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Abstract

Two populations of alveolar macrophages (AMs) coexist in the
inflamed lung: resident AMs that arise during embryogenesis, and
recruitedAMs that originate postnatally from circulatingmonocytes.
The objective of this study was to determine whether origin or
environment dictates the transcriptional, metabolic, and functional
programming of these twoontologically distinct populations over the
time course of acute inflammation. RNA sequencing demonstrated
marked transcriptional differences between resident and recruited
AMs affecting three main areas: proliferation, inflammatory
signaling, and metabolism. Functional assays and metabolomic
studies confirmed these differences and demonstrated that resident
AMs proliferate locally and are governed by increased tricarboxylic
acid cycle and amino acid metabolism. Conversely, recruited AMs
produce inflammatory cytokines in association with increased
glycolytic and arginine metabolism. Collectively, the data show that
even though they coexist in the same environment, inflammatory
macrophage subsets have distinct immunometabolic programs and
perform specialized functions during inflammation that are
associated with their cellular origin.

Keywords: macrophage programming; macrophage metabolism;
acute lung injury

Clinical Relevance

In this study, the programming of resident alveolar
macrophages and bone-marrow–derived, recruited alveolar
macrophages are compared in an in vivo model of lung
inflammation. RNA sequencing demonstrates unique
signatures between cell types throughout the course of lung
inflammation, with distinct differences in genes involved in
proliferation, metabolism, and inflammatory cytokine
production. Functional studies, including metabolic profiling,
confirm these differences. This study builds upon a growing
body of literature regarding the determinants of macrophage
programming during inflammation, and it conclusively
demonstrates that macrophages within the inflamed alveolus
represent heterogeneous populations, each with dynamic and
distinct functions.
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Alveolar macrophages (AMs) have dual
roles in the initiation and resolution
of lung inflammation. They initiate
innate immune responses by producing
inflammatory cytokines that recruit
neutrophils and other leukocytes, and
regulate the resolution of inflammation
and repair through clearance of cellular
debris, interaction with the alveolar
epithelium, and production of growth
factors (1–5). To perform these diverse
and seemingly contradictory functions,
AMs undergo dynamic, multidimensional,
stimulus-specific reprogramming (6, 7).
The factors that regulate this
reprogramming are not fully understood;
however, it is clear that changes in
metabolic flux and signaling through
metabolic intermediates play critical
roles (8–11). To date, the complex
transcriptional and metabolic repertoires of
AMs have been studied as a homogeneous
group, at single time points, often in
tissue culture or after application of
stimulatory molecules ex vivo. The
time-resolved transcriptional and
metabolic changes that occur in individual
populations of AMs during the course
of inflammation in vivo have not been
explored.

AMs lavaged from inflamed lungs are
often studied as a homogeneous group.
However, the inflammatory macrophage
pool is comprised of two distinct
populations. Resident AMs populate the
lung during embryogenesis and self-renew
throughout life, with little or no
contribution from circulating monocytes
(12, 13). In contrast, recruited AMs derive
from circulating monocytes that traffic to
sites of inflammation, where they mature
into macrophages. In mice, intratracheal
administration of inflammatory stimuli
such as lipopolysaccharide (LPS) or
influenza A leads to rapid accumulation of
recruited AMs in the alveolar space. As
inflammation resolves, these cells undergo
apoptosis and are removed from the
airspaces, leaving only a small number of
recruited cells once alveolar integrity has
been reestablished (14). Accordingly, the
conserved process of monocyte recruitment
and subsequent removal from the airspaces
suggests that the AM subtypes have
unique and necessary functions.
Although recruited AMs can become
transcriptionally and functionally
indistinguishable from resident AMs after
prolonged time in a shared

microenvironment (15), their functional,
transcriptional, and metabolic profiles have
not been comprehensively assessed during
inflammation.

The primary objective of this study was
to compare global differences in the
immunometabolic programming of resident
and recruited AMs in a time-limited murine
model of lung inflammation. We first
performed RNA sequencing (RNAseq) of
resident and recruited AMs from initiation
through resolution of LPS-induced lung
inflammation, and then assessed the
metabolic profiles of AM subsets at the peak
of inflammation. We validated our findings
by assessing several key functions of resident
and recruited AMs within the inflamed
airspace. Our results indicate that although
resident and recruited AMs exist in a shared
environment, their cellular origin is the
major determinant of how they are
programmed during an acute inflammatory
response. Major areas of difference include
cell proliferation, inflammatory cytokine
production, and metabolism.

