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ABSTRACT

Macrophages readily change their phenotype in re-

sponse to exogenous stimuli. In this work, macro-

phages were stimulated under a variety of

experimental conditions, and phenotypic alterations

were correlated with changes in gene expression. We

identified 3 transcriptionally related populations of

macrophages with immunoregulatory activity. They

were generated by stimulating cells with TLR ligands in

the presence of 3 different "reprogramming" signals:

high-density ICs, PGE2, or Ado. All 3 of these cell

populations produced high levels of transcripts for

IL-10 and growth and angiogenic factors. They also

secreted reduced levels of inflammatory cytokines

IL-1b, IL-6, and IL-12. All 3 macrophage phenotypes

could partially rescue mice from lethal endotoxemia,

and therefore, we consider each to have anti-

inflammatory activity. This ability to regulate innate-

immune responses occurred equally well in

macrophages from STAT6-deficient mice. The lack of

STAT6 did not affect the ability of macrophages to

change cytokine production reciprocally or to rescue

mice from lethal endotoxemia. Furthermore, treatment

of macrophages with IL-4 failed to induce similar

phenotypic or transcriptional alterations. This work

demonstrates that there are multiple ways to generate

macrophages with immunoregulatory activity. These

anti-inflammatory macrophages are transcriptionally

and functionally related to each other and are quite

distinct from macrophages treated with IL-4.
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Introduction

The plasticity of macrophages allows these cells to undergo
dramatic alterations in their phenotype in response to diverse
environmental stimuli [1–6]. This phenotypic heterogeneity of
macrophages has led to a substantial degree of confusion in the
field about how best to name these cells. This is not simply
a semantic problem. A better understanding of the phenotypic
alterations that macrophages undergo is necessary if we
eventually hope to manipulate immune responses at the level of
macrophages. Studies to improve understanding of heterogene-
ity can put us in a better position to generate macrophages with
predictable phenotypes, to deplete one set of macrophages while
preserving others, or to target drugs to individual subpopulations
of macrophages.
The pioneering work of Gordon and colleagues in the 1990s

helped to define 2 paradigmatic populations of macrophages,
generally referred to as “classical” versus “alternative” but later
termed M1 versus M2 or M(IFN-g) versus M(IL-4) [5, 7–9].
Exposing macrophages to IFN-g and TLR ligands results in an
up-regulation of inflammatory cytokines, an increased MHC-II
and costimulatory molecule expression, and the production of
antimicrobial products [7, 10–13]. Cells exposed to IL-4, in
contrast, fail to up-regulate costimulatory molecules and MHC-II,
are poor APCs, and produce negligible amounts of NO. These
cells express higher levels of chitinases and lectin-like receptors
and are termed AA-Mf [7, 14, 15]. In the literature, the various
categories of macrophages sometimes get confused, and all TLR-
stimulated macrophages are grouped into the M1 category by
virtue of the inflammatory cytokines that they produce. In
contrast, all noninflammatory macrophages are collectively
referred to as M2. This has led to some confusion as to what
actually constitutes an M2 macrophage. The linear M1/M2
classification system remained the standard for nomenclature
until investigators attempted to include macrophages that were
treated with glucocorticoids, anti-inflammatory cytokines,
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apoptotic cells, ICs, or Ado derivatives, to name a few.
These macrophages did not fit into a simple M1/M2
classification scheme.
A color-wheel scheme was proposed to highlight the plasticity

of macrophages [4, 16]. This model placed an emphasis on the
dynamic nature of macrophage activation and proposed that
macrophages can readily transition from one activation state to
another. In the present study, we examine 5 macrophage
populations from different segments of the color wheel and
demonstrate that macrophages treated with IL-4 are transcrip-
tionally and phenotypically distinct from 3 macrophage popula-
tions with anti-inflammatory phenotypes. We also show that
although the 3 macrophage populations can be distinguished
from each other at the global transcriptome level, they share
a number of characteristics that endow them with immunoreg-
ulatory activity, including the reduced production of inflamma-
tory cytokines and the secretion of growth and angiogenic
factors. Therefore, we loosely group them together as R-Mf. We
describe chemokine and cytokine signatures of R-Mf and
demonstrate their functionality during inflammatory conditions.

MATERIALS AND METHODS

Mice
Five-week-old BALB/c or C57BL/6 female mice were purchased from Charles
River Laboratories (Frederick, MD, USA). Mice were housed at the University
of Maryland (College Park, MD, USA) animal facility. All procedures were
approved by the University of Maryland Institutional Animal Care and Use
Committee.

Murine macrophages
BMDMs were obtained by flushing the femurs and tibiae of BALB/c mice and
were cultured in DMEM/F12 medium with 10% FBS, 1% glutamine, 1%
penicillin/streptomycin, and 15% L929 cell conditioned media, as described
previously [17]. Peritoneal macrophages were obtained by peritoneal flush
with PBS from female mice. Cells obtained from 10 to 12 mice were pooled
and stimulated with LPS, L+I, L+A, or IL-4 for 4 h.

Human macrophage culture
Peripheral blood was collected from healthy volunteers, and mononuclear
cells were separated by Ficoll-Hypaque density gradient centrifugation.
Monocytes were isolated by attachment and were cultured for 1 wk in RPMI-
1640 medium with 10% human AB serum (Life Technologies, Grand Island,
NY, USA) and 50 ng/ml M-CSF (PeproTech, Rocky Hill, NJ, USA). All studies
on human monocyte-derived macrophages were approved by the University of
Maryland Institutional Review Board.

