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cAMP levels regulate macrophage
alternative activation marker expression

Swamy Polumuri1, Darren J Perkins2 and Stefanie N Vogel2

Abstract

The capacity for macrophages to polarize into distinct functional activation states (e.g., M1, M2) is critical to tune an

inflammatory response to the relevant infection or injury. Alternative or M2 polarization of macrophages is most often

achieved in vitro in response to IL-4/IL-13 and results in the transcriptional up-regulation of a constellation of charac-

teristic M2 marker genes. In vivo, additional signals from the inflammatory milieu can further increase or decrease M2

marker expression. Particularly, activation of cAMP-generating G protein-coupled receptors is reported to increase M2

markers, but whether this is strictly dependent upon cAMP production is unclear. We report herein that increased

cAMP alone can increase IL-4-dependent M2 marker expression through a PKA/C/EBPb/CREB dependent pathway in

murine macrophages.
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Introduction

For many years, a paradigm of macrophage activation

has evolved that proposed that macrophages can be
differentially activated in a stimulus-dependent fash-

ion. The notion of functional “plasticity” of macro-

phages as a mechanism by which these cells adapt to

environmental changes was proposed by Stout and
Suttles1 and has since been extensively studied. The

two major activation states, known as “Classically

Activated” (or M1), and “Alternatively Activated”
(or M2), have been extensively characterized.2

Classically activated macrophages are typically charac-

terized by the ability to produce an array of
pro-inflammatory cytokines (e.g., TNF-a, IL-6) and

are typically differentiated in vitro by stimulating

naive macrophages with microbial constituents, such
as LPS, and the Th1 cytokine IFN-c. In contrast, alter-

natively activated (M2) macrophages, originally

described by Martinez et al.,3 are commonly generated
following stimulation of cells with the Th2 cytokines

IL-4 or IL-13 and do not generate inflammatory cyto-

kines. Rather, M2 macrophages up-regulate certain

markers including CD206 (mannose receptor),
arginase-1 (Arg1), and others.2 As an additional dis-

tinction, M1 macrophages obtain energy through

glycolysis, whereas M2 macrophages use oxidative
metabolism to fuel their functions.4 In vivo, M1 macro-
phages predominate in conditions of bacterial, proto-
zoan, and virus infection where they are necessary to
clear the pathogen, but may result in tissue damage.5 In
contrast, M2 macrophages are abundant during hel-
minth infections or in allergic airway diseases such as
asthma,6 and are important for tissue repair in
response to certain infectious agents.7 However, this
simplistic differentiation model suffers from the fact
that functionally distinct subsets of M1 and M2 macro-
phages have been identified. These subsets differ fur-
ther with respect to the source of macrophages being
studied, including their ontogeny, the stimuli used, the
transcription factors activated, the cytokines and

1Food and Drug Administration (FDA), White Oak Campus, Silver

Spring, MD, USA
2Department of Microbiology and Immunology, University of Maryland,

Baltimore (UMB), School of Medicine, Baltimore, MD, USA

Corresponding author:

Stefanie N Vogel, Department of Microbiology and Immunology,

University of Maryland, Baltimore (UMB), School of Medicine, 685 W.

Baltimore St., Suite 380, Baltimore, MD 21201, USA.

Email: svogel@som.umaryland.edu

Innate Immunity

2021, Vol. 27(2) 133–142

! The Author(s) 2020

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/1753425920975082

journals.sagepub.com/home/ini

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-

NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and dis-

tribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.

sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0003-1368-6366
mailto:svogel@som.umaryland.edu
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/1753425920975082
journals.sagepub.com/home/ini