Materials and Methods

Mice

This study was approved by and performed
in accordance with the ethical standards of
the Institutional Animal Care and Use
Committee at National Jewish Health,
Denver, Colorado. All of the mice used for
RNAseq were C57B/6 males, 10–12 weeks
of age, from The Jackson Laboratory (Bar
Harbor, ME). Validation experiments were
performed with mice bred in-house, with
the exception of CCR2 knockout and CCR2
reporter mice (The Jackson Laboratory),
and ranged from 8 to 14 weeks in age.
Experiments with wild-type mice were
initially performed in C57B/6 males, and
male and female noninduced conditional
transgenic mice on a C57B/6 background
were used for validation.

Acute Lung Injury Model

LPS (20 mg; Escherichia coli O55:B5; List
Biological Laboratories, Campbell, CA) in 50
ml of phosphate-buffered saline (PBS) was
instilled directly into the tracheas of mice
sedated with isoflurane (Baxter, Deerfield,
IL) using a modified feeding needle.

Macrophage Isolation

Bronchoalveolar lavage (BAL) was
performed with 10 serial lavages of 1 ml PBS

containing 5 mM EDTA. BAL cells were
washed twice in PBS. Lavages from five
animals at each time point were pooled,
except for Day 3, when 10 animals were used
for each replicate. The staining protocol can
be found in the online supplement.
Fluorescence-activated cell sorting (FACS)
was performed as described previously (15)
using a Moflo XDP-100 with Summit v5.1
software (Beckman Coulter, Dako,
Glostrup, Denmark) or BD FACSAria Cell
Sorting System with BD FACSDiva
software (BD Biosciences, Franklin Lakes,
NJ) on unfixed specimens. Each sort was
performed in triplicate.

RNA Isolation, Complementary DNA

Generation, Microarray, and RNAseq

Data Analysis

Isolated total RNA was processed for
next-generation sequencing (NGS) library
construction as developed in the NJH
Genomics Facility for analysis on the Ion
Proton NGS platform (Life Technologies,
Carlsbad, CA). All data sets have been
deposited in the National Center for
Biotechnology Information/Gene
Expression Omnibus under accession
number GSE94749. See the online
supplement for a detailed explanation of
the analyses.

Flow Cytometry

Macrophages were harvested from BAL as
described above. Cells were analyzed on an
LSR II flow cytometer (BD Biosciences).
Data were analyzed with FlowJo software
v9.8.1 (Tree Star, Ashland, OR).

Proliferation Assays

Mice were injected intraperitoneally
with 150 µl (2 mg) of bromodeoxyuridine
(BrdU) solution (BD Biosciences)
24 h before harvest. Macrophages were
harvested and BrdU- or Ki67-positive cells
were quantified by flow cytometry. See the
online supplement for additional details.

Microscopy

Sorted cells were examined after Wright-
Giemsa staining of cytospin specimens
(Fischer Diagnostics, Middletown, VA) and
examined by light microscopy using a 1003
objective on an Olympus BX51 microscope
(Olympus Corporation, Tokyo, Japan).

Metabolic Profiling

AMs were isolated on Day 3 after LPS
treatment as described above, except that the
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samples underwent neutrophil depletion
before processing. For details regarding
the methods used for metabolite extraction
and ultra-high-pressure liquid
chromatography/mass spectrometry
(UHPLC/MS) analysis, see the online
supplement.

Cytokine Analysis

For ex vivo experiments, cytokines
were measured using a MULTI-SPOT
Proinflammatory Panel 1 V-PLEX
kit (catalog No. K15048D; Mesoscale
Diagnostics, LLC, Rockville, MD) according
to the manufacturer’s protocol. See the
online supplement for further details.

Statistics

Significant differences in cytokine levels
were determined using Student’s t test and
proliferation levels were determined by
one-way ANOVA with Fisher’s least
significant difference test using GrapPad
Prism version 6 (GraphPad Software, Inc.,
La Jolla, CA).