Cell culture and stimulation
M1-Mf and AA-Mf macrophages were generated by adding 10 ng/ml
Ultrapure LPS (InvivoGen, San Diego, CA, USA) and 20 ng/ml mouse IL-4
(R&D Systems, Minneapolis, MN, USA), respectively. R-Mf were obtained by
adding 10 ng/ml Ultrapure LPS in combination with ICs, generated as
described previously [18], 200 nM PGE2 (Cayman Chemical, Ann Arbor, MI,
USA), or 200 mM Ado (Sigma-Aldrich, St. Louis, MO, USA). For RNA
isolation, 23 106 BMDMs were stimulated for 2–6 h, and for cytokine analyses,

2.5 3 105 BMDMs were stimulated for 12–16 h. For the membrane protein
array, 2 3 106 BMDMs were stimulated for 12 h. For the bioplex analyses,
supernatants were obtained from 5 3 105 human macrophages after 24 h
stimulation.

In vivo regulatory induction
Age-matched female BALB/c or C57BL/6 mice were injected with 500 mg LPS
alone or a combination of LPS and 400 ml Ova-IC (L+I), 50 mg PGE2

(L+P), 50 mg Ado (L+A), or 50 mg IL-4 intraperitoneally. After 6 h, peritoneal
cells were isolated by peritoneal lavage and processed for flow cytometry or
real-time PCR.

Lethal endotoxin challenge
BALB/c BMDMs stimulated in vitro under various conditions were injected
intraperitoneally into BALB/c mice. Three hours after cell transplantation,
mice were challenged with a 10 mg/kg dose of endotoxin (L2630; Sigma-
Aldrich). Survival of the mice was recorded for 1 wk. Statistical significance was
determined by Mantel-Cox log rank test.

ELISA
IL-12/23p40 and IL-10 levels were measured by the sandwich ELISA method
using antibodies purchased from BD PharMingen (San Diego, CA, USA).
Mouse IL-1b and IL-6 and human IL-12/IL-23p40 levels (see Fig. 7F) were
measured by use of Duoset ELISA kits (R&D Systems). Human IL-10 (see Fig.
7A) and human IL-12p40 (see Fig. 7A) were detected by use of ELISA kits
purchased from eBioscience (San Diego, CA, USA).

Membrane protein array
Mouse cytokine antibody array membranes [Proteome Profiler Antibody Array
(R&D Systems] were used to assess the relative differences of 40 different
cytokines and chemokines in cell culture supernatants. Chemiluminescence
signal density was quantified by use of LAS-3000 Imaging Systems from
Fujifilm (Tokyo, Japan).

Bioplex assay
Human macrophage cytokines/chemokines were measured by use of
a 14-plex magnetic Luminex screening assay (R&D Systems). The samples
were acquired in Magpix, and data were analyzed with xPONENT software
(Luminex, Austin, TX, USA).

RNA isolation, cDNA synthesis, and PCR
RNA was isolated by use of the TRIzol-chloroform method. Complementary
DNA was synthesized with a Thermoscript RT-PCR kit (Invitrogen, Grand
Island, NY, USA). Primer pairs used in this study are listed in Supplemental
Table 1. Relative quantification of RNA was done by use of SYBR-Green-based
real-time PCR. CT value for gapdh was used to calculate relative differences,
and fold induction was calculated by use of 2^(2DDCT) [19].

RNA-seq data generation and processing
RNA-seq analyses were performed on 3 different sample sets, obtained on
different days from female C57BL/6 mice. Poly(A)-enriched cDNA
libraries were generated by use of the TruSeq Sample Preparation Kit
(Illumina, San Diego, CA, USA). Paired end reads (100 bp) were obtained
from the HiSeq 1500 platform (Illumina). Trimmomatic [20] was used to
remove any remaining adapter sequences from reads and to trim off bases
with quality scores below 20. Sequence quality metrics were assessed by use
of FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads were aligned to the Mus musculus genome (v. mm10/GRCm38)
obtained from University of California Los Angeles (CA, USA; http://
genome.ucsc.edu) by use of TopHat (v 2.0.10) [21]. Reads were
allowed to map only to a single locus. The abundance of reads mapping
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to each gene was determined by use of HTSeq (http://www-huber.embl.
de/users/anders/HTSeq/).

Data quality assessment and differential
expression analysis
Multiple approaches were used to evaluate replicates, including PCA and
Euclidean distances-based hierarchical clustering. All components of the
statistical pipeline, named cbcbSEQ, can be accessed on GitHub (https://
github.com/kokrah/cbcbSEQ/). Nonexpressed and weakly expressed genes
were removed before differential expression analysis, and a quartile
normalization scheme was applied to all samples [22]. Limma (a
Bioconductor package; http://www.bioconductor.org/packages/release/
bioc/html/limma.html) [23] was used to conduct differential expression
analyses following log2 data transformation and application of the voom [24]
method. Experimental batch effects were adjusted for by including batch/
experimental date as a covariate in the statistical model [25]. Differentially
expressed genes were defined as genes with a Benjamini-Hochberg multiple-
testing adjusted P value of ,0.05. The RNA-seq datasets described in this
article are available at the National Center for Biotechnology Information
Sequence Read Archive under Accession Numbers SRR1918864,
SRR1918994, SRR1918999-SRR1919012, and SRR1919014-SRR1919018 (see
Supplemental Table 2).

IPAs
IPA software [26] was used to predict "Diseases and Functions" and "Canonical
Pathways" associations. Genes that exhibited a ,2-fold difference were
excluded from the comparisons.

