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ABSTRACT

Macrophages are pivotal effector cells in immune re-

sponses and tissue remodeling by producing a wide

spectrum of mediators, including angiogenic and lym-

phangiogenic factors. Activation of cannabinoid receptor

types 1 and 2 has been suggested as a new strategy to

modulate angiogenesis in vitro and in vivo. We investi-

gated whether human lung-resident macrophages ex-

press a complete endocannabinoid system by assessing

their production of endocannabinoids and expression

of cannabinoid receptors. Unstimulated human lung

macrophage produce 2-arachidonoylglycerol,

N-arachidonoyl-ethanolamine, N-palmitoyl-ethanolamine,

and N-oleoyl-ethanolamine. On LPS stimulation,

human lung macrophages selectively synthesize 2-

arachidonoylglycerol in a calcium-dependent manner.

Human lung macrophages express cannabinoid recep-

tor types 1 and 2, and their activation induces ERK1/2

phosphorylation and reactive oxygen species genera-

tion. Cannabinoid receptor activation by the specific

synthetic agonists ACEA and JWH-133 (but not the

endogenous agonist 2-arachidonoylglycerol) markedly

inhibits LPS-induced production of vascular endothelial

growth factor-A, vascular endothelial growth factor-C,

and angiopoietins and modestly affects IL-6 secretion.

No significant modulation of TNF-a or IL-8/CXCL8 release

was observed. The production of vascular endothelial

growth factor-A by human monocyte-derived macro-

phages is not modulated by activation of cannabinoid

receptor types 1 and 2. Given the prominent role of

macrophage-assisted vascular remodeling in many

tumors, we identified the expression of cannabinoid

receptors in lung cancer-associated macrophages. Our

results demonstrate that cannabinoid receptor activa-

tion selectively inhibits the release of angiogenic and

lymphangiogenic factors from human lung macrophage

but not from monocyte-derived macrophages. Activation

of cannabinoid receptors on tissue-resident macro-

phages might be a novel strategy to modulate

macrophage-assisted vascular remodeling in cancer

and chronic inflammation. J. Leukoc. Biol.

99: 531–540; 2016.

Introduction

Macrophages are implicated in such pathologic processes as
chronic inflammation, tissue remodeling, and tumor growth
because of their ability to produce proinflammatory mediators
and angiogenic and lymphangiogenic factors [1–4] in response
to a wide spectrum of stimuli [5]. Their activation status can be
roughly divided into 2 subgroups, M1 and M2. M1 macrophages
are proinflammatory and have a central role in host defense
against bacterial infections, and M2 macrophages are associated
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with the response to parasitic infections, tissue remodeling, and
tumor progression. In addition, tissue-resident macrophages
might be functionally different from in vitro-derived macro-
phages owing to their ontogeny and/or tissue-derived
signals [6–10].
ECs are lipid mediators that exert most of their functions by

activating two 7-transmembrane G-protein–coupled receptors,
CB1 and CB2 [11, 12]. ECs, together with their receptors and the
proteins responsible for their synthesis, transport, and degrada-
tion, constitute the EC system [13]. CB1 is abundant in the central
nervous system, and it is also expressed in the peripheral system
[14–16]. CB2 is primarily found in peripheral tissues, several
immune cell subsets [16, 17], and, to a lesser extent, neuronal
cells [18]. Specifically, CB2 has been identified in mouse
macrophages [19, 20] and human monocytes [21, 22], and CB1

has been found in mouse [23] and human monocytes [24]
and mast cells [25, 26]. Angiogenesis, the formation of new
blood vessels, and lymphangiogenesis, the formation of new
lymphatic vessels, are complex processes [27] that require the
coordinated action of several factors, including VEGFs and
Ang1 and Ang2. Evidence has shown that activation of CB1 and
CB2 inhibits angiogenesis in vivo and in vitro [28–32]. CB1 [32]
and CB2 [33] activation reduces the expression of VEGFs in
tumors. To our knowledge, no evidence has shown that CB1 or
CB2 activation modulates human macrophage-assisted vascular
remodeling.
In the present study, we investigated the production of ECs,

the expression of CB1 and CB2 in HLMs, and the effects of CB1

and CB2 agonists on the production of angiogenic and
lymphangiogenic factors from LPS-activated HLMs.

