing mice.
KLF4fl/fl mice were crossed with LyzMCre and Csf1RCreERT2

(tamoxifen-inducible Csf1R Cre recombinase) mice to generate
myeloid specific: LyzMCre+/−;KLF4fl/fl (KOLyzM-Cre) and monocyte-
macrophage specific: Csf1RCreERT2+/−;KLF4fl/fl (KOCsf1R-Cre) KLF4
knockout mice. Genotyping of mice strains was performed by
regular PCR using the recommended primers on the Jackson
Laboratory (https://www.jax.org) and theMMRRC (https://www.
mmrrc.org) website. CX3CR1CreERT2 mice were administered ta-
moxifen (75 mg/kg body weight) via intraperitoneal injection
every other day throughout the treatment for Cre induction (Aran
et al., 2019). Csf1RCreERT2+/−;KLF4fl/fl (KOCsf1R-Cre) mice were ad-
ministered tamoxifen (75 mg/kg body weight) via intraperitoneal
injection for consecutives 5 d for Cre induction. Catchup mice
(Ly6gtm2621(cre)Arte; Hasenberg et al., 2015) were used for genetically
labeling neutrophils in efferocytosis assays. Mice aged 6–8 wk were
used for all experiments. All mice were housed in a temperature-
controlled specific pathogen–free facility with a standard diet and
water under 12-h light–dark cycles at the Animal Care Facility of the
University of Illinois at Chicago. All animal experiments were con-
ducted under National Institutes of Health guidelines for the Care
and Use of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committee of the University of Illinois.

Bacterial culture
GFP-tagged PA (PA-GFP-PA01 strain) and E. coli–GFP (#25922GFP;
ATCC) were grown in LB broth in the presence of ampicillin
(100 μg/ml) under constant shaking at 37°C overnight. For
in vitro phagocytosis experiments, E. coli–GFP bacteria in the
log growing phase (OD 0.4) were centrifuged (4,000 rpm,
10 min) and resuspended in DMEM without penicillin/strep-
tomycin. For in vivo experiments, PA-GFP was titrated by
serial dilution to calculate CFUs.

Animal treatment
Trained responses were induced using either the bacterial
endotoxin LPS or PA. 7 ml (concentration, 1 mg/ml) of LPS
(E. coli O55:B5) was nebulized and given i.t. to mice. After
7 or 28 d (as indicated), mice were challenged with the same
dose of LPS. For PA experiments, mice were challenged with
1 × 104 CFU of PA intranasally. After 12–14 d, mice were again
challenged with 1–2 × 106 CFU of PA.

Lung edema
Left lobes of lungs from mice were excised at defined time
points following LPS-induced injury, weighed, and dried at
55°C for 24 h, and the lung wet-to-dry ratio was calculated as a
measure of lung edema.

Mouse lung single-cell suspensions
Mice were anesthetized with ketamine/xylazine and killed by
cervical dislocation. Lungswere perfusedwith 10ml of PBS via the

right ventricle. The lungs were excised and minced with scissors,
followed by enzymatic digestion with 1 mg/ml collagenase A
(Millipore-Sigma) in a shaking water bath (37 °C) for 45–60 min.
The digested lung pieces were forced through a 17-gauge needle
and filtered by a 40-μm nylon mesh to obtain a single-cell sus-
pension. The remaining red blood cells were lysed using RBC lysis
buffer. The acquired lung single-cell suspensions were used for
further applications, like flow cytometry, cell sorting, and CyTOF.

BAL
BAL was performed after deep anesthesia with ketamine/xyla-
zine, a brief cut in the mouse trachea was made, followed by
slow injection of 1 ml of cold PBS into the lung using an 18-gauge
blunt needle, aspirated back after 30 s, and repeated four times.
Isolated cells were collected by centrifugation and further pro-
cessed for flow cytometry or plated for ex vivo functional assays.