Results

Resident and Recruited AMs Exhibit

Distinct Gene Expression Profiles

throughout Lung Inflammation

To characterize resident and recruited
AMs during acute and resolving lung
inflammation, we used the LPS model of
acute lung injury (16, 17). As previously
described, peak neutrophil inflammation
occurred 3 days after intratracheal LPS
instillation (14, 18). Although recruited
AMs were present at this time, their
numbers peaked later (Day 6) and then
slowly declined until epithelial integrity was
fully restored at Day 12 (Figure 1A) (14).
By examining AMs during homeostasis
(referred to as Day 0) and 3, 6, 9, and 12
days after LPS administration, we aimed to
capture the changes in programming
between resident and recruited AMs at
peak inflammation, resolution of
inflammation, and subsequent return to the
resting state.

At each time point, we separated
mature macrophages using FACS. The
gating strategies were designed to eliminate
neutrophils, lymphocytes, and nonviable
cells. Monocytes were also excluded (see
Figures E1A and E1B in the online
supplement) and mature macrophages were
stringently selected. From the macrophage

gate, we distinguished resident and
recruited macrophages by their expression
of CD11c and CD11b, a strategy we
previously validated using lung-shielded
bone-marrow chimeras and fluorescent
PKH dye labeling (14). In line with our
previous work, we observed that during late
stages of the inflammatory response, the
boundaries between resident and recruited
AM populations became less distinct.
Accordingly, cells between gates were
excluded from analysis because their origins
could not be confidently determined
(Figure 1B).

Although our previous studies clearly
demonstrated that recruited macrophages
originated from bone marrow, they did
not specifically demonstrate that the
macrophages derived from monocytes
recruited along a chemokine gradient (14).
We therefore sought to determine whether
the recruited macrophages identified by
our gating strategies were truly derived
from monocytes that were recruited to the
alveolus rather than from monocytes
that simply leaked into injured airspaces.
Because previous studies have shown the
importance of CCL2 in driving classical
monocytes (CCR21 Ly6G1 CX3CR1lo

monocytes) (3), we investigated the
CCL2/CCR2 axis. As a first step, we
confirmed the presence of CCL2 in the BAL
during peak accumulation of the recruited
AM pool. We next demonstrated that
recruited macrophages express high levels
of CCR2, and as a final step confirmed that
CCR2-deficient mice had decreased
numbers of recruited AMs in their lungs
(Figure E1C). Taken as a whole, these data
suggest that recruited AMs are truly recruited
to the lungs, and that the CCL2/CCR2 axis
plays a role.

To validate our sorting strategy, we first
examined the morphology of isolated
populations using light microscopy
(Figure 1C). Contamination by other cell
types was negligible at all time points. We
next demonstrated that both resident and
recruited AMs expressed high levels of
commonly recognized macrophage
markers, and that transcripts expressed by
potentially contaminating cell types,
including neutrophils, lymphocytes,
eosinophils, basophils, dendritic cells, and
platelets, were expressed at insignificant
levels (Figure 1D). As a final step to validate
the sorting strategy and identify cell-surface
markers unique to each AM population, we
assessed the gene and protein expression of

several surface markers (Figure E2).
Notably, Siglec-F, CD206, and CD169 were
present at high levels on resident AMs,
whereas Ly6C was highly expressed on
recruited AMs.

We began our transcriptome analyses
by comparing the global similarity in
expression among all samples in an
unsupervised manner (Figures 2A and 2B).
Hierarchical clustering and principal
component analysis, using . 17,000
unique transcripts (each detected in all
three replicates of at least one time point
or AM type) demonstrated that recruited
AMs at Day 3 were the most distinct
population, followed by recruited AMs
from resolution time points. Intriguingly,
resident AMs clustered together across all
time points. After 9 and 12 days, resident
and recruited AMs began to share more
transcript expression but remained
markedly dissimilar. We next performed a
pairwise analysis of gene expression
between resident and recruited AMs at each
time point. Several thousand mRNA
transcripts differentiated resident and
recruited populations throughout the
course of lung inflammation (Figure 2C).
At the peak of neutrophilic inflammation
(Day 3), more than 3,000 genes, or 22% of
the genes analyzed, were differentially
expressed between resident and recruited
AMs by a factor of at least two, and more
than 13% remained differentially expressed
after Day 12. Our methods also allowed us
to examine the change in gene expression
within each AM subset over time. We
performed pairwise comparisons between
resident AMs during homeostasis
(Day 0) and each other sample to gauge
the longitudinal changes in programming
(Figure 2D). At peak inflammation, only
10% of the transcripts were differentially
expressed in resident AMs compared with
naive AMs, and only 2% were differentially
expressed by Day 12. In comparison,
recruited AMs demonstrated striking
transcriptional changes over time, with
more than 28% of recruited AM transcripts
affected on Day 3, and more than 15%
of transcripts showing sustained differential
expression at Day 12. Overall, these
results demonstrate substantially distinct
gene-expression profiles between resident
and recruited AMs at all points examined.
The most dynamic changes occurred in
the recruited population, with only a
slight convergence of programming toward
that of preinflammatory, naive AMs.
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Recruited and Resident AMs