Macrophage metabolism
Glucose levels and L-lactate production were assessed by use of the Glucose
Assay Kit (Sigma-Aldrich) and L-Lactate Kit I (Eton Biosciences, San Diego,
CA, USA), respectively.

Flow cytometry
Mouse CCR1 surface expression was detected by PE-conjugated antibody
(R&D Systems). Data acquisition was carried out in FACSCanto II (BD
Biosciences, Franklin Lakes, NJ, USA), and analyses were done by use of
FlowJo version 10.

Statistics
Nonparametric t-tests were performed to calculate the significance of the
observed differences. P, 0.05 was considered to be significant for all analyses.

RESULTS

Macrophages with immunoregulatory activity can offer
protection from lethal endotoxin challenge
Macrophages were stimulated in a variety of different ways in vitro
and then transferred into the peritoneum of mice before an
injection of bacterial endotoxin (LPS). The macrophages studied
included resting macrophages, macrophages treated with IL-4
(AA-Mf), and macrophages that were stimulated with LPS in the
presence of 3 different reprogramming stimuli: ICs (RMf-IC), PGE2
(RMf-PGE2), or Ado (RMf-Ado). The goal of this work was to
determine whether any of these macrophages could influence the
progression of lethal endotoxemia. The administration of 1 3 106

resting macrophages into mice did not influence the progression of
lethal endotoxemia, and 80% of the mice succumbed over the first
4 days (Fig. 1A). All 3 of the macrophage populations that were
“reprogrammed” provided some level of protection to mice
receiving endotoxin. Mice that received RMf-IC showed a 90%
survival, whereas mice that received RMf-PGE2 or RMf-Ado showed
survival rates of 70% and 50%, respectively. Mice receiving macro-
phages that were treated with IL-4 (AA-Mf) were not protected
from lethal endotoxemia and in fact, did slightly worse than mice
receiving resting macrophages (Fig. 1A). The mice that received
RMf-IC had a 90% survival rate, regardless of whether the
macrophages that were transferred were from WT or stat6 knockout
mice (Fig. 1B). Thus, all 3 of the macrophages that were
reprogrammed before stimulation provided some level of protection
from lethal endotoxemia, and the ability to provide protection from
lethal endotoxin highlights a major functional difference between
the R-Mf described herein and IL-4-treated AA-Mf, both of which
have been considered previously by some to be M2 macrophages.

Macrophages with this immunoregulatory phenotype
have distinct cytokine and chemokine profiles
Cytokine production from the various macrophage populations was
measured. The addition of the various reprogramming signals to
macrophages resulted in dramatic changes in their cytokine and
chemokine expression. As expected, M1-Mf stimulated with LPS
exhibited an inflammatory phenotype, secreting high IL-12/23p40,
IL-1b, and IL-6 but low levels of IL-10 (Fig. 2A–D). Macrophages

Figure 1. Regulatory activation provides protection
from lethal endotoxemia. (A) BALB/c mice re-
ceived 1 3 106 resting, nonstimulated macrophages
(Mf, filled circles) intraperitoneally or macrophages
stimulated in vitro with LPS in combination with Ova-
IC (blue squares), PGE2 (red squares), or Ado (green
squares) or macrophages treated with IL-4 (yellow
triangles), 3 h before challenge with a lethal dose of
endotoxin (10 mg/kg). The survival of the mice was
recorded every 8 h over the next week. (B) A similar
survival experiment was carried out in WT mice that
received 1 3 106 L+I macrophages from WT (blue
squares) or stat62/2 (olive squares) mice before
endotoxin challenge. Each graph represents data of
2 independent experiments with 10 mice/experi-
ment for each condition. The data from the control
group and WT RMf-IC were shared between the 2
graphs. ***P , 0.0001, and **P = 0.0006, Kaplan-
Meier estimates obtained for mice treated with resting
macrophages versus other macrophage treatments.
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stimulated with LPS and reprogrammed with IC, PGE2, or Ado
were substantially less inflammatory. They secreted higher levels
of IL-10 and suppressed the production of IL-12/23p40, IL-1b,
and IL-6 (Fig. 2A–D). To test if regulatory functions were
dependent on STAT6, macrophages from stat6 knockout mice
were stimulated in the presence of IC, PGE2, or Ado. These cells

produced higher levels of IL-10 and reduced levels of in-
flammatory cytokines IL-12/23p40, IL-1b, and IL-6, indicating
that STAT6 signaling is dispensable for generating macrophages
with this immunoregulatory phenotype (Fig. 2E–H). In contrast
to R-Mf, AA-Mf produced little or no detectable levels of the
tested cytokines (Figure 2A–D). RT-PCR analyses of AA-Mf from

Figure 2. R-Mf induction is independent of
STAT6 signaling pathway. BALB/c WT and stat62/2

BMDMs were treated with 10 ng/ml LPS alone
or a combination of LPS and 25 ml Ova/anti-Ova
ICs (L+I), 200 nM PGE2 (L+P), 200 mM Ado
(L+A), or 20 ng/ml IL-4 for 16 h. The levels of IL-10
(A and E), IL-12/23p40 (B and F), IL-1b (C and
G), and IL-6 (D and H) were measured in their
supernatants by ELISA. Error bars indicate
means 6 SEM of 3 independent experiments.
***P , 0.001, **P , 0.01, and *P , 0.05.
Representative RT-PCR analysis of alternate acti-
vation markers relma and ym1 from WT or stat62/2