MATERIALS AND METHODS

Isolation and purification of HLMs and monocytes
HLMs and human blood cells were obtained according to the human subject
research guidelines established by the University of Naples Federico II and the
Second University of Naples. The ethics committee of the University of Naples
Federico II approved the study protocol, and patients undergoing thoracic
surgery and blood donors provided informed consent.

Macroscopically normal lung tissue was obtained from patients affected by
lung adenocarcinoma (hepatitis C virus-negative, hepatitis B surface Ag-
negative, HIV12) undergoing lung resection, and HLMs were isolated by
mechanical dispersion, as previously described [34].

For monocyte isolation, blood was layered onto Histopaque-1077 (Sigma-
Aldrich, Milan, Italy), and mononuclear cells were collected at the interface.
Monocytes were further purified with CD14 microbeads (Miltenyi Biotec,
Bologna, Italy) according to the manufacturer’s protocol.

Cell cultures
Cells were cultured in 24-well plates in RPMI 1640 supplemented with 5% FCS
(Sigma-Aldrich), 2 mM L-glutamine, and 1% antibiotic-antimycotic solution.

To obtain MDMs, monocytes (2 3 105 cells/cm2) were differentiated with
M-CSF 50 ng/ml (Miltenyi Biotec) for 7 d.

The cells were treated with different combinations of vehicle (DMSO, also
reported as untreated), ACEA (CB1 agonist; Tocris Bioscience, Bristol, U.K.),
JWH-133 (CB2 agonist; Tocris Bioscience), detoxified LPS (from Escherichia coli
serotype 0111:B4; Sigma-Aldrich), AM-251 (CB1 antagonist; Tocris Bioscience),
AM-630 (CB2 antagonist; Tocris Bioscience), OMDM-169 (an inhibitor of 2-AG
degradation), OMDM-188 (an inhibitor of 2-AG synthesis), EGTA (Sigma-
Aldrich), and BAPTA (Sigma-Aldrich). At the end of incubation, the
supernatants were collected and stored at 280°C for subsequent ELISA
quantification. The remaining cells were lysed with 0.1% Triton X-100 (Sigma-
Aldrich) for total protein quantification using a Bradford-based assay (Bio-Rad,
Segrate, Italy). Stock solutions of glycolipid were prepared and stored in DMSO
at a concentration of 1 M, unless otherwise specified, and diluted to a working
concentration in RPMI 1640 or PCG buffer immediately before the experiment.

Quantitative analysis of ECs and related mediators
Freshly isolated HLMs were suspended in PCG buffer. The cells (53 106/2.5 ml
per sample) were incubated (5–360 min, 37°C) with or without 1 mg/ml LPS.
Next, 5 ml of ice-cold methanol was added to the cell suspensions, vortexed,
and frozen to280°C. Lipids were extracted from the cell suspensions and AEA,
2-AG, PEA, and OEA prepurified and quantified by isotope dilution-liquid
chromatography-atmospheric pressure chemical ionization-mass spectrometry.
The extraction, purification, and quantification of ECs from tissues were
performed as previously described [35, 36].

Intracellular calcium concentrations
[Ca2+]i was measured by single-cell computer-assisted video imaging [37]. In
brief, HLMs cultured on poly-L-lysine–coated glass coverslips were loaded with
6 mM Fura-2 AM for 1 h at 22°C in Krebs-Ringer saline solution containing the
following: 5.5 mM KCl, 160 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM
glucose, and 10 mM HEPES-NaOH (pH 7.4). At the end of the loading
period, the coverslips were placed in a perfusion chamber (Medical Systems,
Greenvale, NY, USA) mounted on a Zeiss Axiovert 200 microscope (Carl Zeiss,
Jena, Germany) equipped with a FLUAR 340 oil objective lens. The
experiments used a digital imaging system composed of a MicroMax 512BFT
cooled charge-coupled device camera (Princeton Instruments, Trenton, NJ,
USA), LAMBDA 10-2 filter wheeler (Sutter Instruments, Novato, CA, USA),
and MetaMorph/MetaFluor Imaging System software (Universal Imaging,
West Chester, PA, USA). After loading, the cells were illuminated alternately
at 340 and 380 nm by a xenon lamp. The emitted light was passed through
a 512-nm barrier filter. The Fura-2 AM fluorescence intensity was measured
every 3 s. A total of 40–65 individual cells were selected and monitored
simultaneously from each cover slip. The results are presented as the cytosolic
[Ca2+]. Calibrations used the relation of Grynkiewicz et al [38], assuming that
the KD for Fura-2 AM was 224 nM.