Flow cytometry
For flow cytometry, lung cells and BAL cells were resuspended
in FACS buffer (BD Bioscience) and incubated with Fc blocking
antibody (Trustain; BioLegend) for 10 min to prevent non-
specific binding. Cells were incubated with the following
fluorophore-labeled antibodies: anti-mouse CD45, CD64, Gr1,
CD11c, CD11b, SiglecF, CD80, CD86, MHCII, and MERTK (Bio-
Legend; Table S1). To analyze IL-10, TNFα cells were treated with
Golgi plug/Golgi stop (BD Bioscience) for 3 h. Then cells were
fixed and permeabilized using Cytofix/Cytoperm buffer (BD
Bioscience) according to the manufacturer’s protocol. Next,
treated cells were labeled with fluorophore-labeled antibodies:
anti-mouse IL-10 and TNFα (BioLegend; Table S1). To evaluate
the level of active caspase-3 in AMs, cells were surface-stained
with antibodies, then fixed and permeabilized using Cytofix/
Cytoperm buffer (BD Bioscience) according to the manu-
facturer’s instructions, followed by antibody staining with
anti-active caspase-3 antibody (BD Bioscience). To check KLF4
expression, cells were fixed and permeabilized with eBioscience
Transcription Factor Staining Buffer Set and labeled with anti-
KLF4 antibodies (Biorbyt; Table S1). According to the experi-
mental requirement panels for the lungs, macs were modified to
minimize spectral overlap between antibody-conjugated fluo-
rescent dyes. Samples were run on Gallios and CytoFLEX S Flow
Cytometer (Beckman), and data were analyzed by Kaluza
Analysis 2.1 (Beckman) and Flowjo software. For FACS, samples
were run onMoflo Astrios, and the cells were collected in DMEM
media until further processed.

Blood monocyte depletion
To deplete blood monocytes, 50 μl clodronate liposomes (En-
capsula Nanosciences) were i.v. injected through the retro-
orbital vein. After 48 h, monocytes were depleted by >90%, as
validated by flow cytometry.

BrdU assay of proliferation
Mice were injected i.p. with BrdU (#B5002; Sigma-Aldrich)
75 mg/kg 24 h before sacrifice. After sacrifice, the lungs were
flushed with PBS and the single-cell suspension was used for
flow cytometry and CyTOF. For flow cytometry, anti-Brdu
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antibody (BioLegend; Table S1) was used for staining according
to the manufacturers protocol.

Cytometry by CyTOF
We used the CyTOF for high-dimensional analysis of cell surface
markers, cytokines, and signaling molecules simultaneously at
the single-cell level. A panel of 37 metal-labeled antibodies
(CD45, CD16/32, CD64, CD11b, CD11c, CD206, CD80, CD86, MHC-
II (I-A/I-E), MHC-I, CX3CR1, F4/80, CD169, Ly6G, Ly6C, CD19,
CD4, CD8, NK1.1, Epcam, TNFα, IL-10, and active Caspase-3 were
purchased from FLUDIGM (Table S2). Primary antibodies for
SiglecF, MERTK, Tim4, Marco, CD24, Arginase-1 (Arg1), CCR2,
CD68, V-ATPase, Anti-NOX2, Lyve1, CD163, CD31, CD103, and
BrdU were purchased from BD Bioscience, R&D Biosystems,
BioLegend, and Thermo Fischer (Table S2), and labeled with
FLUDIGM metal labeling kit (Maxpar X8 metal Labeling Kit)
according to the manufacturer’s protocol. Cells were treated
with Golgistop/GolgiPlug (BD Bioscience) for 2–3 h at 37°C and
stained according to the FLUIDIGM recommended protocol.
Samples were run on the Helios CyTOF mass cytometer (FLU-
IDIGM) at the flow cytometry core of the Research Resources
Center of the University of Illinois at Chicago. Data from CyTOF
were analyzed using the Cytobank online analysis tool (https://
www.cytobank.org).

tSNE (t-distributed stochastic neighbor embedding) and
FlowSOM analysis
Manually gated singlet viable cells (Fig. S1 C) from naı̈ve and
trained mice were subjected to dimensionality reduction algo-
rithms viSNE/tSNE (Amir el et al., 2013) analysis (https://
www.cytobank.org) using 17 parameters (Ly6G, CD31, CD4,
CD8, CCR2, CD19, Ly6c, CD64, CD16/32, CD11b, SiglecF, F4/80,
CX3CR1, NK1.1, Epcam, CD103, CD11c). The automated analysis
was performed by the FlowSOM algorithm. Hierarchical
consensus clustering, with 15 metaclusters, 64 clusters, iter-
ations 10 has been used to generate the SOM (self-organizing
map) clusters. The heatmaps were generated using log2 ratio
of mean intensity by the lowest expressing protein in indi-
vidual clusters.