BMDMs stimulated for 4 h with their respective
stimuli before RNA isolation. The gapdh is used
as the internal control (I).
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Figure 3. Regulatory activation results in alterations in cytokine/chemokine profiles. (A) Chemokine and cytokine secretion by BMDMs was measured by
a proteome profiler membrane antibody array. Supernatants from nonstimulated macrophages were compared with macrophages treated with 10 ng/ml
LPS or a combination of LPS and 100 ml Ova-IC (L+I), 200 nM PGE2 (L+P), 200 mM Ado (L+A), or 20 ng/ml IL-4 for 12 h. The proteins that are of
interest to this study are indicated in circles, and the letters and numbers are provided to identify the position of the analyte in the membrane. The
profiling was done on pooled supernatants collected from 3 separate experiments from 3 different mice. (B). Mean fold differences in intensity of
the duplicate samples for relevant analytes are compared with supernatants from nonstimulated. The alphanumeric values within parentheses indicate
their position in the membrane array. BCA-1, B Cell-attracting chemokine-1; TCA-3, T cell activation-3; KC, keratinocyte-derived chemokine.
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Figure 4. Global RNA expression profiles of macrophage samples. RNA-seq was carried out on an Illumina platform, comparing nonstimulated (NS)
murine peritoneal macrophages and macrophages exposed to LPS, L+I, L+P, L+A, or IL-4. A Principal Component Analysis (PCA) plot (A) and heat
map of a hierarchical clustering analysis that uses the Euclidean distance metric (B) are shown. (A) In the PCA plot, each symbol represents an
experimental sample with symbol color indicating macrophage treatment condition (NS, gray; LPS, orange; L+I, light blue; L+A, medium blue;

(continued on next page)
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WT macrophages revealed high transcription of relma and ym1
[14], confirming that our IL-4 treatment had indeed generated
AA-Mf (Fig. 2I). Macrophages from mice genetically deficient in
stat6 failed to transcribe relma and ym1 in response to IL-4, as
expected (Fig. 2I).
Further analyses of cytokines and chemokines by membrane

arrays revealed an increased expression of G-CSF, CXCL13, and
CCL1, as well as IL-10 in the R-Mf, relative to LPS or IL-4-treated
macrophages (Fig. 3A and B). The chemokines CCL2 and CCL3
were down-regulated by at least 2-fold in intensity in R-Mf (Fig.
3A and B). Most of the tested chemokines and cytokines showed
little or no expression in AA-Mf, except CCL2 (Fig. 3A and B).
Together, the data suggest that there are multiple ways to
generate macrophages with immunoregulatory activity and that
these R-Mf exhibit unique expression patterns of cytokines and
chemokines that are quite distinct from macrophages treated
with IL-4.

RNA-seq analysis of murine macrophages
To dissect further differences between the activation states of
primary macrophages, we used high-throughput RNA-seq tech-
nology to assess the transcriptomes of differentially stimulated
peritoneal macrophages. PCA results revealed that AA-Mf

cluster with nonstimulated macrophages, whereas M1-Mf, RMf-
IC, RMf-PGE2, and RMf-Ado align together along principal
component 1 (the x-axis), which accounts for ;70% of the
variability observed between samples (Fig. 4A). Likewise, when
Euclidean distance heat-map analysis was used to visualize the
relationships between the samples, IL-4-treated AA-Mf grouped
closely with nonstimulated cells, and the 3 R-Mf subtypes
clustered with LPS-treated cells (Fig. 4B). Thus, macrophages
with immunoregulatory activity were transcriptionally distinct
from IL-4-treated AA-Mf.
Differential expression analysis was used to generate lists of

genes that were .2-fold different between each macrophage
population and nonstimulated macrophages (P , 0.05). RMf-IC
and RMf-Ado shared a total of 172 genes that were not up-
regulated in other macrophage populations, whereas only 15
genes were up-regulated in R-Mf and AA-Mf but not M1-Mf

(Fig. 4C). Likewise, 228 genes were down-regulated in R-Mf-IC
and RMf-Ado, but only 12 genes were down-regulated in R-Mf

and AA-Mf (Fig. 4D). The gene products that were uniquely up-
regulated in R-Mf have the potential to be used as biomarkers
for defining these macrophages and providing further insights
into their immunoregulatory functions. It should be noted that
the 2 populations of R-Mf showed substantial transcriptional
diversity: 325 genes were uniquely up-regulated, and 354 were
uniquely down-regulated in RMf-IC; 268 genes were uniquely
up-regulated, and 308 genes were down-regulated in RMf-Ado

(Fig. 4C and D). The fold induction of regulatory genes following
reprogramming by PGE2 was insufficient to yield a reliable
transcriptional signature.

Differentially expressed genes
R-Mf and AA-Mf are often grouped together as M2 macro-
phages [8, 27]. However, our functional profiles, PCA, and heat
map analyses revealed that these macrophages are quite distinct.
To identify the genes that define each population, we analyzed
the differentially expressed genes in each of the subsets. The top
20 genes that were induced in AA-Mf relative to unstimulated
macrophages are listed in Table 1. All of these genes are induced
32-fold or greater in response to IL-4 treatment. Only 2/60 of the
most highly up-regulated genes (Itgb3 and Chi3l3) were
significantly induced in any of the 3 R-Mf populations, and the
highest induction was ,3-fold. Therefore, the transcripts that
define the major functions of AA-Mf are largely lacking in R-Mf.
Previously defined markers for murine AA-Mf, including ym1 &
relma, were confirmed by our RNA-seq analyses [14]. Genes with
at least a 2-fold up-regulation and with an adjusted P value
of ,0.01 were considered to be immunoregulatory genes.
Table 2 lists 20 genes significantly up-regulated in all 3 R-Mf pop-
ulations relative to unstimulated macrophages. As expected, IL-10
was high on the list of genes associated with regulatory activation
(Table 2). In addition to this list of genes with known function,
there were another 26 genes that had no known function that
were substantially up-regulated in R-Mf (Supplemental Table 3).
Studies to address the relevance of these induced genes are
ongoing.

