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Abstract

The main drivers of acute inflammation are macrophages,
which are known to have receptors for catecholamines.
Based on their function, macrophages are broadly catego-
rized as having either M1 (proinflammatory) or M2 pheno-
types (anti-inflammatory). In this study, we investigated cat-
echolamine-induced alterations in the phenotype of activat-
ed macrophages. In the presence of lipopolysaccharide
(LPS), mouse peritoneal macrophages acquired an M1 phe-
notype. However, the copresence of LPS and either epineph-
rine or norepinephrine resulted in a strong M2 phenotype
including high levels of arginase-1 and interleukin-10, and a
reduced expression of M1 markers. Furthermore, epineph-
rine enhanced macrophage phagocytosis and promoted
type 2 T-cell responses in vitro, which are known features of
M2 macrophages. Analysis of M2 subtype-specific markers
indicated that LPS and catecholamine-cotreated macro-
phages were not alternatively activated but were rather of
the regulatory macrophage subtype. Interestingly, catechol-
amines signaled through the (3,-adrenergic receptor but not
the canonical cAMP/protein kinase A signaling pathway. In-
stead, the M2 pathway required an intact phosphoinositol
3-kinase pathway. Blockade of the P,-adrenergic receptor
reduced survival and enhanced injury in mouse models of

endotoxemia and LPS-induced acute lung injury, respective-
ly. These results demonstrate a role for the 3,-adrenergic re-
ceptor in promoting the M2 macrophage phenotype.

© 2014 S. Karger AG, Basel

Introduction

Macrophages are a critical cell type for regulating in-
flammation. Activated macrophages can be broadly cat-
egorized into M1 or M2 phenotypes based on their phe-
notype and function. The M1 phenotype is elicited by the
activation of macrophages with interferon (IFN)-y or mi-
crobial products [e.g. lipopolysaccharide (LPS)], as well
as other agonists. M1 macrophages are generally charac-
terized by a high production of proinflammatory cyto-
kines such as tumor necrosis factor (TNF), interleukin
(IL)-12, and inflammatory chemokines, and they are im-
portant activators of Thl type immune responses. M1
macrophages also produce high levels of antimicrobial
reactive oxygen species and nitrogen intermediates [for
reviews, see 1-3].

M2 macrophages are an assorted collection of macro-
phage phenotypes that have been categorized as ‘not clas-
sically activated M1’ [4]. M2 macrophages can be elicited
by exposure to IL-4, IL-13, or IL-10, as well as glucocor-
ticoids [4]. In general, M2 macrophages share a pheno-
type that is characterized by a low production of proin-
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flammatory cytokines/chemokines, the high expression
of growth factors, and the promotion of Th2-type im-
mune responses [4, 5]. M2 macrophages express high lev-
els of arginase-1 which competes with inducible nitric ox-
ide synthase (iNOS) for the same substrate, L-arginine [6,
7]. iNOS-mediated synthesis of NO from L-arginine is a
well-described pathway for inflammatory (M1) macro-
phages [8]. The alternative arginine pathway, mediated
by arginase-1, orients L-arginine conversion towards or-
nithine, proline, and polyamine and hence towards the
promotion of cell growth and/or fibrosis [9]. Thus, the
high expression of iNOS and arginase-1 helps to define
M1 and M2 macrophages, respectively.

M2 macrophages have been categorized further into
two phenotypes with both common and distinct charac-
teristics [reviewed in 1]. Alternatively activated macro-
phages (designated the M2a phenotype by some groups)
[10] are elicited by exposure to IL-4 and IL-13 and can be
identified by specific surface markers (e.g. mannose re-
ceptor) or products [e.g. resistin-like alpha (Retnla/FIZZ)
or chitinase 3-like 3 (Ym1)] [10, 11]. Regulatory macro-
phages are generated by the activation of Fc gamma re-
ceptors (M2b designation) [12] or by exposure to gluco-
corticoids or IL-10 (M2c designation). Regulatory mac-
rophages are distinct from alternatively activated
macrophages because of their robust production of IL-10
and the lack of specific markers of alternatively activated
macrophages, even though they similarly promote Th2
type immune responses. Therefore, M2 macrophages can
be classified into distinct groups with etiological and
functional differences.

Mediators of the neuroendocrine system (e.g. catechol-
amines) have been shown to modify inflammatory re-
sponses. On a cellular level, adrenergic receptors can
modify TLR-activated cytokine production by macro-
phages. In general, p-adrenergic receptor agonists have
been demonstrated to reduce inflammatory cytokine pro-
duction in vitro [13-16]. In addition, adrenergic receptors
modulate inflammation in vivo. Specifically, we have pre-
viously demonstrated that the activation of p,-adrenergic
receptors by synthetic agents (albuterol or formoterol) re-
duced the presence of inflammatory cytokines in bron-
choalveolar lavage fluid (BALF) during experimental
acute lung injury (ALI) [15]. This evidence led us to hy-
pothesize that activation of the p,-adrenergic receptor on
macrophages not only inhibits the M1 macrophage phe-
notype but also promotes the M2 macrophage phenotype.