CITRUS analysis
We ran the CITRUS algorithm (Bruggner et al., 2014) using the
Cytobank platform (https://www.cytobank.org) to identify
clusters and biological signatures for our single cell datasets,
which contain six samples (n = 9) across two endpoints (naı̈ve
and trained). We manually gated singlet viable macrophages
(Fig. S5 D) from näıve and trained mice and used the chosen
population for CITRUS analysis. To configure the CITRUS clus-
tering algorithm, we chose 28 parameters including active
Caspase-3, MHCI, CCR2, CD68, Ly6c, CD64, Arginase-1, CD16/
32, CD11b, SiglecF, BrdU, IL-10, F4/80, NOX2, MERTK, TNFα,
V-ATPase, CX3CR1, Tim4, CD163, CD206, CD169, CD80, CD86,
MHCII, Marco, Lyve1, and CD11c. We set the number of
clustered cells as 5,000 events and specified the minimum
cluster size percent of interest to be 2%. Markers were
transformed before analysis. For the association model se-
lection, we applied the significance analysis of microarrays

(SAM)–Correlative association model. We set other param-
eters as follows: cross-validation folds equals 1, and FDR
threshold equals 1%.

RNA isolation and real-time qPCR
Total RNA from lung AMs was isolated using the RNeasy Plus kit
(#74034; Qaigen). After quantification by Nanodrop 1000
(Thermo Fisher Scientific), 500 ng of RNA were reverse-
transcribed into complementary DNA using a High-Capacity
cDNA Reverse Transcription Kit (#4368814; Thermo Fischer
Scientific) according to the manufacturer’s instructions. The
cDNA obtained was mixed with FastStart Universal SYBR Green
Master (Rox; #4913914001; Millipore Sigma) with specific qPCR
primers (Table S3) for qPCR on an ABI Prism 7000 system and
analyzed for relative quantification on the ViiA-7 and Quant
studio Real-Time PCR System (Thermo Fisher Scientific).

Bulk RNA-seq
Agilent Bio-analyzer was used to check RNA quality and
quantity. All samples showed RNA integrity number >8. RNA-
seq libraries were prepared using Illumina mRNA TruSeq kits
according to the protocol by Illumina. Library quality and
quantity were checked, and the pool of libraries was se-
quenced using an Illumina HiSeq4000 and Illumina reagents.
The data are available via Gene Expression Omnibus (GEO)
accession no. GSE231219 and its linked datasets.

RNA-seq analysis
Raw reads were aligned to reference genome mm10 using STAR
(Dobin et al., 2013). ENSEMBL genes were quantified using
Feature Counts (Liao et al., 2014). Differential expression sta-
tistics (fold-change and P value) were computed using edgeR
(McCarthy et al., 2012; Robinson et al., 2010) using the gener-
alized linear model (GLM) capability to correct for a batch effect
between groups of replicates. P values were adjusted for multiple
testing using the FDR correction of Benjamini and Hochberg.
Significant genes were determined based on an FDR threshold of
5% (0.05), and up- and downregulated genes from 7-d LPS treat-
ment were obtained based on either LPS treatment at 72 h or no
LPS at 72 h. GO biological process pathways were obtained from
MSigDB, and enrichment statistics for up- and downregulated
gene lists at 72 h LPS and no-72 h LPS were computed using
Fisher’s exact test. Genome-wide binding sites for KLF4 andNF-κB
for mm10 were downloaded from the Gene Transcription Regu-
lation Database (Yevshin et al., 2017) and were intersected with
gene promoters, defined as 2,000 bp upstream to 1,000 bp
downstream of the TSS. Intersections between differentially ex-
pressed genes and KLF4- or NF-κB–binding sites were obtained,
and enrichment statistics were computed using Fisher’s exact test.

ATAC-seq
ATAC-seq library preparation was performed on FACS-sorted
mouse AMs (200,000 cells per sample) using the ATAC-seq
kit from Active motif (#13150) according to the manufacturer’s
protocol. The purified DNA was amplified for 10 cycles using
indexed primers and size-selected using SPRI bead solu-
tion. A quality control (QC) was performed to verify the size

Chakraborty et al. Journal of Experimental Medicine 20 of 26

Training of pro-resolving alveolar macrophages https://doi.org/10.1084/jem.20221388

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/220/11/e20221388/1917098/jem
_20221388.pdf by guest on 06 D

ecem
ber 2025

https://www.cytobank.org/
https://www.cytobank.org/
https://www.cytobank.org/
https://www.cytobank.org/
https://www.cytobank.org/
https://doi.org/10.1084/jem.20221388


distribution of the PCR-enriched library fragments. To this end,
aliquots of the DNA libraries were analyzed on a TapeStation,
and quantification of the libraries was done using the Qubit.
The bar-corded amplicons from ATAC-Library preparation
were sequenced in a NovaSeq SP (Illumina) under a 2 ×
150 pair-ended format. Reads were quality filtered according
to the standard Illumina pipeline, de-multiplexed, and fastq
files were generated (GEO accession no. GSE231219).