Regulate Distinct Cellular Pathways

To ascribe functional roles to the
transcriptional profiles of AM subsets, we
performed a pathway analysis of
differentially expressed genes at each time
point using the Kyoto Encyclopedia of
Genes and Gene Products (KEGG) database.
More than 150 unique pathways were
represented at one or more time points
(Table E1; Figure E3). The greatest number
of enriched pathways was noted at Day 3.
Investigation of the pathways revealed
several prominent themes: recruited
AMs demonstrated enrichment in
pathways involved in immune signaling,
inflammation, and glycolytic and
arginine metabolism, whereas resident
macrophages had enrichment in
pathways related to proliferation, the
tricarboxylic acid (TCA) cycle, amino
acids, and fatty acid metabolism
(Figure 3).

Resident AMs, but Not Recruited

AMs, Proliferate during Lung

Inflammation

To investigate the differences in cellular
proliferation as suggested by enrichment
of cell-cycle and DNA-replication
pathways, we examined the expression
levels of classical cyclins. These were
significantly increased in resident AMs,
particularly at Day 3 (Figure 4A).
Expression of cyclin-dependent kinases
was also substantially increased in
resident compared with recruited AMs
(Figure E4).

The proportion of proliferating cells
in each AM population was determined
by BrdU incorporation and Ki67 staining
(Figures 4B–4D). To avoid capturing
replication of recruited cells before they
entered the alveolar space, BrdU was
administered intraperitoneally 24 hours
before harvest. Resident AMs exhibited
low-level BrdU incorporation and
Ki67 staining during homeostasis that
increased at peak inflammation (Day 3)
and returned to baseline levels by Day 6.
Conversely, recruited AMs proliferated at
very low levels throughout inflammation.
These results demonstrate a marked
difference in proliferative potential
between resident and recruited AMs,
with high levels of DNA replication in
resident AMs and minimal replication in
recruited AMs.

Recruited and Resident AMs Express

Distinct Inflammatory Mediators

Given that pathways for inflammation and
immune signaling were enriched in
recruited AMs, we examined the mRNA
expression levels of inflammatory cytokines
thought to be important in lung injury
(Figure 5, left panel), and complemented
this approach with ex vivo cytokine
production assays using AMs isolated on
Day 3 after LPS administration (Figure 5,
right panel). Recruited AMs produced
higher levels of IL-1b, IL-6, IL-12p70,
keratinocyte chemokine (KC), and IL-10
compared with resident cells. Of note,
although resident AMs showed lower
TNF-a gene expression, they produced
more TNF-a in culture. These results
highlight the unique inflammatory
signaling that occurs between the AM
subgroups, and suggest that both
populations contribute to inflammation
at its peak. To determine whether these
findings fit within the context of classical
(M1) versus alternative (M2) macrophage
polarization, we compared the gene
transcripts of commonly recognized
activation markers between resident and
recruited AMs after LPS administration
and naive resident AMs (Figure E5).
The resulting data do not support a
distinct pro- or anti-inflammatory pattern
of programming in either resident or
recruited AMs. Rather, they suggest that
both cell types contribute to inflammation
and repair over the course of LPS-induced
lung injury (Figure E5).

Resident and Recruited Macrophages

Have Distinct Metabolic Profiles

during Inflammation

To confirm the differences in metabolic
programming suggested by the pathway
analysis, we first compared the gene-
expression profiles of key enzymes involved
in carbohydrate metabolism (Figure 6A).
Compared with naive resident AMs,
recruited AMs had increased expression
of enzymes involved in glycolysis and
decreased expression of TCA-cycle
enzymes. Conversely, transcription of
TCA-cycle enzymes remained stable in
resident AMs and expression of glycolytic
enzymes persisted at low levels.