mRNA extraction and quantitative PCR analysis
Total RNA was isolated using TRI-Reagent (Life Technologies, Monza, Italy)
and treated with DNase-I (1 U/ml; Sigma-Aldrich) following the manufac-
turer’s instructions. RNA quality and integrity were estimated using the 2100
Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total
mRNA was reverse transcribed (enzyme-VILO; Life Technologies), and
quantitative PCR was performed in the iCycler-iQ5 real-time PCR detection
system (Bio-Rad) using SYBR Green Master Mix (Bio-Rad). b-Actin was used as
the housekeeping gene to normalize the cycle threshold values using the
22DCt formula. The following primer pairs were used: b-actin forward, 59-
AAATCGTGCGTGACATTAAG-39; b-actin reverse, 59-ATGGAGTTGAAGGTA-
GTTTCG-39; CB1 forward, 59-TCTGTTCATCGTGTATGC-39; CB1 reverse, 59-
CTTGGCTAACCTAATGTCC-39; CB2 forward, 59-TAGTGCTGAGAGGA-
CCCA-39; CB2 reverse, 59-CGCTATCCACCTTCCTACAA-39; ABHD6 forward,
59-CTCAGTGTGGTCAAGTTC-39; ABHD6 reverse, 59-ATCCGATGGGTA-
GTAAGC-39; ABHD12, forward, 59-GGTTCTTCCTTGATCCTATTAC-39;
ABHD12 reverse, 59- AATGTATTTGTGCCTGTAGC-39; DAGLa forward, 59-
CGAGTTCATCTACGCCATC-39; DAGLa reverse, 59-AAGACGCAGAGGACAGTG-39;
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DAGLb forward, 59-CTGTGGTGGATTGGCATTC-39; DAGLb reverse, 59-GGGTTA-
CAAATCGTTCCTCTC-39; FAAH forward, 59-TCAGAGAAGAGGTCTACA-39; FAAH
reverse, 59- GAGGGCATGGTATAGTT-39;MAGL forward, 59-AAGATGCCGCCTGTA-
GCC-39; MAGL reverse, 59-TGGGTCGCTGCTGGAAGG-39; PLCb1 forward, 59-AGA-
CAATGGACCTGGCTATG-39; and PLCb1 reverse, 59-ATGCCTTCCTCCTTGTA-
TCC-39.

Western blot for CB1 and CB2

For CB1 and CB2 detection, HLMs or MDMs were lysed with lysis buffer
(20 mmol/L Tris [pH 7.5], 5 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl
fluoride, 2 mmol/L benzamidine, 10 mg/ml leupeptin, 10 mmol/L NaF,
150 mmol/L NaCl, 1% Nonidet P-40, and 5% glycerol) on ice for 20 min before
centrifugation (15 min, 15,000g). For p-ERK1/2 detection, HLMs or MDMs were
incubated (30 min, 37°C) with CB agonists in PCG buffer and then lysed with
lysis buffer. Lysates (40 mg for CB1 and CB2, 25 mg for p-ERK1/2) were boiled for
5 min in Laemmli SDS loading buffer, separated on precast polyacrylamide gels
(4–12% gradient Bis-Tris gels; Life Technologies), and transferred to poly-
vinylidene difluoride (CB1 and CB2) or nitrocellulose (p-ERK1/2) membranes.
The membranes were incubated (16 h, 4°C) with rabbit anti-CB1 (1:500; Applied
Biologic Materials), mouse anti-CB2 (1:400; Sigma-Aldrich), or rabbit anti–p-
ERK1/2 Ab (1:2000; Cell Signaling Technology, The Netherlands). Mouse
anti–a-tubulin (1:5000; Sigma-Aldrich) or rabbit anti-ERK2 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) were used to check for equal protein loading.
Reactive bands were detected by chemiluminescence. Images were analyzed on
a ChemiDoc XRS station with Quantity-one, version 4.6, software (Bio-Rad).

ROS detection
HLMs were plated in a 24-well plate and incubated (30 min, 37°C) with 10 mM
C29,79-dichlorodihydrofluorescein diacetate (Life Technologies) in PCG
buffer, washed twice, and stimulated with ACEA or JWH-133 (1 mM) and
AM-251 or AM-630 (0.5 mM). Immediately after stimulation, the cells were
placed in a multimode microplate reader (Infinite 200PRO; Tecan Systems,
San Jose, CA, USA) at 37°C, and fluorescence was measured for 10 min at
1-min intervals. In selected experiments, HLMs were preincubated 10 min
with AM-251 or AM-630 and then stimulated with ACEA or JWH-133.