In this report, we demonstrate that catecholamines
promote the M2 macrophage phenotype through the 3,-
adrenergic receptor. While LPS-activated macrophages
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had a strong M1 phenotype, the copresence of LPS and
catecholamines resulted in an anti-inflammatory M2
macrophage phenotype compared to LPS treatment
alone. M2 macrophages induced by the copresence of
LPS and catecholamines were of the regulatory macro-
phage phenotype (M2b/c). In vivo, blockade of the j,-
adrenergic receptor during endotoxemia resulted in in-
creased mortality, demonstrating a protective role for
catecholamines in this model. Furthermore, the adoptive
transfer of relatively few LPS/catecholamine-cotreated
macrophages was protective during lethal endotoxemia.
During LPS-induced ALI, blockade of the {3,-adrenergic
receptor resulted in increased inflammatory cytokine
production, polymorphonuclear neutrophil infiltration,
and exacerbated injury. Taken together, these results
demonstrate a role for ,-adrenergic receptor activation
by catecholamines in promoting the M2 regulatory mac-
rophage phenotype.

Materials and Methods

Animals

All procedures were performed in accordance with US Nation-
al Institutes of Health guidelines and were approved by the Uni-
versity of Michigan Committee for the Use and Care of Animals.
Male age-matched C57BL/6, BALB/c, or DO11.10 (BALB/c back-
ground) mice were purchased from Jackson Laboratories (Bar
Harbor, Me., USA). All experiments were performed on C57BL/6
mice unless otherwise stated. All animals were housed under spe-
cific pathogen-free conditions with free access to food and water.

Materials

Epinephrine, norepinephrine, ICI 118,551 (all from Sigma, St.
Louis, Mo., USA), 25'-dideoxyadenosine (2'5'-DDA; Santa Cruz
Biotechnology, Santa Cruz, Calif., USA), SQ22536 (Santa Cruz
Biotechnology), PKA inhibitor 14-22 amide (EMD Millipore, Bil-
lerica, Mass., USA), and wortmannin (Santa Cruz Biotechnology)
were all used at the concentrations listed in the legends to figures
1-5. LPS (Escherichia coli 0111:B4) was purchased from Sigma. a;-
(prazosin; Sigma), a,- (RX821002; Tocris, Bristol, UK), B;- (be-
taxolol; Sigma), and ;- (SR59230A; Sigma) adrenergic receptor
antagonists were also used in this studies. The optimal concentra-
tions for these reagents were determined in preliminary experi-
ments (data not shown). AlexaFluor®’ anti-mouse CD206 was
from BioLegend (San Diego, Calif., USA).

Peritoneal Macrophages

Peritoneal macrophages were elicited by intraperitoneal (i.p.)
injection of 1.5 ml of 2.4% thioglycollate (Life Technologies, Grand
Island, N.Y., USA). Macrophages were harvested 4 days later via
i.p. instillation and retraction of 8 ml sterile ice-cold PBS. Cells
were purified by adherence and cultured in RPMI media (Life
Technologies) supplemented with 0.1% BSA (Sigma). In vitro ex-
periments were performed in triplicate for >2 independent exper-
iments, and representative results are shown.
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Fig. 1. Catecholamines promoted the M2 macrophage activation
phenotype. a-d Mouse peritoneal macrophages were incubated
with LPS (100 ng/ml) in the absence or copresence of epinephrine
(1 uM) or norepinephrine (1 uMm) for 18 h. a Relative expression of
mRNA transcripts for INOS and arginase-1. b Culture supernatant
levels of IL-12,4and IL-10 determined by ELISA after 18 h. ¢ Con-
focal microscopic analysis of macrophage phagocytosis of fluores-
cent E. coli bioparticles. d Flow cytometric analysis of the phago-
cytosis of fluorescent E. coli bioparticles. e Levels of IFN-y or IL-4

RNA Isolation and RT-PCR

RNA was isolated using TRIzol reagent (Sigma) and treated
with DNAse (Life Technologies) to remove any contaminating
genomic DNA. cDNA was generated (oligo dT primers) and RT-
PCR (SYBR) was performed using reagents from Life Technolo-
gies on a 7500 Real-Time PCR System (Applied Biosystems, Fos-
ter City, Calif., USA). Results were analyzed via the 294t meth-
od for relative quantitation and normalized to GAPDH. The
primers (Life Technologies) used for amplification were as
follows: GAPDH, 5" CTTCAACAGCAACTCCCACTCTTCC 3'
(forward) and 5" GGTGGTCCAGGGTTTCTTACTCC 3’ (re-
verse); IL-10, 5' CCAGTTTTACCTGGTAGAAGTGATGCC 3’
(forward) and 5 GTCTAGGTCCTGGAGTCCAGCAGAC 3'
(reverse); arginase-1, 5 ATGGAAGAGACCTTCAGCTACC

Catecholamine-Induced Regulatory
Macrophages

in DO11.10 transgenic lymphocyte/macrophage culture superna-
tants. Macrophages were incubated in the presence or absence of
LPS (100 ng/ml) and/or epinephrine (1 uM) for 1 h. Cells were
washed, and 150 pg/ml ovalbumin was added for 30 min. Then,
peripheral lymph node lymphocytes were added, and cell-free cul-
ture supernatants were harvested after 84 h. Levels of cytokines
were determined by ELISA. MFI = Mean fluorescence intensity;
Neg. Ctrl. = negative control.