ATAC-seq data processing and alignment
ATAC-seq libraries have an average of 39.6 million paired reads
per sample, with a total of 158.4 million sequencing reads for
four samples. Adapter sequences were identified using fastqc
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
and we applied TrimGalore (https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) to remove the adapters for each
sample. Trimmed reads were aligned to the mouse mm10
reference genome by using Bowtie2 (v22; Langmead and
Salzberg, 2012). We filtered reads by only keeping the
unique mapping paired reads with a quality score equal to or
more than 30, with alignmentSieve using the option setting
of --minMappingQuality 30. PCR duplicated reads were re-
moved by Picard (http://broadinstitute.github.io/picard/).
We also filtered out mitochondrial DNA by using SAMtools
(Danecek et al., 2021). For Tn5 offset adjustment, the start
sites of all the reads were adjusted to represent the center of
the transposon binding event. We added 4 bp to plus-strand
insertion and −5 bp to minus-strand insertion.

ATAC-seq peak calling
MACS2 (Zhang et al., 2008) was applied for peak calling with
default parameters and peaks filtered based on a FDR <0.01.
Irreproducibility discovery rate (I5) framework was applied to
handle biological replicates. We kept peaks with an irrepro-
ducibility discovery rate score equal to or more than 540 to
ensure peaks were consistent among biological replicates.
BEDTools (Quinlan and Hall, 2010) were used to merge the
peaks across samples into consensus peak regions. We also
then filtered out the consensus peak regions using mm10
blacklist from ENCODE. To quantify the number of reads that
are located within consensus peak regions, we applied the
featurecounts function from the Rsubread (Liao et al., 2019) R
package.

ATAC-seq data QC
We assessed the TSS enrichment after alignment using the
computeMatrix function from deepTools (Ramı́rez et al., 2016).
TSS heatmap was plotted using plotHeatmap function. Then we
plotted the fragment size distribution from the aligned BAM files
using fragSizeDist function from ATACSeqQC R package (Yu
et al., 2015). For each sample, we observed TSS enrichment
across multiple genes and multimodal fragment size distribution
as seen in Fig. S4, A and B.

ATAC-seq data analysis
The DESeq2 (Love et al., 2014) R package was applied to identify
DARs. Read counts piled within the consensus peak regions were

normalized and log-transformed. Significant DARs were iden-
tified using FDR <0.05. To functionally annotate the DARs’ ge-
nomic location, we applied the annotate Peak() function from
ChIPseeker R package (Yu et al., 2015).

TF motif enrichment analysis
For TF motif enrichment analysis, first, we collected TF motif
information from the JASPAR 2022 database (Castro-Mondragon
et al., 2022). Thenwe extracted promoter DARs regions that have
more accessibility in the trained group than the näıve group.
Using this region’s bed file, we applied two TF motif enrichment
approaches, Homer (Heinz et al., 2010) and MEME suit (Bailey
et al., 2015). The parameter setting for Homer is as follows: -p
12 -mask -mknown Jaspar_mm_core_homer.motifs -mcheck
Jaspar_mm_core_homer.motifs. The parameter setting for the
MEME suite is as follows: sea --verbosity 1 --oc. --thresh 10.0
--align center.

Phagocytosis assay
To measure phagocytosis of E. coli–GFP by AMs, cells were iso-
lated from lavage as outlined before. A total of 1 × 105 AMs were
incubated with bacteria (multiplicity of infection, 1:50) for 1 h in
the dark at 37°C and 5% CO2. Cells were washed three times with
PBS and then stained with appropriate antibodies for 30 min at
4°C. Samples were analyzed by flow cytometry and confocal
microscopy.

Efferocytosis ex vivo
AMs were harvested after BAL and cells are plated in DMEM
(with 10% FBS) for 2 h. Bone marrow neutrophils were iso-
lated by Percoll density gradient. Cells were first labeled with
CMTPX-red cell tracker (#C34552; Invitrogen) according to
the manufacturer’s instruction and were induced to apoptosis
by UV irradiation (Zhang et al., 2019b). After 2 h, early apo-
ptotic neutrophils were verified with annexin V positivity and
plated with AMs at a ratio of 5:1 (neutrophil:AMs). Non-
engulfed neutrophils were removed from adherent AMs
after 2 h of coculture. The uptake of dead neutrophils
was measured by confocal microscopy and flow cytometry
analysis.