chemokines up-regulated, and other physiological and

metabolic changes that are not always conserved

between mice and humans,2,8,9 and multiple reviews

of the activated macrophage transcriptomes and the

associated transcription factors have been pub-

lished.10,11 Of significance for this study, there is evi-

dence that macrophage activation phenotypes may

change upon exposure to multiple, as compared with

single, stimuli.12

In vitro, M2 marker expression occurs rapidly fol-

lowing stimulation of macrophages with exogenous IL-

4 or IL-13 and requires activation of the transcription

factor STAT6 which is activated downstream of the IL-

4/IL-13 receptor.13 However, unlike in vitro experimen-

tal systems, macrophages in vivo are often exposed to

simultaneous stimulation through a number of recep-

tors in addition to IL-4/IL-13R, and how the combi-

natorial effects of these multiple signals modulate M2

marker expression and polarization is much less stud-

ied. In particular, multiple G protein-coupled receptors

(GPCRs) that share the ability to activate cellular

cAMP production, including prostaglandin receptors,

adenosine receptors, and atypical chemokine receptors,

have all been shown to enhance M2 marker expression

in different contexts.14,15 However, the specific role of

cAMP production, if any, in this effect has not been

previously defined. In this study, we specifically address

the role of cAMP in regulating M2 marker expression

in primary murine macrophages. Our data show that

increased cAMP augments IL-4-mediated M2 marker

expression, and we identify specific transcription fac-

tors that contribute to this synergistic effect. Our data

support the hypothesis that simultaneous exposure of

macrophages to IL-4 and agents that augment intracel-

lular cAMP may be a relevant mechanism to tune mac-

rophage polarization in vivo.

Materials and methods

Reagents

Protein-free Escherichia coli K235 LPS (< 0.008%

protein) was prepared by modification of the hot

phenol–water extraction method described previous-

ly.16 Anti-b-actin, anti-IRF-4, anti-PPARc, anti-

pCREB, and anti-pSTAT6 Abs were from Cell

Signaling (Beverly, MA, USA), and total anti-

arginase-1 Ab from Invitrogen (Carlsbad, CA, USA).

Anti-Stat6, were obtained from EMD Millipore (MA).

H-89 and 8-bromo cAMP were obtained from Sigma

Aldrich (St Louis, MO). Adenylate Cyclase Toxin was

a gift from Dr Erik Hewlett and was purified as

described previously.17

Cell culture

Primary murine peritoneal macrophages were obtained
by peritoneal lavage from wild type (WT) 6 to 8-wk-old
C57BL/6J or BALB/cByJ mice (The Jackson
Laboratory, Bar Harbor, ME), IRF-4�/�, PPARc�/�,
and Stat6�/� mice 4 d after i.p. injection with sterile
thioglycollate as described previously.18 Stat6�/� mice
were kindly provided by Dr Achsah Keegan,
University of Maryland, Baltimore (UMB) (on a
BALB/c background), IRF-4�/� macrophages were
kindly provided by Dr Tak Mak (University
of Toronto), were on a C57BL/6 background.
PPARc�/� mice were provided by Dr. Mary Jane
Thomassen (East Carolina University) and were on a
C57BL/6 background. Macrophages were cultured in
RPMI supplemented with 2% FCS, 2mM glutamine,
penicillin, and streptomycin as described previously.19

The mouse macrophage-like cell line, RAW 264.7, was
purchased from the American Type Culture Collection
(Manassas, VA). Rh CREB1 RAW 264.7 cells20 were
obtained from Dr Ian Fraser (NIH), and C/EBPbþ/þ

and C/EBPb–/– immortalized macrophages were the
kind gift of Dr Dhan Kalvakolanu, (UMB) and were
generated as described.21 RAW 264.7 macrophages and
CREB1 stable knock-down cells were cultured in
DMEM (BioWhittaker), supplemented with 10%
(vol/vol) FBS (HyClone Laboratories), glutamine
(2mM), penicillin (10,000U/ml), and streptomycin
(10,000 mg/ml) at 37�C in 5% CO2 in air.

Cell stimulation

Primary murine macrophages, immortalized bone
marrow-derived macrophages, and RAW 264.7 cells
were cultured (2� 106 cells/well) in 12-well plates.
After overnight incubation, medium was replaced by
fresh medium and cells were stimulated with medium
only or IL-4 (40 ng/ml) in the absence or presence of
cyclic AMP-activating reagents for the times indicated.