We next performed unbiased, whole-
cell metabolomic profiling of resident and
recruited AMs isolated from LPS-treated
mice at Day 3 using UHPLC/MS (Table
E2). As predicted by the RNAseq data,

TCA-cycle intermediates, including citrate,
fumarate, and malate, were present at
significantly greater levels in resident AMs
compared with recruited AMs. In addition,
there were significant increases in
metabolites involved in amino acid
metabolism and glutathione homeostasis in
the resident AMs. Although there were
trends toward increased glucose and
glyceraldehyde-3-phosphate in the recruited
AMs, no statistical difference in glycolytic
intermediates was measured. However,
recruited AMs demonstrated dramatic
increases in arginine metabolism (Figures
6B and 6C). Together with RNAseq, these
data confirm that AMs of different origins
display distinct metabolic landscapes in
inflamed alveolar spaces (Figure 7).

Discussion

Inflammatory AMs are often studied as a
homogeneous population. However, our
data clearly demonstrate that resident and
recruited AMs have dramatically different
transcriptional and metabolic signatures,
despite the fact that they coexist in the same
environment. To our knowledge, this study
is the first to integrate metabolic and
transcriptional data to comprehensively
examine the programming of embryonic-
derived versus postnatal-derived
macrophages during an acute inflammatory
process. These data provide evidence that
unique cellular functions and metabolic
profiles in inflammatory AM subsets are
dictated by cellular origin.

Taken as a whole, our findings suggest
that the metabolic programming and
functional status of resident and recruited
AMs are quite different. Accordingly, we
propose that the AM subsets serve different
roles during acute inflammation and its
resolution, and suggest a framework by
which divisions of labor and time-resolved
differences in resident and recruited AMs
functions within the inflamed airspace can
be conceptualized. To begin, we postulate
that the primary role of resident AMs is to
maintain homeostasis within the alveolus.
Hence, in , 3 days after initiation of the
inflammatory cascade, proinflammatory
mediator production by resident AMs has
already begun to turn off and the cells begin
to express gene profiles and metabolites
consistent with replenishment of the AM
pool and maintenance of alveolar integrity.
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Conversely, our data show that recruited
AMs augment acute inflammation through
production of inflammatory mediators and
metabolic reprogramming associated with
cytotoxic and antimicrobial functions. After
inflammation resolves and homeostasis
begins to be restored, the recruited AMs
undergo apoptosis, leaving the resident
AMs to serve once again as homeostatic
regulators and airspace sentinels.

Our finding that resident AMs
proliferate after LPS-induced lung injury is
in keeping with the well-characterized self-
renewal of tissue macrophages during
homeostasis (12, 19–22) and transient
proliferation of tissue resident macrophages
in certain inflammatory settings (21,
23–26). Notably, up to 20% of resident

AMs incorporated BrdU at the peak of
inflammation. Whether these cells
represent a highly proliferative subset of
AMs (such as a progenitor cell pool) or all
resident AMs have a proliferative capacity
is unknown. Notably, proliferation of
recruited AMs within the airspaces
appeared negligible in our model. However,
they most likely maintain an ability to
proliferate in the proper setting. For
example, when resident AMs are ablated by
clodronate or radiation, recruited AMs can
fill and maintain the niche (15).

Previous studies by our group
demonstrated that recruited AMs undergo
apoptosis and are removed from the
airspace during resolution of inflammation
(14, 18). In the study presented here,

49,6-diamidino-2-phenylindole was used to
exclude nonviable cells during cell sorting.
Because this nuclear dye does not detect
cells in early stages of programmed cell
death (up to 20% of recruited AMs during
Days 6–12) (14), it is possible that some
early apoptotic cells were isolated during
our sorting. Whether this has bearing
on our transcriptional data is unclear,
but we think it is unlikely given that
mRNA is degraded almost immediately
after apoptosis is initiated (27, 28).