TGC 3’ (forward) and 5 GCTGTCTTCCCAAGAGTTGGG 3’
(reverse); iNOS, 5" ACATCGACCCGTCCACAGTAT 3’ (for-
ward) and 5 CAGAGGGGTAGGCTTGTCTCTGG 3’ (reverse);
F1ZZ, 5 TCCAGCTAACTATCCCTCCACTGT 3’ (forward)
and 5 GGCCCATCTGTTCATAGTCTTGA 3’ (reverse); YMI,
5" GGGCATACCTTTATCCTGAGTGACC 3’ (forward) and
5" CCACTGAAGTCATCCATGTCCAGG 3’ (reverse).

Enzyme-Linked Immunosorbent Assays

Cytokine/chemokine enzyme-linked immunosorbent assays
(ELISAs) were from R&D Systems (Minneapolis, Minn., USA) and
mouse albumin ELISAs were from Bethyl Laboratories (Mont-
gomery, Tex., USA). ELISAs were performed as per the manufac-
turer’s recommendations.

] Innate Immun 2014;6:607-618
DOI: 10.1159/000358524

609


http://dx.doi.org/10.1159%2F000358524

57 59 100 7 m vehicle
4l 4l 80 4 O Epinephrine
=) ) T
S 3 S 3 S 60
= = o)
N 2 s 2 S 40
[ > O
0 - 0 - 0 -
& LPS & LPS & LPS
a & & &
500 - 500 -
400
£ £ 300
= e
2 2 200
100
0 -
& PSS S & S & &
Fig. 2. Catecholamines induced the regula- Qg.(’ DN N NN z@b N N N
tory macrophage M2 phenotype. a Macro- s Epinephrine (M) s Norepinephrine (M)
phages were treated with LPS (100 ng/ml) b s s
in the presence or absence of epinephrine
(1 uMm) for 18 h. Thelevels of FIZZ and YM 1
(mRNA, RT-PCR) and CD206 (surface
p < 0.05
mean fluorescence intensity, flow cytome- 5,000 4 500 1 m vehicle 0.05
try) were determined. b Dose-response p <005 1 O Epinephrine s
curve of epinephrine (left) or norepineph- _ 4,000 1 = 400 1
. ) . 5 =
rine (right) in the presence of LPS (100 ng/ S 3,000 - £ 3004
ml). The levels of IL-10 in culture superna- x g
tants after 4 h were determined by ELISA. © 2,000 4 S 2001
¢ Macrophages were treated with LPS (100 A A
ng/ml) in the absence or copresence of epi- 1,000 - 100 - p <0.05
nephrine (1 uMm). IL-10 mRNA (left) and sin ’ﬁ
protein in culture supernatants (right) 0 ‘ — \ 0-
were determined at different time points Neg.Ctrl. ~ 15h 3h Neg.Ctrl. ~ 15h 3h
following stimulation. Neg. Ctrl. = Nega- c LPS LPS

tive control.

Phagocytosis Assays

Unstimulated, LPS-treated, or LPS and epinephrine-cotreat-
ed macrophages were incubated with pHrodo Green E. coli
Bioparticles® (1 mg/ml; Life Technologies) and incubated for
1 h (flow cytometry) or 1.5 h (confocal microscopy). For flow
cytometric analysis, macrophages were washed and analyzed on
a BD LSR-II flow cytometer equipped with FACSDiva software
(both from BD Biosciences, San Jose, Calif., USA). Data was
analyzed using FlowJo software (TreeStar, Ashland, Oreg.,
USA). More than 5 x 10* macrophages were analyzed from each
sample. For confocal microscopic analysis, macrophages cul-
tured on glass coverslips were washed and mounted on slides
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with ProLong Gold™ antifade reagent containing DAPI (Life
Technologies). Slides were analyzed on a Nikon A-1 confocal
system with Nikon Elements software. Digital monochromatic
images were acquired under identical conditions and pseudo-
colored.

Lymphocyte Stimulation Assays

Macrophages (2 x 10°) from BALB/c mice were stimulated for
1 h in the presence or absence of epinephrine (1 pM) and/or LPS
(100 ng/ml). Cells were washed, and ovalbumin (150 pg/ml; Sig-
ma) was added for 30 min prior to the addition of peripheral
lymph node lymphocytes (5 x 10% 600 pl total volume) from
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Fig. 3. Epinephrine signals through the ,-adrenergic receptor.
a Macrophages were incubated in the presence or absence of
LPS (100 ng/ml), epinephrine (1 uM), and/or adrenergic receptor
antagonists (1 uM each). The levels of IL-10 in culture superna-
tants were determined after 4 h. b Macrophages were incubated

in the presence or absence of LPS (100 ng/ml), epinephrine
(1 uM), and/or B,-adrenergic receptor antagonist ICI 118,551 for
18 h. The relative expression of mRNA transcripts for iNOS and
arginase-1 was determined by RT-PCR. Neg. Ctrl. = Negative
control.
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Fig. 4. Catecholamine-enhanced IL-10
production is mediated through the PI3K 800 1 m Vehicle 800 1 M Vehicle
pathway. Macrophages were incubated O PKA inhibitor M 0.05 pm wortmannin
with LPS (100 ng/ml) in the absence or . 600 A _. 600 4 0 0.5 um wortmannin
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SQ22536 (10 puM). b PKA activity was in- T
hibited with PKA inhibitor 14-22 amide Epinephrine Epinephrine
(5 um). € PI3K activity was inhibited with b LPS c LPS
various doses of wortmannin.