Western analysis

Macrophages were washed with PBS and then lysed in
buffer (1% Triton X-100, 5mM EDTA, 50mM NaCl,
50mM NaF, 10mM TRIS with protease inhibitor
cocktail (Roche) and 1mM sodium vanadate), and
boiled for 5 min with Laemmli lysis buffer for SDS-
PAGE and Western analysis. Twenty mg of total pro-
tein in Laemmli buffer was boiled for 5 min, resolved
by 10% SDS-PAGE in Tris/glycine/SDS buffer
(25mM Tris, 250mM glycine, 0.1% SDS) from Bio-
Rad (Hercules, CA), and then electro-transferred
onto Immobilon-P transfer membranes (Millipore,
Bedford, MA) at 100 V for 1.5 h (4�C). After blocking
for 1 h in TBS-T (20mM Tris-HCl, 150mM NaCl,
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0.1% Tween 20) containing 5% nonfat milk, mem-
branes were washed three times in TBS-T and probed
for 20 h at 4�C with the respective Abs, according to
the manufacturer’s instructions. Following washing in
TBS-T, membranes were incubated with secondary
HRP-conjugated, anti-rabbit IgG or anti-mouse IgG
from Cell Signaling (1: 2,000 dilution) for 1 h at room
temperature, washed three times in TBS-T, and bands
were detected using ECL Plus reagents (Amersham
Pharmacia Biotech, Piscataway, NJ).

Measurement of steady-state mRNA by quantitative
real-time PCR (qRT-PCR)

Total RNA was isolated using Trizol reagent from
Invitrogen (Carlsbad, CA, USA) as specified by the man-
ufacturer’s instructions and quantified by spectrophoto-
metric analysis. The cDNA was prepared from 1lg2 of
total RNA using iScript reverse transcriptase (Bio-Rad,
Hercules, CA, USA) and both poly-oligo dT and random
primer mix, as recommended by the manufacturer’s
instructions. The resulting cDNA was quantified by real-
time PCR using SYBR Green PCRMaster Mix (Applied
Biosystems, Foster City, CA) and ABI Prism 7900HT
cycler as described previously (reference). Primers for
detection of arginase 1,19 mannose receptor (MR),
Mgl2, and GAPDH (housekeeping gene) mRNAs were
designed using the Primer Express 2.0 program (Applied
Biosystems). Asterisks represent a significant difference
between the gene expression levels of the samples by t-
test (P< 0.05). Primer sequences used in this study:
arginase-1 sense (5_-CAGAAGAATGGAAGAGTC
AG-30) and antisense (5-CAGATATGCAGGCAGGG
AGTCACC-30); Man receptor, sense (5-GATATG
AAGCCAT GTACTCCTTACTGG-30) and antisense
(5-GGC AGAGGTGCAGTCTGCAT-30); Mgl2 sense
(5-A GGCACCCTAAGAGCCATTT-30) and antisense
(5-CCCTCTTCTCCAGTGTGCTC-30); CREB sense
(5-CCAGTCTCCACAAGTCCAAACAG-30) and anti-
sense (5-GGCACTGTTACAGTGGTGATGG-30); IL-
10 sense (5-ATTTGAATTCCCTGGGTGAGAAG-30)
and antisense (5-CACAGGGGAGAAATCGATGA
CA-30); IL-12 p40 sense (5-TCTTTGTTCGAATCCAG
CGC-30) and antisense (5-GGAACGCACCTTTCT
GGTTACA-30); and GAPDH sense (5-AGCCTC
GTCCCGTAGACAAAAT-30) and antisense (5-TGG
CAACAATCTCCACTTTGC-30).

Results

Effect of cAMP-regulated pathways on the induction
of alternatively activated (M2) macrophage markers

To define the role of cAMP-responsive pathways in
macrophage polarization, thioglycollate-elicited

peritoneal macrophages were stimulated with rIL-4 to
elicit transcription of alternative activation genes in the
absence or presence of the cAMP-generating adenylate
cyclase toxin (ACT) purified from Bordetella pertussis.
Use of ACT is an efficient way to rapidly elevate cyto-
solic cAMP levels without activating host cell
enzymes.17 Figure 1a shows that IL-4-induced expres-
sion of mRNA for genes encoding the M2 markers
arginase 1 (Arg1), MR, and Mgl2 were greatly
increased in the presence of ACT, suggesting that
cAMP-responsive pathways may positively regulate
key genes of the M2 transcriptional program. To
confirm a role for cAMP in the regulation of these
M2-associated genes, macrophages were stimulated
with IL-4 in the absence or presence of increasing
concentrations of the cell-permeable cAMP analog
8-bromo-cAMP (Figure 1b). 8-Bromo-cAMP
enhanced IL-4-dependent transcription of Arg1 and
MR mRNA to a degree comparable to that of ACT
treatment. Thus, increased intracellular cAMP aug-
ments cytokine-inducible mRNA expression of these
M2 markers.