Immunofluorescence and confocal microscopy
Isolated cells from lavage were plated in a glass-bottom dish.
After 2 h, the cells were washed with PBS followed by a 10-min
Fc block. Then surface staining was done with anti-SiglecF-APC
(BioLegend) tagged antibody. After 30 min, cells were fixed with
4% paraformaldehyde (#P6148; Sigma-Aldrich) and permeabilized
with 0.05% Triton X-100 (#BP151–100; Thermo Fisher Scientific).
After a wash with PBS/Tween-20 (#BP337–100; Thermo Fisher
Scientific), cells were blocked with 5% BSA (Sigma-Aldrich) in
PBS/Tw-20 for 1 h at room temperature. Afterward, cells were
incubated with anti-KLF4 primary antibodies (#AF3158; R & D
system) and incubated overnight at 4°C. The next day, slides were
washed and incubated with the fluorescence-conjugated second-
ary antibody (AF546 donkey anti-goat 1:300, #A-11056; In-
vitrogen). Images were taken with a confocal microscope LSM880
(Zeiss) and analyzed by ImageJ.
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Chromatin accessibility
KLF4 gene promoter accessibility was determined using the
EpiQuik Chromatin Accessibility Assay Kit (Epigentek:P-1047-
48) following the protocol provided by the manufacturer.
Chromatin was isolated from AMs isolated from naı̈ve and
trained mice (n = 3/group) and treated with a nuclease mix
(Nse). Isolated DNA was then amplified using quantitative
PCR and gene-specific primers for the KLF4 promoter (listed
in Table S2). Control mouse primers specific for euchroma-
tin regions were provided to determine the successful di-
gestion of the chromatin. The fold enrichment (FE) was
calculated by the ratio of amplification efficiency of the Nse-
treated DNA sample vs. sample that was not treated with a
nuclease (no-Nse) for each group by using the formula FE �
2 Nse CT−no−Nse CT( ) × 100%.

Methylation-specific qPCR
Tissue DNAs were extracted using PureLink genomic DNA
Mini Kit (K1820-01; Invitrogen) following the manu-
facturer’s instructions. Extracted genomic DNA (500 ng)
was treated with BisulFlash DNA Modification Kit (P-1026-
050; Epigentek) according to the manufacturer’s protocol.
1 μl of 20 μl eluate was used for real time methylation-specific
qPCR using Methylamp MS-qPCR Fast Kit (P-1028; Epigentek)
according to the manufacturer’s instructions. Methylation-
specific primers for KLF4 promoter (Table S2) were designed
using Methprimer (http://www.urogene.org/methprimer/).
Percentage of methylation in each sample was calculated by
the following equation:%Methylation � 100/[1 + 2DCt(meth−unmeth)]%.

TF binding prediction
The mouse-MERTK promoter was retrieved from the Eu-
caryotic Promoter Database and analyzed for the presence
of KLF4-binding motif (GC-rich DNA sequences with a
consensus core sequence CACCC) by using the Eucaryotic
Promoter Database and JASPAR. Genomic sequences span-
ning the promoter of MERTK gene were analyzed using
CLUSTALW to identify conserved regions (National Center
for Biotechnology Information accessions: NM_022943,
NM_006343, NC_000068, NC_041766).

ChIP
AMs were isolated by FACS and were crosslinked with the
treatment of 1% formaldehyde followed by cell lysis. The
nuclei portion was sonicated to fragment the DNA by using
S220 Focused-ultrasonicator (Covaris). Further procedures
were carried out using the Chromatin Immunoprecipitation
(ChIP) Assay Kit (#17-295; Millipore Sigma) according to
the manufacturer’s protocol. 5 μg of anti-KLF4 antibody
(#AF3158; R&D Systems) or an equal amount of goat IgG was
used for respective ChIP assay. DNA was recovered from
antibody–protein–DNA complexes by phenol/chloroform ex-
traction and ethanol precipitation. The qPCR following ChIP was
performed with the specific primer sets as listed (Table S3).
Normal rabbit IgG was used as a negative antibody control. For
the negative control region, a mouse negative control primer set
from Active Motif (#71011) was used.

shRNA-liposome preparation
We purchased the four unique 29mer shRNA constructs in a
lentiviral GFP vector (#TL501193; Origene). To prepare the
liposome, dimethyldioctadecylammonium bromide (#D2779;
Sigma-Aldrich) was dissolved in chloroform (#C606SK-1;
Fisher Chemical) in a 1:1 M ratio with cholesterol (#228111;
Millipore). In a Rotavapor (#R-300; Buchi), chloroform was
evaporated at 37°C, 100 rpm for 20–30 min. The dried lipid
film was resuspended in 5% dextrose (#D16–500; Thermo
Fisher Scientific) in water and further sonicated in Branson
2510 Ultrasonic Cleaner (#Z244910; Sigma-Aldrich) for
30 min, followed by 0.45 μm filtration. Liposome–shRNA (a
cocktail of four shRNAs) complex was prepared with a con-
centration of 50 μg DNA/100 μg liposome per mouse (Liu
et al., 2019). The physical characterization of the prepared
liposome-shRNA complex was performed by measuring the
hydrodynamic size and the surface zeta potential by using
Malvern Zetasizer. The mice were fully anesthetized with
ketamine/xylazine and the liposomes were i.t. injected.