DO11.10 transgenic mice. Cultures were incubated for 84 h and
cell-free supernatants were analyzed by ELISA for the presence of
IFN-y and IL-4. Samples generated under the same conditions,
but containing only macrophages, had <5 pg/ml IFN-y and no
detectable IL-4.

Catecholamine-Induced Regulatory
Macrophages

Endotoxemia Studies

Endotoxemia was performed via i.p. administration of LPS
(E. coli 0111:B4) at 10 mg/kg of body weight or 20 mg/kg of body
weight, depending on the experiment. ICI 118,551 was adminis-
tered at a dose of 500 pg/mouse i.p. Plasma was harvested by
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Fig. 5. Activation of the ,-adrenergic receptor by endogenous cat-
echolamines is protective during acute inflammation. a Survival
curve following administration of LPS with or without ICI 118,551
(500 pug/mouse, n = 11 mice per group). b Plasma levels of IL-10
during endotoxemia as described in a (n = 4 mice per group). ¢
Macrophages were incubated in vitro in the presence or absence of
LPS (100 ng/ml) and epinephrine (1 uM) for 1 h. Cells were har-
vested, washed, and adoptively transferred to mice (1 x 10° cells/

bleeding from the retro-orbital venous plexus under isoflurane
anesthesia. For survival studies, mice were observed at least every
12 h for 7 days. For adoptive transfer studies, peritoneal macro-
phages were treated in vitro with LPS in the presence or absence
of epinephrine for 1 h. Cells were harvested, washed, and adop-
tively transferred to mice (1 x 10 cells in 200 pl PBS i.p.). Four
hours after the cell transfer, endotoxemia was performed (20 mg/
kg LPS i.p.).

Acute Lung injury

LPS-induced ALI was performed as previously described
[15]. Briefly, following anesthetization with ketamine, mice re-
ceived 60 pg LPS (E. coli 0111:B4) intratracheally (i.t.) during
inspiration in a volume of 30 ul saline. Sham ALI control mice
received sterile saline. BALF was harvested via the slow instil-
lation and retraction of 1 ml PBS. BALF was aliquoted and
stored at —80°C until use. BALF neutrophils were enumerated
on a hemocytometer following lysis of erythrocytes. For ICI
118,551 treatment, mice received 25 mg/kg i.p. 1 h before LPS
and 6 ng i.t. during LPS instillation. Vehicle control mice re-
ceived sterile saline.
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mouse i.p.). Four hours after cell transfer, endotoxemia was per-
formed (time 0, n > 8 mice per group). d-g ALI was induced via
i.t. administration of LPS (60 pg) and BALF was harvested 8 h
later. Sham animals received only sterile saline. The B,-adrenergic
receptor was blocked by administration of ICI 118,551 (25 mg/kg
i.p. and 6 ngi.t.). BALF levels of albumin (d), neutrophil numbers
(e), and IL-10 (f) and TNF (g) levels were determined (n > 9 mice
per group). n.s. = Not significant.

Statistical Analysis

Data are expressed as means + SEM. Data were analyzed using
GraphPad Prism 6 graphing and statistical analysis software
(GraphPad Inc., La Jolla, Calif., USA). Significant differences be-
tween multiple groups were determined by one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. Survival data were
analyzed using log-rank (Mantel-Cox) tests. Where appropriate,
significant differences between individual sample means were de-
termined by Student’s t test. p < 0.05 was considered statistically
significant.

Results

Catecholamines Promote the M2 Macrophage

Phenotype

Markers used to distinguish between M1 and M2 mac-
rophages are the high expression levels of iNOS and argi-
nase-1, respectively [4]. We determined the relative levels
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of iNOS and arginase-1 mRNA following macrophage
treatment with LPS (100 ng/ml) in the absence or copres-
ence of catecholamines (1 uM). Treatment with LPS alone
induced an M1 phenotype including strong iNOS expres-
sion and modest levels of arginase-1 (fig. 1a). However,
the copresence of LPS and either catecholamine induced
a strong M2 phenotype. Specifically, the level of iNOS
mRNA was reduced by 75-81% upon treatment with LPS
and either catecholamine compared to LPS alone (fig. 1a,
left). Furthermore, the level of arginase-1 mRNA in-
creased 8- to 14-fold with the copresence of catechol-
amines (fig. 1a, right). Catecholamines in the absence of
LPS did not modulate iNOS or arginase-1 (data not
shown). Therefore, macrophages incubated with cate-
cholamines in the presence of LPS displayed reduced
iNOS expression and enhanced arginase-1 expression, a
phenotype akin to M2 macrophages.