Role of cAMP-PKA pathway in regulation of
alternative activation markers in macrophages

In macrophages, intracellular cAMP potently activates
the serine/threonine kinase protein kinase A (PKA) by
directly interacting with the PKA regulatory subu-
nits.22 Activated PKA has been shown to affect tran-
scription in a number of cellular contexts by direct
phosphorylation of transcription factors.23 We hypoth-
esized that if PKA activity were contributing to the
observed effects of cAMP on M2 gene transcription,
the PKA inhibitor, H-89, may reverse the synergistic
effects on M2 markers induced by cAMP-activating
agents in IL-4-stimulated macrophages. The PKA cat-
alytic antagonist, H-89, suppressed the elevated tran-
scription of Arg1 and MR mRNA induced by the
combination of IL-4þACT in a concentration-
dependent manner (Figure 2a and 2b). These data
suggest a role for the PKA pathway in the cAMP-
increased expression of these two alternative activation
markers.

Role of transcription factors IRF-4 and STAT6 in
the synergistic regulation of M2 markers by IL-4
and cAMP

Helminth infection of mice has been shown to elicit M2
markers, the expression of which was reported to be
regulated by the transcription factor IRF-4,24 and
cAMP has been shown to positively regulate IRF-4 in
adipocytes.25 To test the possible role of IRF-4 in the
transcriptional effects of cAMP on M2 marker
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induction, macrophages from WT C57BL/6J and IRF-

4�/� mice were compared for induction of M2 markers

after treatment with IL-4 in the absence or presence of

ACT. IL-4 induced Arg1 and MR mRNA comparably

in WT and IRF-4�/� macrophages (Figure 3a).

ACT enhanced IL-4-induced Arg1 and MR mRNA

levels to the same extent in WT and IRF-4�/� macro-

phages, arguing against a role for IRF-4 in the action of
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cAMP (Figure 3a). As expected, M2 markers Arg1 and
MR were not induced by IL-4 treatment in STAT6�/�

macrophages (Figure 3b). To confirm that elevated
cAMP did not confer STAT6-independent M2 marker
induction, WT and STAT6�/� macrophages were stim-
ulated with IL-4 þ/� ACT treatment. Synergistic
induction of Arg 1 and MR mRNA by IL-4 and ACT
required expression of STAT6 (Figure 3b).

Total cell lysates extracted from macrophages
treated with IL-4 in the absence or presence of ACT
were subjected to Western analysis (Figure 3c). IL-4-
induced IRF-4 was significantly increased in WT

macrophages; however, IRF-4 accumulation was
markedly reduced in the presence of ACT. Similarly,
levels of PPARc, a transcriptional regulator known to
be induced by IL-4 and required for M2 macrophage
differentiation, were similar in IL-4-treated WT and
IRF-4�/� macrophages, whereas ACT treatment
strongly inhibited IL-4-induced PPARc in both WT
and IRF-4�/� macrophages. Activation of the master
M2 transcription factor STAT6, which is phosphory-
lated downstream of the IL-4 and IL-13 receptors and
is required for induction of M2 markers,13 was not
affected by ACT treatment. Activation of the
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transcription factor CREB, known to be activated by

cAMP pathways through PKA,23 was increased by

ACT in WT macrophages and to a greater extent in

IRF-4�/� macrophages (Figure 3c). The synergistic

induction of Arg 1 protein induced by IL-4 in the pres-

ence of ACT was comparable in WT and IRF-4�/�

macrophages, supporting the mRNA data in Figure

3a. The b-actin protein, used as a loading control,

was comparable in all samples.