Immunohistochemistry analysis of nontumor and tumor
lung tissues
Nontumor and tumor lung tissues were obtained from patients undergoing
resection for lung cancer [34]. The tissues were fixed with 4% para-
formaldehyde (wt/vol) paraformaldehyde/PBS. After fixation, lung slices
were cut with a Leica CM3050S cryostat (Leica Biosystems, Nussloch,
Germany) in serial coronal frozen sections (10 mm thick), collected onto
electrostatic-charged Super frost slides (Thermo Scientific, Milan, Italy) in
alternate series and processed for immunohistochemistry. The following
antibodies were used: mouse anti-CD68 (Thermo Scientific), rabbit anti-CB1,
rabbit anti-CB2 (Abcam, Cambridge, U.K.), Alexa Fluor-488 or -546 secondary
donkey anti-IgGs (Life Technologies). For detection, we used Polink TS-MMR-
Hu KIT (GBI Labs, Bothell, WA, USA) and mouse AP polymer + rabbit HRP
polymer. Antigen retrieval was performed with heat-induced epitope retrieval

solution (pH 6.2) Diva Decloaker 320 buffer (Biocare Medical, Concord, CA,
USA). The substrates used were Vulcan fast red and 3,3’-diaminobenzidine.
Sections were acquired using a Leica DMD108 microscope equipped with
appropriate filters and deconvolution software MetaMorph (Leica). The images
were analyzed using LAS AF, version 2.2.0, software (Leica Microsystems).

ELISA assays
Cytokine release in supernatant was measured using commercially available
ELISA kits for VEGF-A, VEGF-C, Ang1, Ang2, TNF-a, IL-8/CXCL8, and IL-6
(R&D Systems, Minneapolis, MN, USA). The results were normalized for the
total protein content in each well. Inhibition of cytokine release is expressed
as a percentage of the maximal response, calculated as (R 2 Rb)/(Rmax 2 Rb)
3 100, where R is the release in samples treated with the combination of LPS
plus CB agonists or antagonists, Rb is the release in unstimulated samples, and
Rmax is the release in samples stimulated with LPS alone.

Statistical analysis
The data are expressed as the mean 6 SD of the indicated number of
experiments. Statistical analysis was performed using Student’s t test or 1-way
ANOVA, followed by Dunnett’s test (when comparison was made against
a control) or Bonferroni’s test (when comparison was made between each pair
of groups) using Analyze-it for Microsoft Excel, version 2.16 (Analyze-it
Software, Ltd., Leeds, U.K.). Statistically significant differences were accepted
when P # 0.05.

RESULTS

EC production in LPS-activated M2-like HLMs
First, we investigated the phenotype of HLMs by flow cytometry.
HLM (identified as FSchiSSchiCD45+HLA2DR+ cells) homoge-
neously expressed CD206 (Supplemental Fig. 1), which might be
indicative of an M2-like phenotype [1]. Nevertheless, M2 markers
are also expressed by tissue-resident macrophages in an IL-
4–independent manner [6].
Next, we evaluated the spontaneous and LPS-induced pro-

duction of AEA and 2-AG and of 2 AEA-related mediators, PEA
and OEA, which are not CB receptor agonists, by HLMs. HLMs
constitutively produced AEA, 2-AG, PEA, and OEA (Fig. 1A). In
LPS-stimulated HLMs, 2-AG levels peaked after 10 min of
stimulation and declined thereafter (Fig. 1B). The production of
2-AG is strictly dependent on the increase in [Ca2+]i [39]. Thus,
we monitored [Ca2+]i in LPS-activated HLMs in the absence or
presence of the Ca2+ chelator EGTA. LPS induced a rapid
increase in the [Ca2+]i that was partially prevented by EGTA
(1 mM) (Fig. 2A and B). This suggests that the LPS-induced [Ca2+]i
increase was partially due to the influx of extracellular Ca2+. To
functionally link the increase in the [Ca2+]i to the production of