The preferential secretion of IL-12 and IL-10 by M1
and M2 macrophages, respectively, helps define macro-
phage polarization phenotypes [10]. LPS-treated macro-
phages released high levels of the p40 subunit of IL-12
(fig. 1b, left). Macrophages treated with LPS in the copres-
ence of either catecholamine had significantly reduced
levels of IL-12,4 in the culture supernatant (fig. 1b, left).
Conversely, LPS-treated macrophages released low levels
of IL-10 into the culture supernatant, but catecholamine
and LPS cotreatment resulted in 5- to 6-fold higher levels
of IL-10 (fig. 1b, right). Therefore, in the presence of LPS
and catecholamines, macrophages adopted a cytokine
repertoire similar to M2 macrophages.

In general, M2 macrophages display greater phagocyt-
ic activity than M1 macrophages [17-19]. Untreated,
LPS-treated, and LPS and epinephrine-cotreated macro-
phages all phagocytosed fluorescent bioparticles gener-
ated from E. coli (fig. 1c). Qualitatively, macrophages
treated with LPS in the copresence of epinephrine dis-
played higher levels of fluorescence intensity, indicating
increased phagocytic activity (fig. 1c). In order to quanti-
tate this difference, bioparticle fluorescence was deter-
mined via flow cytometry. LPS-treated macrophages in
the copresence of epinephrine had a 42% increase in
phagocyticactivity compared to LPS-treated cells (fig. 1d).

M2 macrophages are known to promote Th2 type im-
mune responses characterized by reduced IFN-y secre-
tion and enhanced IL-4 secretion by T cells [20]. During
in vitro studies using DO11.10 transgenic lymphocytes
(ovalbumin-specific T-cell receptor), macrophages
treated with epinephrine (and cultured in the presence
of ovalbumin) reduced IFN-y secretion and enhanced
IL-4 secretion by lymphocytes (fig. 1e). This effect was

Catecholamine-Induced Regulatory
Macrophages

independent of LPS stimulation (fig. 1e). Therefore, epi-
nephrine induced a shift towards a Th2 type immune
response in vitro. Taken together, these results suggest
that catecholamines induced a phenotypic switch from
M1 (LPS-treated) to M2 (LPS/catecholamine-treated)
macrophages.

LPS and Epinephrine Copresence Induces Regulatory

Macrophages

M2 macrophages can be divided into alternatively ac-
tivated and regulatory subtypes. Alternatively activated
macrophages are identified by high expression levels of
FIZZ, Ym]1, and the mannose receptor (CD206) [1]. The
determination of mRNA or surface protein levels of these
markers did not change in the copresence of LPS and epi-
nephrine (fig. 2a), or with epinephrine treatment alone
(data not shown), indicating that catecholamines do not
induce alternatively activated macrophages.

Definitive markers for regulatory macrophages have
not been established, but these macrophages are known
producers of high levels of IL-10 [10]. Treatment of LPS-
activated macrophages with catecholamines enhanced
IL-10 production in a dose-dependent manner (fig. 2b).
The ECs for epinephrine and norepinephrine was 5 and
320 nM, respectively. The copresence of LPS and epineph-
rine had immediate and robust effects on IL-10 transcrip-
tion (fig. 2c, left) and protein secretion into the culture
supernatant (fig. 2¢, right). Treatment of cells with epi-
nephrine or norepinephrine in the absence of LPS did not
enhance the low basal level of IL-10 production (data not
shown). Taken together, these results suggest that the
copresence of LPS and catecholamines induced macro-
phage polarization towards the M2 regulatory macro-
phage phenotype.

Catecholamines Modulate LPS-Induced Macrophage

Cytokine Production

M1 and M2 macrophages are known to produce dif-
ferent cytokine milieus [10]. In our studies, the treat-
ment of macrophages with either epinephrine or norepi-
nephrine, in the copresence of LPS, resulted in a signifi-
cantshiftfromM1 (LPSonly)toM2 (LPS+ catecholamine)
cytokine/chemokine production. Specifically, cotreat-
ment of macrophages with LPS and either catecholamine
(1 uM) reduced the production of TNF, macrophage in-
flammatory protein (MIP)-1a, keratinocyte chemoat-
tractant [KC, chemokine (C-X-C motif) ligand 1
(CXCL1)], and MIP-2 (CXCL2) compared to LPS treat-
ment alone (table 1). Catecholamines did not significant-
ly affect the production of IL-6, but the production of
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Table 1. Effects of catecholamines on LPS-stimulated macrophage cytokine secretion

Cytokine Neg. Ctrl. LPS LPS + epinephrine LPS + norepinephrine
TNF 10+5.3 6,486+392 3,158+87* (-51%) 2,796+143* (-57%)
IL-6 n.d. 613453 492420 (-20%) 496432 (-19%)

KC 32+2.2 22,047+516 13,532+879* (-39%) 14,887+320%* (-32%)
MIP-2 n.d. 30,689+1,023 17,475+873%* (-43%) 20,216£504* (-34%)
MIP-1 69+11 36,532+1,973 17,82342,506* (-51%) 18,360+2,628* (-50%)
G-CSF n.d. 22+1.1 323+30* (+1,386%) 383+32* (+1,658%)

The levels of cytokines/chemokines (pg/ml) in culture supernatants were determined by ELISA. Data are representative of 3 inde-
pendent experiments. Thioglycollate-elicited mouse peritoneal macrophages were treated for 4 h with LPS (100 ng/ml) in the presence
or absence of epinephrine (1 uM) or Norepi. (1 um). n.d. = Not detectable; Neg. Ctrl. = negative control.