Partial dependence on CREB expression for M2

marker regulation by cAMP

cAMP is a potent activator of PKA, and we have

shown a requirement for PKA in the synergistic regu-

lation of M2 markers by IL-4 and 8-bromo-cAMP

(Figure 2). One way by which PKA regulates transcrip-

tion is through direct phosphorylation and activation

of the transcription factor CREB.26 Activated CREB

binds to a CREB response element (CRE) and is then

bound by CREB binding protein that serves as a
co-activator, leading to increased or decreased tran-

scription.27,28 CREB has been shown to regulate
many genes during macrophage differentiation.15

To evaluate the potential role of CREB expression

in the synergistic regulation of select M2 markers, we
obtained RAW 264.7 macrophages in which CREB

expression was knocked-down through stable transfec-
tion with control miR-shRNA (luc) or miR-shCreb1a

specific for CREB,29 and examined these cells for
induction of M2 markers after treating with IL-4 in

the absence or presence of ACT. IL-4 treatment of

stably transfected control shRNA (Luc) cells resulted
in augmented Arg 1 and MR mRNA expression in the

presence of ACT. We observed a diminished induction
of these same genes in the CREB knock-down cell line,

indicating a partial CREB dependence in the synergis-
tic actions of IL-4 and ACT (Figure 4a). CREB mRNA
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was not affected by treatment in the stably transfected
control miR-shRNA (Luc) RAW 264.7 cells; however,
CREB mRNA levels were reduced by �80% in the
stably expressing miR-shRNA Creb1a RAW 264.7
cells in all the treatments (Figure 4b). Although the
knock-down in total CREB in our cell lines is signifi-
cant, it is not complete, and therefore it is possible these
experiments under-represent the contribution of
CREB. Total lysates were prepared from these cells
and subjected to Western analysis. As shown in
Figure 4c, CREB protein was detected comparably in
the cells transfected with control miR-shRNA (Luc),
regardless of treatment, and CREB protein was
reduced by �80% in the stable cell line expressing
miR-shRNA Creb1a. IL-4-induced phospho-STAT6
was comparable in stably expressing control miR-
shRNA (luc) or miR-shRNA Creb1a and it was slight-
ly increased in the presence of ACT in both cell lines.
No phosphorylation of STAT6 proteins was detected
in the lysates with stimulated with medium or ACT,
but pSTAT6 was increased by IL-4 treatment, and fur-
ther increased by IL-4þACT. Arg-1 protein was
detected in lysates from cells stably transfected with
miR-RNA (Luc) treated with IL-4þACT; however,
this protein was detected at much lower amounts in
lysates obtained from cells expressing miR-shRNA spe-
cific for Creb1a. b-Actin and GAPDH proteins were
expressed comparably and used as loading controls.

Strong dependence on C/EBPb expression in the
regulation of M2 markers by cAMP and IL-4

There are several reports that the transcription factor
C/EBPb is involved in alternative activation of macro-
phages. It has been reported that the transcription
factor C/EBPb is proportionately increased along
with alternative activation markers in macrophages.30

It has also been shown that activated CREB directly
binds to two CRE-binding sites in the promoter of
LAP/C/EBPb and can regulate its transcription.31 We
therefore hypothesized that C/EBPb may have a spe-
cific role in IL-4-induced alternative activation in the
presence of cAMP. To test the possible role of C/EBPb
in our studies, we compared immortalized bone
marrow-derived macrophages from WT and C/
EBPb�/� mice and examined induction of alternatively
active markers after treating with IL-4 in the absence or
presence of ACT. C/EBPb mRNA was increased in
WT macrophages in the presence of ACT and, as
expected, there was no detectable C/EBPb mRNA in
C/EBPb-deficient macrophages (Figure 5a). This figure
also shows that IL-4 stimulation did not enhance C/
EBPb mRNA levels. Figure 5b shows that Arg 1 and
MR mRNA were induced by IL-4 in bone marrow-
derived immortalized WT macrophages and that