Figure 1. Production of the endocannabinoids AEA,
2-AG and, related mediators, PEA and OEA from
untreated (DMSO) and LPS-stimulated HLMs.
(A) HLMs were incubated (60 min, 37°C) with or
without LPS (1 mg/ml). At the end of incubation,
EC levels were evaluated by liquid chromatography-
atmospheric pressure chemical ionization-mass
spectrometry analysis. Data are mean 6 SD of 4
independent experiments. *P , 0.05 vs. respective
control. (B) Kinetics of LPS-induced 2-AG release
from HLMs. Data are mean 6 SD of 6 independent
experiments with cells from different donors.
*P, 0.05 vs. respective control (untreated [DMSO]).
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2-AG induced by LPS, we determined 2-AG levels in HLMs
activated with LPS after intracellular and extracellular [Ca2+]
removal by BAPTA (10 mM) and EGTA (1 mM), respectively.
EGTA almost completely inhibited LPS-induced 2-AG produc-
tion. The addition of BAPTA to EGTA did not significantly
reduce further 2-AG levels (Fig. 2C).

To understand whether the LPS-induced increase in 2-AG
levels was due to changes in the expression of EC metabolic
enzymes, we next measured the mRNA levels of several 2-AG
anabolic and catabolic enzymes after LPS stimulation (90 min,
37°C) of HLMs. LPS did not produce any significant change in
the transcriptional levels of the enzymes believed to catalyze 2-AG

Figure 2. Effect of LPS on [Ca2+]i. (A) Effect of LPS (1 mg/ml) on [Ca2+]i before and after extracellular Ca2+ removal by EGTA (1 mM) in
representative HLMs. Each trace is representative of 20 cells recorded in 3 different experiments. (B) Quantification of the effect exerted by LPS on
[Ca21]i in absence or presence of extracellular Ca21. *P , 0.05 vs. untreated, **P , 0.05 vs. control. (C) Effect of LPS on 2-AG production after
intracellular and extracellular [Ca2+] removal by BAPTA (10 mM) and EGTA (1 mM), respectively. HLMs were pretreated for 5 min with BAPTA and
then for 15 min with EGTA before stimulation with LPS (15 min). Data are mean6 SD of 4 independent experiments with cells from different donors.
*P , 0.05 vs. respective control; **P , 0.05 vs. LPS alone.

Figure 3. HLMs express functional CB1 and CB2. (A) CB1 and CB2 mRNA expression in HLMs. The results are mean 6 SD of 3 different preparations of
HLMs. *P , 0.05 vs. CB1 mRNA level. (B) Western blot analysis of CB1 and CB2 proteins in 2 representative preparations of HLMs. Negative (HEK-293
cell line) and positive (brain and spleen homogenates for CB1 and CB2, respectively) controls are also shown. (C) Western blot analysis of ERK1/2
phosphorylation of HLMs stimulated with ACEA and JWH-133 (30 min, 1 mM). Data are representative of 3 different experiments. (D and E) C29,79-
dichlorodihydrofluorescein diacetate-labeled HLMs were stimulated with ACEA (D) or JWH-133 (1 mM) (E), and fluorescence was measured for 10 min
at 1-min intervals. Cells were pretreated with AM-251 (D) or AM-630 (0.5 mM) (E) for 10 min before stimulation to block CB1 or CB2, respectively. Data
are mean 6 SD of 3 independent experiments with cells from different donors.
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hydrolysis (i.e., MAGL, FAAH-1, ABHD6, and ABHD12 [40];
threshold cycles from 22.51 6 0.1, 27.21 6 0.2, 24.0 6 0.2, and
20.32 6 0.2 to 22.41 6 0.09, 27.0 6 0.1, 24.01 6 0.02, and 20.22 6
0.06, respectively). Also, the mRNA levels of the 3 enzymes reported
to date to be responsible for 2-AG biosynthesis (DAGLa, DAGLb,
and PLCb1), did not change (threshold cycles from 24.34 6 0.2,
23.93 6 0.1, and 29.62 6 0.1 to 24.45 6 0.01, 23.81 6 0.07, and
29.446 0.18, respectively). These data suggest that the LPS-induced
increase of 2-AG might not result from transcriptional changes in
the levels of the enzymes responsible for 2-AG biosynthesis and
degradation. The 2-AG levels peaked 10 min after stimulation, too
short a time for this effect to be due to transcriptional changes.