Adoptive transfer
AMs were enriched by positive magnetic selection using anti-
CD11c (Miltenyi Biotech). The positively selected fraction was
collected after passing through the LS column (Miltenyi Biotech)
on an MACS magnetic separator (Miltenyi Biotech) and plated
with DMEM with 10% fetal calf serum, L-glutamine, penicillin,
and streptomycin. AMs were kept for 2 h to adhere and washed
with warmmedia. The purity of the cells was confirmed by flow
cytometry. From this, 2 × 106 macrophages were transferred per
recipient. The adoptive transfer was performed in 50 μl of
sterile PBS by i.t. delivery into mice anesthetized with keta-
mine/xylazine. Before transfer, host AMs were not depleted to
avoid bystander inflammatory response (Aegerter et al., 2020).

Lung histological analysis
For histological analysis of the lung, after perfusion, the lung
tissues were fixed using 10% buffered formaldehyde and pro-
cessed for the paraffin section. The histological sectioning and
staining for H&E were done by Research Histology Core, Uni-
versity of Illinois, Chicago. Images were taken by using an
Olympus BX51/DP72 microscope.

ELISA from bronchoalveolar macrophage
The trachea was dissected and cannulated with an 18-gauge
catheter. Lungs were lavaged single time with 1 ml PBS sup-
plemented with protease inhibitor. Collected samples were
centrifuged at 2,000 rpm for 5 min, and the supernatant was
collected for ELISA. The levels of TNFα and IL-10weremeasured
using an ELISA kit (LEGEND MAX Mouse IL-10 ELISA Kit Cat
#431417, LEGEND MAX Mouse TNF-α ELISA Kit Cat #430907;
BioLegend) according to the manufacturer’s instructions.

Statistical analysis
Statistical analyses were performed using Graph Pad Prism,
version 9.0, and with corrections for multiple comparisons
whenever appropriate. Data are displayed as mean ± SEM. Sta-
tistical significance was evaluated as indicated in the figure
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legends and is represented by the following scheme: *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

Online supplemental material
Fig. S1 shows the phenotypic characteristics of in vivo generated
trained AM. Fig. S2 shows the shifts in cell populations of naı̈ve
vs. trained AMs in response to the LPS challenge. Fig. S3 dem-
onstrates the phenotypic characteristics of lung macrophage
sub-populations in trained mice. Fig. S4 shows differential
chromatin accessibility in naı̈ve vs. trained AM as analyzed by
ATAC-seq. It also illustrates the conservation of the KLF4-
binding sites in MERTK promoter across different species. Fig.
S5 visualizes the breeding and treatment schematic to generate
macrophage-specific deletion of KLF4 in mice. Tables S1, S2, S3,
and S4 contains the lists of antibodies for flow cytometry and
mass cytometry, a list of primers, and a list of genes represented
in the heatmap for transcriptomic analysis.