expression of both genes was almost completely ablat-
ed in C/EBPb�/� macrophages. IL-4-induced Arg-1
and MR mRNA were synergistically increased in the
presence of ACT, but only in WT macrophages (Figure
5b), suggesting that C/EBPb mediates ACT-induced
M2 gene expression. Total lysates from WT and C/
EBPb�/� macrophages were prepared after treatment
and subjected to Western analysis. As shown in the
Figure 5c, no phosphorylation of STAT6 proteins
was detected in the lysates from macrophages stimulat-
ed with medium or ACT only, while IL-4-induced p-
STAT6 was comparable in WT and C/EBPb�/� macro-
phages and was not further enhanced by the presence
of ACT. Two forms of C/EBPb protein were detected
in the WT macrophages and were slightly increased by
ACT (without or with IL-4); as expected, there was no
detectable C/EBPb protein in C/EBPb�/� macro-
phages. IL-4-induced Arg-1 protein was detected in
IL-4-treated WT macrophage lysates and was strongly
increased in the presence of ACT. However, Arg 1 pro-
tein was weakly present in C/EBPb�/� macrophages.
Phospho-CREB was observed in WT macrophages and
it was synergistically increased in the presence of IL-4
plus ACT. However, in C/EBPb�/� macrophages,
phospho-CREB was not up-regulated by IL-4 or IL-
4þACT. As we observed earlier, IRF-4 protein was
induced in both WT and C/EBPb�/� macrophages by
IL-4 treatment; however, IRF-4 protein was inhibited
in the presence of ACT. The b-actin was comparable
among lysates and used as loading control.

Discussion

Macrophage polarization into distinct functional states
(M1 vs. M2) is initiated by cues from the extracellular
milieu and enables macrophages to respond appropri-
ately to different classes of pathogens or to sterile
injury. Alternative activation of macrophages (M2)
can be achieved in vitro by exposure to exogenous cyto-
kine (IL-4/IL-13), but the extent of M2 marker expres-
sion can also be “tuned” by the presence of additional
secondary signals including those transmitted through
cAMP-generating GPCRs. A recent report found that
the cAMP analog dibutyryl-cAMP could increase
expression of select M2 markers in bone marrow-
derived macrophages through unknown transcription
factors.32 We have found that elevating levels of intra-
cellular cAMP either by treatment of macrophages
with the ACT or by addition of cAMP analog can
enhance transcription of a canonical M2 markers in
the presence of IL-4/IL-13 without a strict requirement
for additional GPCR-regulated signaling pathways. It
should be noted that the levels of exogenous cAMP
analog used in this study are in line with previous
reports.33,34 ACT did not exhibit a clear pattern of
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effect on known M1 genes during stimulation by

LPSþ IFN-c, with some being moderately suppressed

(e.g., IL-12 p40) (Supplemental Figure 1A), while

others were not affected. We did observe increased

IL-4/ACT-dependent transcription of the anti-

inflammatory gene, IL-10, in line with reports of IL-

10 production from M2 cells.35 Mechanistically, cAMP

does not appear to act primarily by enhancing the

activity of the key M2 transcription factor STAT6,

but rather, likely acts, in part, by driving increased

activity of the C/EBPb/CREB axis utilizing the PKA

kinase. Although we observe a significant effect of the

H89 PKA inhibitor in our study, it should be noted

that we have only utilized this single antagonist that

specifically inhibits the catalytic kinase functions of

PKA, and a complete knockout in PKA could conceiv-

ably produce a distinct phenotype. There may, of

course, be additional cAMP-responsive pathways that

amplify M2 marker expression such as post-

transcriptional stability or epigenetic modifications.36

Our molecular observations suggest that the combina-

torial action of surface receptors coupled to adenylate

cyclase activation, in conjunction with cytokine recep-

tors (e.g. IL-4/13R) may be a generalizable mechanism

for increasing the extent of macrophage M2

polarization.
The potential in vivo relevance of our findings is

apparent when considering that several of the GPCRs

that couple to GaS complexes and have the capacity to

generate cAMP also have ligands with well-described

roles in inflammation, including contexts where M2

macrophage polarization is important. Among these

GPCRs are the receptors for prostaglandins E2, D2,

and I2, adenosine receptors A2a and A2b, and the his-

tamine H2 receptor. For example, both prostaglandin

and histamine receptors, in particular, are important
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mediators of vascular and airway contraction and cyto-

kine responses in the lung during conditions such as

allergic asthma in which the extent of M2 macrophage

polarization is also critical.37 The abundant production

of prostaglandins and histamine in inflamed lungs may

be shaping the macrophage polarization profile by reg-

ulating intracellular cAMP levels.
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