HLMs express functional CB1 and CB2

The production of 2-AG by LPS-activated HLMs prompted us to
investigate whether HLMs express a complete EC system. Thus,

we assessed the constitutive expression of CB1 and CB2 in HLMs
using quantitative PCR and Western blot. HLMs express CB1 and
CB2 at the mRNA (Fig. 3A) and protein (Fig. 3B) level. LPS
stimulation did not modify the expression of either CB1 or CB2

mRNA (data not shown), although it might still modulate CB
receptor trafficking and surface expression [41].
Activation of both CB1 and CB2 induces ERK1/2 phosphory-

lation [42] and ROS production in mouse macrophages [24].
Thus, we evaluated whether CB1 and CB2 agonists could activate
ERK1/2 phosphorylation and ROS production in HLMs.
Selective agonists of CB1 (ACEA) and CB2 (JWH-133) induced
phosphorylation of ERK1/2 (Fig. 3C) and ROS production (Fig.
3D and E). Preincubation with either CB1 (AM-251) (Fig. 3D) or
CB2 (AM-630) (Fig. 3E) antagonists before stimulation with their
respective agonists reduced ROS production. Preincubation with
the CB1 antagonist before the CB2 agonist or with the CB2

antagonist before the CB1 agonist did not modify ROS pro-
duction by the agonists (data not shown).

CB1 and CB2 agonists inhibit HLM production of
angiogenic and lymphangiogenic factors
We have previously demonstrated that HLMs produce angio-
genic (VEGF-A) and lymphangiogenic (VEGF-C) factors [43]. In
addition, LPS induces the release of angiopoietins (Ang1 and
Ang2), together with VEGFs and cytokines (Table 1).
We examined the effects of CB agonists on LPS-induced

production of angiogenic and lymphangiogenic factors by HLMs.
CB1 and CB2 agonists did not modify the spontaneous release of
angiogenic and lymphangiogenic factors (Supplemental Ta-
ble 1). However, ACEA and JWH-133 concentration-dependently

TABLE 1. Effects of LPS on the release of VEGF-A, VEGF-C,
Ang1, Ang2, TNF-a, IL-6, and IL-8/CXCL8 from HLM

Variable Untreated LPS

VEGF-A (pg/mg of protein) 37.2 6 12.2 105.1 6 22.5a

VEGF-C (pg/mg of protein) 165.8 6 9.7 279.5 6 26.1a

Ang1 (pg/mg of protein) 165.3 6 28.6 390.3 6 56.3a

Ang2 (pg/mg of protein) 170.7 6 47.1 455.6 6 99.7a

TNF-a (ng/mg of protein) 1.7 6 0.6 35.0 6 5.7a

IL-6 (ng/mg of protein) 5.9 6 2.3 63.4 6 29.1a

IL-8/CXCL8 (ng/mg of protein) 165.3 6 59.9 431.0 6 72.8a

Data represent the mean 6 SD of 6 independent experiments. aP , 0.01
vs. corresponding value of untreated HLM.

Figure 4. CB receptor activation reduces LPS-induced HLM production of angiogenic and lymphangiogenic factors. (A–E) HLMs were preincubated
(20 min, 37°C) with or without the indicated concentrations of ACEA (black circles) or JWH-133 (black squares) and then stimulated (18 h, 37°C) with
LPS (1 mg/ml). Data are expressed as the percentage of the maximum response induced by LPS alone for VEGF-A (A), VEGF-C (B), Ang1 (C), Ang2 (D),
TNF-a (E), and IL-6 (F). Data are mean 6 SD of 7 independent experiments with cells from different donors. *P , 0.05 vs. maximum response of LPS.
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inhibited LPS-induced production of VEGF-A, VEGF-C, Ang1,
and Ang2 (Fig. 4A–D). The inhibitory effect of the CB2 agonist
JWH-133 on VEGF-A release was comparable to that of the CB1

agonist ACEA (IC50 of ACEA, 316 6 74 nM vs. IC50 of JWH-133,
202 6 57 nM). In contrast, JWH-133 was more potent than ACEA
at inhibiting VEGF-C (IC50 of ACEA, 411 6 42 nM; IC50 of JWH-
133, 187 6 36 nM), Ang1 (IC50 of ACEA, 269 6 49 nM; IC50 of
JWH-133, 61 6 37 nM), and Ang2 (IC50 of ACEA, 496 6 62 nM;
IC50 of JWH-133, 213 6 41 nM) production. The inhibitory
effects of ACEA and JWH-133 on VEGF-A, VEGF-C (Fig. 5), Ang1
(Supplemental Fig. 3), and Ang2 (data not shown) production
from LPS-activated HLMs were completely reversed by preincu-
bation with the CB1 (AM-251) and CB2 (AM-630) antagonist,
respectively. CB1 and CB2 agonists did not modulate LPS-
induced production of TNF-a (Fig. 4E) or IL-8/CXCL8
(Supplemental Fig. 2), and IL-6 production was reduced only at
the highest concentration of JWH-133 (Fig. 4F).
We evaluated the effects of CB1 and CB2 agonists in another