* Differences between LPS and LPS + catecholamine groups were significant at p < 0.05.

granulocyte colony-stimulating factor (G-CSF) was
greatly enhanced compared to LPS treatment alone
(table 1). Importantly, catecholamine (10~12-107° M) nei-
ther enhanced nor inhibited the low baseline production
of any cytokine in the absence of LPS (data not shown).
Similar effects of catecholamines on LPS-induced cyto-
kine production were observed when mouse bone mar-
row-derived macrophages or the MH-S cell line (sv40-
transformed mouse alveolar macrophages) was used
(data not shown). Furthermore, similar results were ob-
served when other TLR agonists (TLR2, zymosan; TLR3,
poly I:C) were used in lieu of LPS (data not shown).
These results indicate that catecholamines modulated
TLR-induced cytokine/chemokine production from
macrophages, resulting in reduced inflammatory cyto-
kine secretion.

Epinephrine Signals through the f,-Adrenergic

Receptor

While all 5 adrenergic receptors (a;, a,, a3, By, and ;)
can bind either catecholamine, they do so with different
affinities and signaling properties. In addition, there can
be major differences in adrenergic receptor expression
depending on the cell type being used. We investigated
which adrenergic receptor or receptors were responsible
for the effects of epinephrine on macrophage cytokine
production. We focused on epinephrine because the ECs,
was >50-fold higher than for norepinephrine (fig. 2b).
Adrenergic receptors were blocked using specific inhibi-
tors prior to exposure to LPS in the presence or absence
of epinephrine (1 puM). Results showed that blockade of
the p,-adrenergic receptor with the specific ,-antagonist
ICI 118,551 completely reversed the effects of epineph-
rine on IL-10 production (fig. 3a). The other adrenergic
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receptor antagonists did not significantly affect epineph-
rine-enhanced IL-10 production (fig. 3a).

Blockade of the 3,-adrenergic receptor also inhibited
changes in iNOS and arginase-1 expression. As in figure
1, the copresence of LPS and epinephrine reduced iNOS
expression and enhanced arginase-1 expression com-
pared to LPS treatment alone (fig. 3b, black bars). How-
ever, the presence of the specific B,-adrenergic receptor
antagonist ICI 118,551 completely reversed the effects of
epinephrine on the LPS-activated macrophage expres-
sion of iNOS and arginase-1 (fig. 3b). Surprisingly, {,-
adrenergic receptor blockade enhanced iNOS expression
even in the absence of exogenous epinephrine (fig. 3b,
left). This observation may be due to the endogenous pro-
duction of catecholamines by macrophages [21] or the
known inverse agonist (blockade of spontaneous recep-
tor signaling) properties of ICI 118,551 [22]. Taken to-
gether, these results indicate that catecholamines pro-
moted the M2 regulatory macrophage phenotype through
the B,-adrenergic receptor.

Epinephrine Modulates Cytokine Production through

the Phosphoinositide 3-Kinase Pathway

B,-Adrenergic receptor activation by catecholamines
in many cell types results in the canonical signaling path-
way involving the activation of adenylate cyclase, in-
creased [CAMP]i, and the activation of protein kinase A
(PKA). Therefore, we investigated whether macrophage
B,-adrenergic receptor activation modulates cytokine
production through the cAMP/PKA pathway. Macro-
phages were treated with LPS in the presence or absence
of epinephrine and the adenylate cyclase inhibitor 2'5'-
DDA. Results showed that inhibition of adenylate cyclase
did not reverse the effects of epinephrine on IL-10 pro-
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duction (fig. 4a, left). Similar results were observed when
another adenylate cyclase inhibitor, SQ22536, was used
(fig. 4a, right). Furthermore, specific inhibition of PKA
(with PKA inhibitor 14-22 amide) in similar experiments
did not reduce epinephrine-enhanced IL-10 production
(fig. 4b). Therefore, for macrophages, the canonical {3,-
adrenergic signaling pathway did not have a role in cate-
cholamine-mediated alteration of IL-10 production.
Given recent reports showing a role for phosphoinosit-
ide 3-kinase (PI3K) in P,-adrenergic receptor signaling
[23, 24], we investigated whether PI3K mediates the ef-
fects of B,-receptor activation in macrophages. In a dose-
dependent manner, inhibition of PI3K by wortmannin
reversed the effects of epinephrine on IL-10 production
(fig. 4c). Inhibition of other common signaling pathways
(e.g. mitogen-activated protein kinases) did not influence
epinephrine-induced IL-10 modulation (data not shown).
Taken together, these results suggest that 3,-adrenergic
receptor activation by epinephrine enhanced macro-
phage IL-10 production through the PI3K pathway.