Our study was not designed to
differentiate whether the same recruited
AMs existed throughout the full course of
inflammation or rapid cell turnover with
ongoing immigration of recruited AMs was
responsible for maintaining their numbers.
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However, time-dependent downregulation
of classical monocyte markers (i.e., Ly6C)
with concomitant upregulation of “mature”
macrophage markers (i.e., CD206) suggests
the former. Furthermore, studies by our
group using labeled blood monocytes
suggest that these cells arrive in bulk during
early inflammation and are steadily

removed from the airspaces during
resolution (unpublished data). Intriguingly,
enhanced macrophage proliferation has
been associated with anti-inflammatory
programming, raising the possibility that
local proliferation of resident tissue
macrophages plays a role in anti-
inflammatory signaling (23). Additional

investigations into the kinetics and
regulation of cell turnover and the effect of
macrophage proliferation on inflammation
will be important in furthering our
understanding of inflammatory lung
diseases.

Our findings of divergent metabolic
and immune signaling profiles between
resident and recruited AMs complement
an emerging literature elucidating the
link between metabolism and immune
regulation in macrophages (8, 10, 29–33).
At first glance, it appears that recruited
AMs recapitulate classical proinflammatory
programs described for in vitro stimulated
bone-marrow–derived or elicited
peritoneal macrophages, including
increased glycolytic enzyme transcription,
decreased mitochondrial function,
induction of nitric oxide synthase (Nos2),
and inflammatory cytokine production
(10, 31, 32). However, we demonstrate
several notable differences between
recruited AMs found in the acutely
inflamed lung and previously described
“proinflammatory” modules derived from
cultured macrophages. First, in addition
to transcripts associated with typical
inflammatory macrophages, recruited
AMs simultaneously expressed high levels
of transcripts associated with “alternative
activation,” such as Arg1 and Ym1 (Figure
E5) (34). Furthermore, metabolic profiling
of recruited AMs demonstrated a
dichotomous array of arginine metabolites.
Metabolism of arginine has long been
recognized as a determinant of macrophage
programming. In this context, arginine can
be metabolized through Nos2 to generate
nitric oxide, which is critical for
antimicrobial and inflammatory functions,
or it can be hydrolyzed by arginase to
ornithine and urea, whose downstream
products are important for wound healing,
cell growth, and differentiation (31, 35). At
the peak of inflammation, recruited AMs in
our study produced high levels of both Arg1
and Nos2, and contained metabolites from
both pathways. We postulate that the
simultaneous expression of Nos2 and Arg1
in recruited AMs represents a pivotal
inflammatory checkpoint in limiting nitric
oxide–induced inflammation, and further
implicates the recruited AMs in both pro-
and anti-inflammatory functions within the
alveolar space (36). Whether simultaneous
expression of these enzymes occurs in a
single cell or subpopulations of recruited
AMs antagonize each other will be
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determined through the use of single-cell
studies.

In contrast to recruited AMs, resident
AMs isolated from the inflamed lung
exhibited programming more consistent
with that described for “alternatively
activated” macrophages (31, 32). Our
findings show that resident AMs have
increased cellular proliferation, enhanced
expression of enzymes important in
hexosamine and N-glycosylation pathways,
and production of TCA-cycle intermediates
and amino acids—all of which have been
described in anti-inflammatory
macrophages (23, 31, 32). Although
transcription of glycolytic enzymes and
inflammatory mediators was less
pronounced in resident cells than in
recruited cells, glycolytic intermediates and
the inflammatory cytokine TNF-a were
detected at significant levels, suggesting that
resident AMs also contribute to the acute
inflammatory milieu, and in fact likely
contribute to its initiation. Intriguingly,
pathway analysis suggested increased
processing of glutathione in resident AMs,
and metabolic profiling detected higher
levels of the antioxidants ascorbate and
dehydroascorbate during inflammation
compared with recruited AMs. Although
the exact role of redox metabolism in
macrophage polarization is unclear (31, 37,
38), future investigations into the overall
effect of these different intracellular redox
programs on cell function may inform our
understanding of the intricate relationship
between redox metabolism and
macrophage activation.

Gene expression of glycolytic enzymes
was significantly higher in recruited AMs
than in resident AMs; however,
concentrations of glycolytic metabolites
were similar between the two populations.
Several potential mechanisms may explain
this finding. First, if recruited AMs use
glycolysis as the major source of cellular
ATP during peak inflammation, the rapid
flux through this pathway may result in
rapid conversion of intermediates and
thus low detection using our methods.
Alternatively, the single time point profiled
may not adequately resolve the kinetic
effects of changing glycolytic enzyme levels,
including the recently described
nonenzymatic feedback of enzymes on
glycolytic rates and inflammation (33, 39).
Future metabolomic studies using labeled
glucose will be necessary to clarify the rate
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of glycolytic flux and fate of glucose-derived
carbons during inflammation.