model of human macrophages, MDMs. MDMs express CB1 and
CB2 at the mRNA (Fig. 6A) and protein (Fig. 6B) level. ACEA
and JWH-133 did not modify the production of VEGF-A in
response to LPS (Fig. 6C) nor did they modulate the release of
TNF-a (Fig. 6D). Accordingly, CB agonists did not induce ERK1/
2 phosphorylation (data not shown).
Because LPS induces the production of the endogenous CB

agonist 2-AG by HLMs, we questioned whether 2-AG pro-
duction would modulate the LPS-elicited HLM response.
Stimulation of HLMs with LPS in the presence of OMDM-169

(an inhibitor of 2-AG enzymatic hydrolysis by MAGL) [44]
or OMDM-188 (an inhibitor of 2-AG biosynthesis by DAGL) [45]
did not modulate VEGF-A (Fig. 7A), VEGF-C, angiopoietins, or
TNF-a production (data not shown). To verify the effective
inhibition of OMDM-169 and OMDM-188, we assessed 2-AG levels
in LPS-activated HLMs in the presence of these inhibitors. As
expected, OMDM-169 increased (Fig. 7B) and OMDM-188
reduced (Fig. 7C) 2-AG levels in response to LPS.

Expression of CB receptors by lung cancer-
associated macrophages
Our results show that activation of CB receptors reduces LPS-
elicited production of angiogenic and lymphangiogenic factors by
HLMs. Thus, CB receptors might represent therapeutic targets to
modulate macrophage-assisted angiogenesis and lymphangiogen-
esis. Macrophages infiltrate most tumors and contribute to the
development of several cancer hallmarks, including angiogenesis
[46, 47]. Therefore, we assessed lung cancer-associated macro-
phage expression of CB receptors by immunohistochemistry using
an anti-CD68 antibody to detect macrophages. As a control, we
assessed the expression of CB receptors in HLMs from nontumor
lung biopsies. Confirming our data (Fig. 3), we identified HLM
expression of CB1 and CB2 in nontumor tissue (Fig. 8A). Also,
lung cancer-associated macrophages showed CB1 and CB2

expression (Fig. 8A). The specificity of anti-CD68, CB1, and CB2

antibodies was assessed by staining human tonsil tissue for CD68
and CB2 and adrenal tissue for CB1 (Fig. 8B).

Figure 5. CB receptor antagonists inhibit effects of
ACEA and JWH-133 on LPS-induced HLM pro-
duction of angiogenic and lymphangiogenic
factors. (A–D) HLMs were preincubated (10 min,
37°C) with or without AM-251 (0.5 mM) (A and C)
or AM-630 (0.5 mM) (B and D), stimulated (20
min, 37°C) with ACEA (0.3 mM) (A and C) or
JWH-133 (0.3 mM) (B and D), and finally
stimulated (18 h, 37°C) with LPS (1 mg/ml).
VEGF-A (A and B) and VEGF-C (C and D) release
was determined by ELISA. Data are mean 6 SD of
4 independent experiments with cells from dif-
ferent donors. *P , 0.05 vs. LPS alone.
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DISCUSSION

In the present study, we have demonstrated that HLMs show
a constitutive production of ECs (namely 2-AG) and EC related
mediators (OEA and PEA) and the selective LPS-induced pro-
duction of 2-AG. The latter is dependent on the influx of
extracellular Ca2+ induced by LPS in HLMs. Moreover, we have
demonstrated that isolated HLMs express functional CB1 and CB2,
as assessed by agonist-induced ERK1/2 phosphorylation and ROS
production. CB1 and CB2 agonists (ACEA and JWH-133, re-
spectively) reduced the LPS-induced production of angiogenic
(VEGF-A) and lymphangiogenic (VEGF-C) factors and angiopoie-
tins (Ang1 and Ang2) from HLMs but not MDMs. The translational
relevance of these findings is supported by the observed expression
by lung cancer-associated macrophages of CB1 and CB2.