Bo-Adrenergic Receptor Activation by Endogenous

Catecholamines Is Anti-Inflammatory during Acute

Inflammation

Stimulation of the P,-adrenergic receptor by exoge-
nous agonists has protective effects during acute inflam-
mation in vivo [15]. However, the role of 3,-adrenergic
receptor activation by endogenous catecholamines dur-
ing acute inflammatory reactions is not clear. Catechol-
amines are ubiquitous in vivo and are upregulated during
inflammatory conditions [21]. Given our in vitro results,
we hypothesized that blockade of ,-adrenergic receptors
would enhance inflammation in vivo. We investigated
the role of endogenous catecholamine-induced [,-
adrenergic receptor activation in two models of acute in-
flammation in vivo: endotoxemia and ALIL During endo-
toxemia, administration of LPS (10 mg/kg i.p.) with the
B,-antagonist ICI 118,551 (500 pg/mouse i.p.) resulted in
100% mortality while LPS alone resulted in only 30%
mortality (fig. 5a). In addition, P,-adrenergic receptor
blockade during endotoxemia was associated with re-
duced levels of IL-10 found in plasma (fig. 5b). Adminis-
tration of ICI 118,551 will block ,-adrenergic receptors
on a myriad of cell types, not just macrophages. There-
fore, the increased mortality in this model may be due to
the effects of ICI 118,551 on other cell types. To help de-
termine whether catecholamine-induced regulatory mac-
rophages had protective effects during endotoxemia,
macrophages were treated with LPS in the presence or
absence of epinephrine in vitro and then adoptively trans-

Catecholamine-Induced Regulatory
Macrophages

ferred to mice (1 x 10° cells per mouse i.p.) 4 h prior to
the induction of lethal endotoxemia (20 mg/kg LPS i.p.).
Results showed that mice that received macrophages pre-
treated with LPS and epinephrine were modestly protect-
ed from endotoxemia compared to unstimulated or LPS-
treated macrophages (fig. 5c). Taken together, these re-
sults suggest that activation of the ,-adrenergic receptor
by endogenous catecholamines is protective during en-
dotoxemia. Furthermore, we demonstrated the protec-
tive effects of catecholamine-induced regulatory macro-
phages in this model.

To determine the role of the ,-adrenergic receptor
in a different model of acute inflammation, ICI 118,551
was administered during LPS-induced ALI. Blockade of
B,-adrenergic receptors resulted in a 2-fold increase in
the albumin levels found in BALF, indicating amplified
blood/alveolar barrier breakdown (fig. 5d). The number
of neutrophils in BALF was modestly increased by 3,-
adrenergic receptor blockade (fig. 5e). Surprisingly, the
low levels of IL-10 found in BALF were not changed by
B,-adrenergic receptor blockade (fig. 5f). However, the
levels of TNF in BALF were modestly enhanced by f,-
adrenergic receptor blockade (fig. 5g). These patterns
are consistent with our recent report showing that exog-
enous [3,-adrenergic receptor agonists suppress the in-
tensity of ALI [15]. Taken together, these results dem-
onstrate that P,-adrenergic receptor activation by en-
dogenous catecholamines is protective during acute
inflammatory reactions.

Discussion

In this study, we demonstrated that catecholamines
profoundly affect the macrophage phenotype through the
B,-adrenergic receptor. Furthermore, P,-adrenergic re-
ceptor activation by endogenous catecholamines was
shown to have a protective function during acute inflam-
mation in vivo. Much is known about the modulatory ef-
fects of the adrenergic system on cytokine production.
Early studies by van der Poll et al. [25-27] demonstrated
that catecholamines inhibit the production of TNF, IL-6,
and IL-1f in human whole blood models using high con-
centrations of catecholamines. In addition, several subse-
quent studies have shown that synthetic a-adrenergic re-
ceptor agonists enhance the LPS-induced production of
TNF by macrophages, while p-adrenergic receptor ago-
nists reduce TNF production [13-16]. In this report, we
extended these findings to demonstrate that catechol-
amine-induced activation of the p,-adrenergic receptor
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Catecholamines

B2-Adrenergic receptor

Enhanced High Th2 Arginase-1
phagocytosis IL-10 response  L-arginine
pathway

\ L

Reduced inflammation

Fig. 6. Summary of the effects of catecholamines on the promotion
of anti-inflammatory (M2) macrophage functions resulting in re-
duced inflammation.

did not simply modify the production of a few inflamma-
tory cytokines but rather modified the entire macrophage
phenotype, resulting in an M2 regulatory macrophage
phenotype. Evidence for this is the differential regulation
of cytokines by catecholamines. Proinflammatory cyto-
kines (TNF, IL-12, and CXCL chemokines) were down-
regulated by catecholamines while IL-10 and G-CSF were
enhanced. Furthermore, catecholamines induced pheno-
typic changes consistent with the M2 phenotype, includ-
ing enhanced phagocytosis, the promotion of Th2 type
immune responses, and enhanced arginase-1 expression
(summarized in fig. 6). Therefore, this study demon-
strates for the first time that catecholamines promote the
M2 regulatory macrophage phenotype through the B,-
adrenergic receptor.