Data availability
RNA-seq (Fig. 1) and ATAC-seq (Fig. 6) data generated for this
study are publicly available under GEO accession no. GSE231219.
All the other data underlying the research are available in the
article itself and its supplementary material.
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Figure S1. Phenotypic characteristics of in vivo generated trained AM. (A) The graph shows the relative mRNA expression of TNFα, Il-1β, and IL-6 in
digested lung tissue from näıve and 7 d after LPS–challenged trained mice. Data were collected from three independent experiments (n = 3) and were analyzed
by ANOVA with Bonferroni’s multiple comparisons test. (B) The flow cytometry quantification of percent neutrophil in BAL in näıve and trained mice at basal (C
and 7 d) and 72 h after LPS challenge (72 h, 7 d + 72 h). Data were collected from three independent experiments (n = 3–6) and were analyzed by ANOVA with
Bonferroni’s multiple comparisons test. Graphs showmean ± SDwith each dot representing an individual mouse data. ***P < 0.001. (C) The gating strategy for
CyTOF analysis of CD45+ cells in mice lungs. (D) Representative tSNE plots were generated by mass cytometry of 50,000 lung cells isolated from näıve mice
following 72 h after LPS challenge by using 17 metal-labeled antibodies to different surface markers. The colored graded expression of markers are as follows:
(i) CD4; (ii) CD8; (iii) CD19; (iv) NK1.1; (v) Ly6G; (vi) Ly6c; (vii) CD11c, MHCII, CD64, CD24, CX3CR1; (viii) SiglecF, CD11b, CD64 to gate the cell population CD4,
CD8, B cell, NK cell, neutrophil, monocytes, DC, and eosinophil, respectively. (E) tSNE plots show the metaclusters (MC) generated by the unsupervised
clustering algorithm FlowSOM, from 50,000 lung cells isolated from näıve and trained mice at the basal condition and 72 h after LPS challenge by using
aforementioned 17 metal-labeled antibodies. (F) The tSNE plot shows gated major immune subsets identified above, and the graph represents the cluster
abundance (% total) of different immune cells subpopulations other than macrophages. (G) The tSNE plots shows the gradient expression of SiglecF, CD11c,
and CD11b in gated Mac1–3 clusters of näıve and trained mice lungs at 72 h after LPS challenge. (H) In the upper panel, tSNE plots show the unsupervised
clustering algorithm FlowSOM metaclusters overlap with Mac1–3 cluster generated by the viSNE in näıve and trained mice (72 h after LPS). In the bottom
panel, heatmaps show expression of SiglecF, CD11c, CD11b, and CX3CR1 markers in the different clusters of macrophages in näıve and trained mice at basal (C
and 7 d) and 72 h after LPS challenge (72 h and 7 d + 72 h). For above mentioned CyTOF experiments, the representative plots were generated with cells from
n = 3 mice per group.
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Figure S2. AM dynamics in näıve vs. trained LPS challenged mice. (A) Flow cytometry gating strategy for analysis of lung macrophages. (B) The rep-
resentative flow cytometry plots show the dynamic changes in the phenotypic profile of AM at different stages of injury. Red lines mark the position of
CD11c+CD11b− näıve AM. In the right panel, the histogram overlay shows the SiglecF expression within CD45+CD64+Gr1−CD11bloCD11c+ gated population in the
above condition. (C) The graph represents the percentage of AMs (CD45+CD64+Gr1−CD11c+CD11blo/−SiglecF+) within the total lung macrophage
(CD45+CD64+Gr1− cells pre-gated) population at basal and different stages of after LPS challenge. Data were collected from eight independent experiments
(n = 5–20) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (D) The graph shows the absolute numbers of IMs
(CD45+CD64+Gr1−CD11c−CD11b+SiglecF−) in näıve and trained mice at basal (C and 7 d) and 72 h after LPS challenge condition (72 h, 7 d + 72 h). Data were
collected from six independent experiments (n = 4–7) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (E) The percentage of AM in
BALwas analyzed by flow cytometry. Data were collected from six independent experiments (n = 7–9) and were analyzed by ANOVAwith Bonferroni’s multiple
comparisons test. (F) The flow cytometry plots show the BrdU positivity of näıve and trained AMs (CD45+CD64+CD11b−/loCD11c+SiglecF+) at basal (C and 7 d)
conditions. (G) The Ki67 positivity of näıve and trained AMs at basal and 72 h after LPS was analyzed and quantified by flow cytometry. Data were collected
from three independent experiments (n = 3) and were analyzed by ANOVA with Bonferroni’s multiple comparisons test. (H) In the upper panel, representative
flow cytometry plots show the percent CX3CR1 positivity within lung macrophages (CD45+CD64+ pre-gated) cells. Proportion of IM (CD11b+SiglecF−/lo) and AM
(CD11b−SiglecF+) within the CX3CR1-tdTomato+ cells was shown in the bottom panel. (I) The flow cytometry dot plot shows circulating monocytes
(CD115+CD11b+) within the CD45+Ly6G−CD11b+ pre-gated population in untreated and i.v. clodronate liposome injected mice (left panel) and analyzed (right
panel). Data were collected from three independent experiments (n = 3) and were analyzed by unpaired t test. (J) The graphs show the delta CT values of the
respective mRNA expression in näıve and trained AMs to show overall mRNA expression levels. PPAI (peptidylprolyl isomerase A) has been used as the internal
control in qPCR. Data were collected from three independent experiments (n = 3–4). Graphs show mean ± SD with each dot representing an individual mouse
data. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure S3. Sub-population of lung macrophages in trained mice. (A) The gating strategy used to enrich the macrophage population for further analysis in
CyTOF. (B) The represented tSNE plots show the metaclusters, generated by the unsupervised clustering algorithm FlowSOM in näıve and trained macro-
phages at 72 h after LPS challenge. (C) Heatmap showing expression of 28 proteins that generated 15 metaclusters of näıve or trained macrophages. The
representative heatmap was generated from individual samples using log2 ratio of mean intensity as the Z score. For all represented tSNE plots are analyzed
with cells from n = 3 mice per group and repeated independently three times. (D) Representative viSNE plot shows the overlay of FlowSOM-metacluster_5,7
with AM cluster 1,2. (E–I) The representative histogram overlay shows the mean expression of (E) MERTK, (F) Marco, (G) F4/80, (H) CD163, (I) active caspase-3
in FlowSOM metacluster_5 (i.e., AM 1) and FlowSOM metacluster_7 (i.e., AM 2/MERTKhi) in trained mice at 72 h after LPS challenge. All the representative
histogram plots are analyzed with cells from n = 3 mice per group and repeated independently three times.
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Figure S4. Transcriptional regulation of trained AMs. (A) ATAC-seq TSS reads coverage heatmap of all samples.Within the heatmap, each line represents a
transcript. The reads coverage is summarized with a color code from red to blue. Red indicates no coverage; blue indicates the maximum coverage observed. All
the TSS were aligned in the middle, with a 2 kb account the TSS displayed. On top of the heatmap, is the mean coverage signal distribution around TSS. The left
two panels represent the näıve AM replicates, and the right two panels represent the trained AM replicates. (B) ATAC-seq fragment length distribution of all
samples is shown. Distribution of read length for QC. X axis represents the fragment length in base pair. Y axis represents the normalized read density. The
small figure is the log-transformed density distribution. Reads <100 bp represent the nucleosome-free region. (C) Principal component analysis (PCA) plot of
ATAC-seq of all samples. ATAC-seq analysis generates peak file for each replicate. Each sample was characterized by the peak count table. After normalization
and log-transformation, samples were grouped by biological condition. Red represents replicates from the näıve group. Blue represents replicates from the
trained group. (D) The IGV (Integrative Genomics Viewer) snapshot shows the open chromatin regions within the KLF4 promoter from basal AMs (control). The
black short stretch region shows the amplicon region for the primers used for ATAC-qPCR. (E–H) Sequence conservation of the KLF4-binding sites (E) −188 bp,
(F) −250 bp, (G) −352 bp, and (H) −592 bp in MERTK promoter between human, mouse, monkey, and rat was analyzed by CLUSTALW.
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Provided online are Table S1, Table S2, Table S3, and Table S4. Table S1 lists the sources of antibodies used for flow cytometry along
with their dilution ratios. Table S2 lists the antibodies used for CyTOF assay in this study as well as their dilution ratios. Table S3
lists the sequences for primers used in qPCR, chromatin accessibility assay, MSP-qPCR, and ChIP-qPCR. Table S4 lists differentially
expressed genes of näıve vs. trained AM shown in the Fig. 1 H heatmap.