The goal of this study was to explore the
differences in AMprogramming throughout
the course of lung inflammation. Despite a
modest amount of variability between
replicate samples due to variation in the
inflammatory response to LPS between

animals, the reproducibility of the data
was high, especially at early time points.
We chose Day 3 as the initial point of
analysis because at earlier time points,
recruited-AM numbers were exceedingly
low and isolation was technically
challenging due to the overwhelming
presence of neutrophils. Our study

employed a sterile, self-limited model of
LPS-induced lung inflammation, a well-
characterized mimic of the most common
inflammatory lung disease, bacterial
pneumonia. Whether our observations
about AM programming will extend to
other models of inflammation is unknown.
However, our findings are supported
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by data from allergen-induced models
that demonstrate differential
immunomodulatory effects of macrophage
subsets on disease progression (25).
Although we characterized the
inflammatory and metabolic profiles
of resident and recruited AMs at the
point of greatest dissimilarity, Day 3, the
time-resolved changes and convergence

of immunometabolic programming during
resolution of lung injury are the focus of
ongoing studies.

It is important to note that in this study
we identified macrophage populations
using previously validated and well-
accepted cell-surface markers. However, it
is possible that additional subpopulations
of AMs exist. For example, AMs that

adhere tightly to the alveolar epithelium
and are not removed by simple lavage
would have evaded our analysis. Along
similar lines, the methods employed in this
study did not allow for reliable separation
of macrophages by compartment
(i.e., alveolar space versus tissue
interstitium). Accordingly, the
programming of interstitial macrophages
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was not assessed. The roles played by
these macrophages in inflammation and
tissue repair remain unclear and represent
a target for future studies.

In summary, the integrated transcriptional
and metabolic characterization of
resident and recruited AMs in this study
demonstrates for the first time that
macrophages of different origins are
uniquely programmed within the shared

inflammatory alveolar environment. Our
study demonstrates that resident AMs
proliferate locally, contain a metabolic
profile consistent with TCA cycle and
amino acid synthesis, and at the time
points studied contribute little to
inflammatory cytokine production.
Recruited AMs, however, appear to be
primed for inflammatory signaling with
high levels of arginine metabolism and

cytokine production. These results
suggest that AM subtypes may be
differentially targeted in inflammatory
lung disease, and provide an impetus for
considering cell origin when studying
AMs. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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27. Del Prete MJ, Robles MS, Guáo A, Martı́nez-A C, Izquierdo M, Garcia-
Sanz JA. Degradation of cellular mRNA is a general early apoptosis-
induced event. FASEB J 2002;16:2003–2005.

ORIGINAL RESEARCH

Mould, Barthel, Mohning, et al.: Programming of Alveolar Macrophage Subsets 305

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2017-0061OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


28. Thomas MP, Liu X, Whangbo J, McCrossan G, Sanborn KB, Basar E,
Walch M, Lieberman J. Apoptosis triggers specific, rapid, and global
mrna decay with 39 uridylated intermediates degraded by DIS3L2.
Cell Reports 2015;11:1079–1089.

29. Yang L, Xie M, Yang M, Yu Y, Zhu S, Hou W, Kang R, Lotze MT, Billiar
TR, Wang H, et al. PKM2 regulates the Warburg effect and promotes
HMGB1 release in sepsis. Nat Commun 2014;5:4436.

30. Liu L, Lu Y, Martinez J, Bi Y, Lian G, Wang T, Milasta S, Wang J, Yang M,
Liu G, et al. Proinflammatory signal suppresses proliferation and shifts
macrophage metabolism from Myc-dependent to HIF1a-dependent.
Proc Natl Acad Sci USA 2016;113:1564–1569.

31. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y,
Loginicheva E, Chmielewski K, Stewart KM, Ashall J, Everts B, et al.
Network integration of parallel metabolic and transcriptional data
reveals metabolic modules that regulate macrophage polarization.
Immunity 2015;42:419–430.

32. Rodrı́guez-Prados JC, Través PG, Cuenca J, Rico D, Aragonés J,
Martı́n-Sanz P, Cascante M, Boscá L. Substrate fate in activated
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