Activated Diseases and Functions identified by
IPA analysis
The IPA platform was used to identify differences in Diseases and
Functions associations between R-Mf and M1-Mf. The attributes
most closely associated with 2 populations of R-Mf were the
development of new blood vessels, the proliferation of cells, and
the development of tumors (Fig. 4E and F). As expected, R-Mf

down-regulated myeloid cell activation, the induction of TH1-
associated functions, and antimicrobial and antiviral functions
(Fig. 4E and F). The induction of regulatory-associated tran-
scripts in PGE2-programmed cells was not robust enough to allow
a similar analysis of these cells. The previously reported functions
associated with LPS stimulation [28–31] were confirmed by our
RNA-seq and IPA analyses (Supplemental Fig. 1A). AA-Mf

appeared to be more closely associated with the maintenance of
connective tissue and tissue development in general (Supple-
mental Fig. 1B), thus agreeing with previously described
phenotypes for these cells [27, 32]. The IPA analysis of these data

L+P, navy blue; and IL-4, green), and symbol shape indicates batch. (B) Colors along the top of the heat map indicate the treatment condition
(same color codes as in A), and colors along the left side of the heat map indicate the batch/experimental date. (C and D) Overlap of differentially
expressed genes up-regulated (C) or down-regulated (D) by.2-fold relative to nonstimulated macrophages are displayed in Venn diagrams. Each large-
colored square represents the treatment condition (same color codes as in A). The changes associated with Diseases and Functions in R-Mf were
predicted by the IPA program. Genes that showed a changed in L+I or L+A of at least 2-fold when compared with LPS were selected to identify pathways
associated with regulatory functions (E and F). Fold changes were uploaded to IPA, and the Diseases and Functions predicted to be altered based on
a significant Z-score were selected for these graphs. A Z-score above 1.65 (activated) or below 21.65 (inhibited) is considered statistically significant.
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clearly demonstrate that R-Mf have functions that are distinct
from AA-Mf.

Metabolism in regulatory activation is similar to that in
LPS-treated cells
Several studies have identified metabolic alterations among the
various macrophage activation states [33–35]. IPA analysis of the
RNA-seq data identified several metabolic changes that occurred
in M1-Mf and R-Mf but not in AA-Mf (Table 3). Glucose
consumption by R-Mf was comparable with M1-Mf, and much
higher than AA-Mf and nonstimulated cells (Fig. 5A). Likewise,
the secretion of L-lactate, a metabolic product of the fermenta-
tion pathway, was higher in M1-Mf and R-Mf than AA-Mf (Fig.
5B). These results suggest that macrophages with an immuno-
regulatory phenotype share metabolic similarities with M1-Mf

and are distinct from AA-Mf. Thus, the reprogramming signals
that so substantially change the phenotype of these cells (Fig. 2)
do not alter the metabolic alterations associated with inflamma-
tory M1 macrophages.

Identification of candidate biomarkers
To validate the RNA-seq analyses, qRT-PCR was performed to
examine several regulatory and AA-Mf-associated genes.
Activation states were confirmed through the examination of
well-established markers (Supplemental Fig. 2). Among
tested genes, the mRNA levels of il-33, flrt3, and ccr1 were
induced in all regulatory conditions but not by LPS or IL-4
stimulation, and their induction was STAT6 independent
(Fig. 6A–F). Thus, these genes represent potential biomarkers for
R-Mf. Additionally, some genes were induced in individual
regulatory populations but not shared by all 3 R-Mf. For example,
mRNAs encoding gem, ildr1, and epithelial membrane protein 1 were

induced in RMf-IC but not in RMf-PGE2/RMf-Ado (Supple-
mental Fig. 3). The mRNA expression of il-4i1, earl1, and cd209e
was specifically induced in WT AA-Mf but not in stat62/2

macrophages (Supplemental Fig. 3), reiterating the importance of
STAT6 in alternative macrophage activation.
Chemokine receptors form an important component of

immune responses, and the polarized macrophages subsets
exhibit differences in their surface chemokine receptor
expression [36]. To correlate transcription with surface
protein levels, we performed flow cytometric analysis of surface
expression of CCR1 on the different macrophage populations
stimulated in vitro in the presence or absence of reprogramming.
There was a 3- to 4-fold increase in mean fluorescent intensity
observed in all of the R-Mf, with only a 2-fold induction in the
LPS-treated cells and no induction in IL-4-treated cells (Fig. 6I
and J). Thus, CCR1 represents a potential biomarker for R-Mf.
A further analysis of CCR1 expression was performed on R-Mf

from mice injected in vivo with LPS intraperitoneally in the
presence or absence of reprogramming signals. Peritoneal
macrophages from BALB/c (Fig. 6I–L)and C57BL/6 mice (Fig.
6M and N) were analyzed. Similar to the in vitro results reported
above, all 3 reprogrammers induced IL-10 transcripts from PEC
(Fig. 6K), but only IL-4 injections resulted in macrophage
expression of ym-1 (Fig. 6L). CCR1 was analyzed ex vivo by flow
cytometry. PEC from BALB/c (Fig. 6I and J) and C57BL/6 (Fig.
6M and N) mice up-regulated CCR1 in response to all 3
reprogramming signals, indicating that the regulatory phenotype
was readily inducible in vivo.