In addition to the cellular effects of catecholamines, we
demonstrated a protective role for endogenous catechol-
amines during acute inflammation in vivo. Specifically,
blockade of {3,-adrenergic receptors by ICI 118,551 re-
duced survival during endotoxemia, which was associat-
ed with reduced levels of IL-10 in plasma. Adoptive trans-
fer of a relatively small number of catecholamine-induced
regulatory macrophages was protective during lethal en-
dotoxemia. During ALI, blockade of 3,-adrenergic recep-
tors by ICI 118,551 enhanced the level of TNF found in
BALF and exacerbated lung injury. However, previous
studies using the same {3,-antagonist reported no effect
during ALI [21]. The differences in these studies may be
due to the route (i.p. vs. i.p. and i.t.) and dose of the in-
hibitor. Due to this, the previous study may not have suf-
ficiently blocked receptors in the alveolar compartment.
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Importantly, blockade of a,-adrenergic receptors has
been shown to reduce the injury severity during ALI [21,
28]. Therefore, it is apparent that a,- and {3,-adrenergic
receptors act in a complimentary manner. Since catechol-
amines can bind both receptors, the relative contribu-
tions of these receptors during inflammatory reactions in
vivo need to be addressed in the future.

It is important to note that (,-adrenergic receptor
blockade did not enhance IL-10 production during ALI.
We have previously reported that alveolar macrophages
respond to synthetic 3,-agonists by enhancing the pro-
duction of IL-10 in the presence of LPS [15]. Why we
could not detect a difference in IL-10 presence in BALF
when (3,-adrenergic receptors were blocked was not en-
tirely apparent. It is known that other cell types in the
lung during ALI also produce IL-10 (e.g. alveolar type II
epithelium [29] and neutrophils [30]), which may mask
any changes induced by B,-adrenergic receptor inhibi-
tion. In addition, the time point chosen for analysis (6 h
after LPS instillation) may not be optimal to detect differ-
ences in the low levels of IL-10 that are produced during
ALIL However, the anti-inflammatory properties of en-
dogenous catecholamine-induced {3,-receptor activation
during ALI were clear, as evidenced by increased TNF
production, increased neutrophil infiltration, and in-
creased epithelial/endothelial barrier breakdown in the
presence of the 3,-receptor inhibitor.

It is known that sustained PI3K activity is necessary
for M2 activation in response to IL-4 [31, 32]. Indeed,
PI3K is essential in driving arginase-1 expression [33,
34]. Here, we demonstrated that the M2 phenotype in-
duced by B,-adrenergic receptor activation also requires
PI3K, in agreement with these reports. It is important
to note that characterization of the catecholamine-in-
duced regulatory M2 macrophage phenotype may be
overly simplistic. Indeed, the M2 phenotype encom-
passes a full spectrum of activated macrophage pheno-
types [1]. Based on the evidence in this report, we pro-
pose that catecholamines primarily promote the regula-
tory macrophage phenotype, characterized by high
levels of IL-10 production. The regulatory macrophage
phenotype requires 2 stimuli for efficient IL-10 release
in vitro. The first signal (e.g. prostaglandins) often has
no stimulatory ability by itself [35, 36]. However, when
the initial signal is combined with TLR agonism it re-
sults in the synthesis of high levels of IL-10, the robust
production of which may be the most reliable marker for
regulatory macrophages [1, 12]. Here, we showed that
this ‘recipe’ for high IL-10 production holds true for cat-
echolamines.
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Stress responses (e.g. glucocorticoids) can affect sev-
eral macrophage functions including inhibition of the
transcription of proinflammatory mediators [37]. The re-
sulting macrophages are often of the regulatory type,
which can skew T cell responses toward Th2, induce regu-
latory T cells, or fail to present antigen to T cells altogeth-
er [1, 38]. Here, we showed that catecholamines act as in-
ducers of regulatory macrophages. Robust levels of gluco-
corticoids and catecholamines are released during periods
of high immunological stress, like during sepsis [39].
Therefore, the resulting regulatory macrophages, and the
high levels of IL-10 they produce, can render the host
prone to infection. Conversely, regulatory macrophages
can dampen vigorous but damaging inflammation. There-
fore, modulation of the adrenergic system may be an im-
portant therapeutic route for enhancing protection against
pathogens, or protecting the host from overly robust in-
flammatory responses. However, it is important to note
that there is not a single stimulus that influences macro-
phage phenotypes in vivo. Instead, many different stimu-
li, including TLR agonists, IFN-y, glucocorticoids, prosta-
glandins, etc., all contribute to the resulting phenotype of
the activated macrophage. This diversity of signals is what
generates the ability for fine-tuning of the resulting mac-
rophage functions and products.

In summary, we report a novel function of the {,-
adrenergic receptor on macrophages. Specifically, activa-
tion of the ,-adrenergic receptor by catecholamines in-
duced regulatory M2 macrophages through the PI3K
pathway. These IL-10-producing macrophages express
high levels of arginase-1 mRNA, display enhanced phago-
cytosis, and skew T cell responses towards Th2. In addi-
tion, B,-adrenergic receptor blockade in vivo was detri-
mental in models of systemic and localized acute inflam-
mation, thus demonstrating a protective role for
endogenous catecholamine-induced {,-adrenergic re-
ceptor activation in vivo.
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