Figure S5. Training in KLF4-depleted AM. (A) Representation of breeding scheme of LyzM-Cre+/−;KLFfl/fl (KOLyzM-Cre) mice. (B) Relative mRNA expression of
KLF4 in KOLyzM-Cre and WT (littermate control) in trained AM. Data were collected from four independent experiments (n = 4) and were analyzed by unpaired
t test. (C) Training scheme of KOLyzM-Cre and littermate control mice. (D) Representation of breeding scheme of Csf1R-CreERT2+/−;KLFfl/fl (KOCsf1R-CreERT2) mice.
(E) Relative mRNA expression of KLF4 in KOCsf1R-CreERT2 andWT (littermate control) in trained AM. Data were collected from four independent experiments (n =
4) and were analyzed by unpaired t test. (F) Training scheme of KOCsf1R-CreERT2 and littermate control mice. (G and H) The graphs show the prepared liposome
size analyzed by dynamic light scattering (G) and the zeta potential of empty liposome and shRNA-liposome (H), as studied by Malvern Zetasizer. (I) The graph
represents the KLF4-mRNA expression in isolated trained AMs in the presence of scramble/KLF4-shRNA-liposomes. Data were collected from three inde-
pendent experiments (n = 4–5) and were analyzed by unpaired t test. (J) The histogram overlay shows the GFP expression in the gated neutrophils in green
(CD45+Ly6G+) and gated AMs (CD45+CD64+CD11b−SiglecF+) in red (left panel) in KLF4-shRNA–treated trained mice. The KLF4 mRNA expression in isolated
neutrophils from KLF4-shRNA–treated and corresponding control mice in the 7 d + 72 h condition was measured. Data were collected from three independent
experiments (n = 4) and were analyzed by unpaired t test. PPAI has been used as the internal control in qPCR. Graphs show mean ± SD with each dot
representing an individual mouse data. **P < 0.01, ****P < 0.0001.
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