Cytokine expression from human macrophages
To extend our observations from mouse to human, we stimulated
human monocyte-derived macrophages under the same

TABLE 1. Top 20 genes induced following IL-4 stimulation

Symbol Name IL-4 (log2) R-IC R-Ado R-PGE2

1 chi3l3 Chitinase 3-like 3 8.85 ns 0.94 ns
2 cd209e CD209e antigen 6.83 ns ns ns
3 itgb3 Integrin b 3 6.80 1.46 ns ns
4 serpina3g Serine peptidase inhibitor clade A-3G 6.71 ns 22.19 ns
5 flt1 FMS-like tyrosine kinase 1 6.21 21.47 ns ns
6 pdcd1lg2 Programmed cell death 1 lig2 5.78 ns ns ns
7 slc7a2 Solute carrier family 7 5.69 ns ns ns
8 rnase2a Ribonuclease RNase A family 2a 5.62 ns ns ns
9 cish Cytokine-inducible Src homology

2-containing protein
5.55 ns ns ns

10 tslp Thymic stromal lymphopoietin 5.49 ns ns ns
11 chil4 Chitinase-like 4 5.41 ns ns ns
12 tmem26 Transmembrane protein 26 5.30 ns ns ns
13 il4i1 IL-4-induced 1 5.26 20.73 ns ns
14 cdh1 Cadherin 1 5.25 ns ns ns
15 apol7c Apolipoprotein L 7c 5.20 ns ns ns
16 socs1 Suppressor cytokine signaling 1 5.04 20.94 ns ns
17 mrc1 Mannose receptor C type 1 5.02 ns ns ns
18 ddx4 DEAD box polypeptide 4 5.02 ns ns ns
19 il31ra IL-31R A 5.00 ns ns ns
20 insrr Insulin receptor-related receptor 5.00 ns ns ns

Values represent the fold induction (log 2) over nonstimulated macrophages. R-IC, RMf-IC; R-Ado,
RMf-Ado; R-PGE2, RMf-PGE2; DEAD (Asp-Glu-Ala-Asp); ns, not significant.
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conditions used for mouse BMDMs. The results were generally
consistent with the murine data, although there was substantially
more variability in this small patient sample. Most of the
human macrophages responded to reprogramming with IC by
increasing their secretion of IL-10 production and decreasing
IL-12/23p40 secretion (Fig. 7A, B, and F). By bioplex assay, the
inflammatory cytokines TNF-a (Fig. 7D), IL-6 (Fig. 7E), and
IL-12/23p40 (Fig. 7F) were generally down-regulated in human
R-Mf, but only IL-6 was decreased significantly in all 3 R-Mf

groups (Fig. 7E). The other 2 inflammatory cytokines were down-
regulated in ⅔ of the human R-Mf groups. Likewise, IL-10

(Fig. 7A and B) was up-regulated in ⅔ of the human R-Mf

groups. The biggest difference between the murine and human
cells was that the levels of IL-1b were unaffected by any of the
regulatory signals in human macrophage (Fig. 7G). These
results demonstrate that regulatory signals are inducible in
human and murine macrophages, and when induced, they
produce unique cytokine signatures that differentiate them
from M1-Mf and AA-Mf.

DISCUSSION

There remains a substantial degree of confusion regarding what
constitutes an M2-Mf. The original grouping of all macrophages
that were not M1-Mf into the M2 category was initially
instructional, as it fostered the idea that not all stimulated
macrophages are the same. However, it has also led to the
misconception that all M2-Mf are similar, and this does not
appear to be the case. In this work, we describe populations of
macrophages with potent anti-inflammatory activity and
demonstrate that they can be generated via a STAT6-
independent mechanism. We also demonstrate that R-Mf are
transcriptionally and functionally distinct from the originally
described AA-Mf.
In earlier reports, we demonstrated that macrophages

stimulated with TLR ligands in the presence of high-density ICs
assumed immunoregulatory functions by dampening inflamma-
tory cytokine production and enhancing IL-10 secretion [18, 37].
The induction of R-Mf required 2 concurrent signals: 1 to
activate the transcription factors necessary for cytokine pro-
duction and the 2nd to “reprogram” the cell to secrete

TABLE 2. Genes induced during regulatory activation

Symbol Name L+I (log2) L+A (log2) L+P (log2)

1 lif Leukemia inhibitory factor 9.65 9.64 8.21
2 il10 IL-10 8.73 6.84 5.99
3 ildr1 Ig-like domain receptor 1 6.59 4.46 2.93
4 flrt3 Fibronectin leucine-rich

transmembrane protein 3
6.27 6.40 5.28

5 xcr1 Chemokine (c-motif) receptor-1 6.30 5.07 2.52
6 il33 IL-33 5.75 9.06 5.21
7 ckap2l Cytoskeleton-associated protein 2-like 5.51 6.06 3.92
8 ndrg1 N-myc downstream-regulated gene 1 5.38 5.09 2.97
9 itga2 Integrin a 2 5.24 4.83 3.91
10 gem GTP-binding protein 5.72 4.72 3.10
11 mid1 Midline 1 4.81 3.38 1.50
12 odc1 Ornithine decarboxylase structural 1 5.16 5.72 3.98
13 hephl1 Hephaestin-like 1 4.83 4.87 4.41
14 gdnf Glial cell line-derived neurotrophic

factor
5.42 6.17 5.18

15 klk9 Kallikrein-related peptidase 9 4.45 6.67 4.78
16 dusp14 Dual-specificity phosphatase 14 5.25 8.00 4.07
17 gprc5a G protein-coupled receptor family C

member A
4.73 4.04 2.80

18 tmem88 Transmembrane protein 88 5.08 5.77 3.30
19 hrc Histidine-rich calcium-binding protein 4.56 2.99 1.94
20 nptx2 Neuronal pentraxin 2 4.49 7.62 3.14

Values represent induction over the nonstimulated and are expressed as a log2.

TABLE 3. Metabolic pathways identified by IPA analysis (Z-score)

Canonical pathways related to
energy metabolism LPS L+I L+A IL-4

Pentose phosphate pathway
(oxidative branch) 2.54 2.37 2.42 0.73

Pentose phosphate pathway 2.43 2.20 2.26 0.44
Fatty acid b-oxidation I 1.82 2.46 3.12 0
Glycogen degradation II 1.89 1.70 2.53 0
Glycogen degradation III 2.19 1.33 2.79 0
Gluconeogenesis I 1.66 3.73 1.06 0.21
Oleate biosynthesis II (animals) 0.85 1.77 1.82 0
Glycolysis I 1.12 3.51 0.97 0

The top energy metabolism-related canonical pathways that show
significant up-regulation in at least 1 of the 4 conditions analyzed by RNA-
seq. Numbers are expressed as the Z-score, which was generated from
a Fisher’s exact test when comparing stimulated with nonstimulated
macrophages. Numbers that had a Z-score of at least 1.65 (P , 0.05) are
considered significant.
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immunoregulatory cytokines. In this study, we show that there
are many potential reprogramming signals that can change the
phenotype of stimulated macrophages, including Ado and PGE2.
All of these macrophages exhibit common characteristics, such as
the production of higher levels of the immunomodulatory
cytokine IL-10 and the secretion of reduced levels of inflamma-
tory cytokines, such as IL-1b, IL-6, and IL-12/23. IPA analysis
revealed that R-Mf were associated with increases in cell growth
and proliferation. Thus, it is likely that these R-Mf contribute to
the maintenance of homeostasis by dampening immune
responses and promoting cellular repair.
To address whether IL-4 or STAT6 signaling is required for

R-Mf functions, we studied cytokine production from macro-
phages from stat62/2 mice stimulated under these immunoreg-
ulatory conditions. Signaling through STAT6 was previously
demonstrated to be important for the anti-inflammatory prop-
erties of IL-4 [38, 39] and the generation of AA-Mf [39]. In our
hands, STAT6 signaling was dispensable for the generation of
R-Mf. These cells produced similar amounts of regulatory
transcripts and provided equal degrees of protection of mice
from lethal endotoxemia. Furthermore, the addition of IL-4 to
WT macrophages failed to induce transcripts associated with
R-Mf and failed to rescue mice from lethal endotoxemia. Thus,
these 2 macrophage populations are functionally and transcrip-
tionally distinct.
The relationship between AA-Mf and R-Mf is fairly complex.

They share some common activities, in that both appear to be
induced in response to tissue injury, and both may contribute to
wound healing and tissue regeneration. Furthermore, antigen
presentation by R-Mf can give rise to TH2 T cells [40], which
have the potential to generate AA-Mf. However, there are some
clear distinctions between these 2 cell types. AA-Mf are
uniquely involved in thermoregulation [41], and they alone are
induced during helminthic infections. The depletion of AA-Mf

can ameliorate pathologic responses in allergic disease and
helminthic infections, suggesting that these cells can also
regulate immune responses, but clearly, these cells are
phenotypically distinct from the R-Mf that we describe here. In
the lethal endotoxemia model shown in Fig. 1, the 2 cells have
the opposite effect. The increased mortality following the
addition of AA-Mf may be explained by the previous
observations of others that IL-4 treatment of macrophages can

augment their production of IL-12 [42, 43]. From these studies,
one may conclude that R-Mf can exert a strong anti-
inflammatory influence on innate-immune responses,
whereas AA-Mf may influence adaptive immunity. Part of the
confusion pertaining to M2-Mf stems from the fact that IL-4
and IL-10 can inhibit IFN-g production and prevent the
generation of cell-mediated immunity. The immunomodulatory
effects of IL-10 appear to be most pronounced at the level
of APCs. Therefore, the high levels of IL-10 production from R-
Mf suggest that macrophages themselves are the main
regulators of macrophage activation. We suggest that this is
a primary function of R-Mf. The results from our studies
clearly demonstrate that R-Mf and AA-Mf have different
functions and should not be considered part of the same
(M2) class.
RNA-seq analysis of various human [44] and mouse [45]

macrophage subsets has been reported previously, and these
studies highlight differences between macrophage subsets. Most of
the genes that we report to be up-regulated specifically in AA-Mf

agree with previously published reports [45], but our analysis
emphasizes the comparative differences in transcripts by AA-Mf

relative to R-Mf. By our analysis, AA-Mf are predicted to be
involved in cell differentiation, whereas R-Mf are predicted to
promote angiogenesis, cell growth, and repair. In addition to
examining differences in the transcripts produced by AA-Mf

relative to R-Mf, our analysis examined similarities among
different R-Mf populations. This analysis was undertaken to
identify a “core transcriptome” that would define macrophages
with an immunoregulatory phenotype. We identified some
182 genes that were uniquely up-regulated in R-Mf relative to
other macrophage populations, including resting, M1, and AA-
Mf. Studies that use a NanoString platform are under way to
determine whether these transcripts can collectively lead to the
identification of R-Mf in tissue.
The identification of individual, stable, and reliable

protein biomarkers for R-Mf proved to be much more
difficult. The plasticity of macrophages poses a particular
challenge to the identification of macrophage biomarkers.
We demonstrated recently that M1-Mf gradually transition into
R-Mf following stimulation [46], and this transition makes it
difficult to establish a baseline biomarker expression level
from which to compare. The chemokine receptor CCR1 was

Figure 5. Glucose and lactate production in R-Mf.
BMDMs were left unstimulated or stimulated with
a combination of 10 ng/ml LPS alone or LPS in
combination with 25 ml Ova-IC (L+I), 200 nM
PGE2 (L+P), 200 mM Ado (L+A), or 20 ng/ml IL-4
for 24 h. (A) Glucose consumption was deter-
mined 24 h poststimulation by an enzymatic assay,
as described in Materials and Methods. (B) L-
Lactate concentrations in the supernatants were
obtained 8 h poststimulation by use of the NADH-
coupled enzyme reaction that reduces tetrazolium
salt to formazan, which is measured at an
absorbance of 490 nm. The error bars represent
means 6 SEM values calculated from values of 4
separate experiments. ***P , 0.001, **P , 0.01,
and *P , 0.05.
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up-regulated at mRNA and protein levels in R-Mf, and this
up-regulation occurred independent of STAT6 expression.
Thus, CCR1 represents a potential biomarker for R-Mf.
Attempts to identify R-Mf in tissue based on CCR1 expression
are under way. This chemokine receptor has been implicated in
immune regulatory functions in inflammatory and infection
models [47, 48]. How this receptor affects the migratory pattern
of R-Mf is of future interest to us.

Metabolic reprogramming has been implicated in the
polarization of macrophages into M1 and M2 phenotypes [49,
50]. Metabolic pathways shift to anaerobic glycolysis in M1-Mf

and to oxidative glucose metabolism in M2-Mf [33]. We
demonstrate that R-Mf undergo enhanced glycolysis and
produce L-lactate similarly to M1-Mf. This observation may
not be surprising, as M1 and R-Mf are stimulated with LPS,
but it does reveal that the reprogramming signals that so

Figure 6. Regulatory gene induction is independent of STAT6 signaling. RT-PCR analyses were carried out at indicated time-points on cDNA obtained
from BALB/c WT and stat62/2 BMDMs, which were left unstimulated or stimulated with 10 ng/ml LPS alone or a combination of LPS and 100 ml Ova-IC
(L+I), 200 nM PGE2 (L+P), 200 mM Ado (L+A), or 20 ng/ml IL-4 (A–F). Each data point represents mean values 6 SEM from duplicate values of 4
separate experiments. (G) The relative expression of genes up-regulated after treatment of macrophages with L+I is shown. (H) The relative expression
of genes up-regulated after treatment of macrophages with IL-4 is shown. Each error bar represents mean values 6 SEM from duplicate values of 4
separate experiments. Surface expression of CCR1 on cells stimulated under the same conditions was assessed by flow cytometry by use of a PE-
conjugated antibody to CCR1, 24 h after stimulation. A representative histogram (I) and the fold induction in CCR1 mean fluorescence intensity (MFI)
over nonstimulated cells are represented from 5 separate experiments (J). The mean values 6 SEM are depicted, and *P , 0.05, and **P , 0.01.
Regulatory gene induction was also assessed in the peritoneal macrophages (PMf) of Balb/c (I–L) or C57BL/6 mice (M and N) mice injected
intraperitoneally with 500 mg LPS alone or in combination with 400 ml Ova-IC (L+I), 50 mg PGE2 (L+P), 50 mg Ado (L+A), or 50 mg IL-4. Macrophages
were isolated 6 h later, and surface expression of CCR1 on macrophages was assessed by flow cytometry. Cells were gated on their expression of F4/80
(allophycocyanin) but not for other cell markers (CD3, CD4, CD19, and FITC). (I and M) The expression of regulatory (ccr1 and IL-10)- or alternate
(ym1)-activated gene induction was evaluated by real-time PCR (J–L and N). Data were obtained from injections of 3 different mice. The numbers on the
left side of the histogram denote the percentage of positive cells. *P , 0.05; **P , 0.01.

Fleming et al. Characterization of immunoregulatory macrophages

www.jleukbio.org Volume 98, September 2015 Journal of Leukocyte Biology 405

http://www.jleukbio.org


dramatically alter cytokine production in these cells do
extend to alterations in cellular metabolism. R-Mf exhibit an
increase in anaerobic glycolysis, despite their potent anti-
inflammatory activity. Our analyses of metabolic pathways in
R-Mf further confirm that these macrophages are distinct
from AA-Mf.
In this study, we demonstrate that R-Mf distinguish

themselves from M1-Mf by a relatively small and unique set
of transcripts and immunoregulatory functions. Although there
are subtle differences in the gene expression patterns and
cytokine/chemokine responses among the differently generated
R-Mf, it should be appreciated that these macrophages are
biochemically and functionally related and distinct from M1-Mf

and AA-Mf. Hence, we recommend the consideration of
R-Mf as a separate macrophage population and not as a subset
of M2-Mf.
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