Human macrophages isolated from lungs likely represent
a heterogeneous population comprising at least alveolar and
interstitial macrophages. In addition, the presence of lung
cancer and/or underlying lung disease might influence the
biology of HLMs even at distant sites [48]. In our study, we used
HLMs isolated only from macroscopically healthy lung tissue. In
addition, our HLM preparations homogeneously expressed
HLA-DR and CD206. The latter is a marker of IL-4–induced
macrophage M2 activation [1]. Nevertheless, markers of M2
polarization could be expressed by tissue-resident macrophages
in an IL-4–independent manner [6]. Further studies are
required to understand the complex heterogeneity of HLMs and
its relevance to lung biology.
HLMs express a complete endocannabinoid system, in that

they express CB receptors and spontaneously release of PEA,

Figure 6. Cannabinoid system in MDMs. (A) CB1 and CB2 mRNA expression in MDMs. Results are mean 6 SD of 3 different preparations of MDMs.
*P , 0.05 vs. CB1 mRNA level. (B) Western blot analysis of CB1 and CB2 proteins in 2 preparations of MDMs. (C and D) CB receptor activation
does not modulate LPS-induced production of VEGF-A and TNF-a. MDMs were preincubated (20 min, 37°C) with or without the indicated
concentrations of ACEA (black circles) or JWH-133 (black squares) and stimulated (18 h, 37°C) with LPS (1 mg/ml). Data are expressed as percentage of
the maximum response induced by LPS alone for VEGF-A (C) and TNF-a (D). Data are mean 6 SD of 4 independent experiments with cells from
different donors.
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OEA, and 2-AG. LPS stimulation selectively induces the
production of the EC 2-AG, strictly dependent on the increase
in [Ca2+]i [39]. Furthermore, LPS induces Ca2+ influx and Ca2+

release from intracellular stores in rat peritoneal macrophages
[49]. In addition, zymosan increased [Ca2+]i in a rat alveolar
macrophage cell line [50]. Accordingly, we showed that LPS-
stimulated HLMs show a rapid increase in [Ca2+]i that is likely due
to both extracellular Ca2+ influx and intracellular Ca2+ release.
Nevertheless, LPS-induced production of 2-AG is dependent on
extracellular Ca2+, because it was almost completely abolished
by the addition of the Ca2+ chelator EGTA.

Along with evaluating the expression of CB receptors in HLMs, we
tested their functionality by assessing agonist-induced ERK1/2
phosphorylation and ROS production. CB agonists induced ERK1/2
phosphorylation and ROS production. The specificity of the latter
results was confirmed by the absence of ROS production when
HLMs were stimulated with CB agonists in the presence of their
respective antagonists. In partial disagreement with our results, it was
recently reported that only the activation of CB1 induces ROS
production [24]. These discrepancies could very well be explained by
differences in the cell types used (HLMs vs. the murine macrophage
cell line RAW264.7) and CB2 agonists used (JWH-133 vs. JWH-015).
Further studies are required to dissect the complexity of signaling
events induced by CB receptor activation in different cell subsets.
CB agonists markedly reduce LPS-activated production of

angiogenic and lymphangiogenic factors and angiopoietins.
However, they do not modulate TNF-a and IL-8/CXCL8
production. Also, the production of IL-6 was reduced only at the
highest concentration of JWH-133. The anti-inflammatory effect
of ECs and CB agonists has been demonstrated in several in vitro
and in vivo models [17]. Although our data do not support
a modulation of classic proinflammatory cytokines and chemo-
kines (i.e., TNF-a, IL-8/CXCL8, and IL-6) by CB agonists in
LPS-activated HLMs, the reduction of angiogenic and lymphan-
giogenic factors could still have a remarkable effect on the
inflammatory condition associated with macrophage-assisted
vascular remodeling (i.e., cancer) [2–4]. Instead, the production
of VEGF-A induced by LPS in MDM was not modulated by CB
agonists. Accordingly, MDMs express CB receptors that are not
functional, as assessed by the absence of CB agonist-induced
ERK1/2 phosphorylation. The differencies between the data
obtained with HLMs and MDMs can be explained by the
different ontogeny of in vitro-derived macrophages (i.e., MDMs)
and tissue-resident macrophages (i.e., HLMs) [9, 51]. Further-
more, evidence has shown that tissue-derived factors modulate
macrophage function [6–8, 52–54]. It will be interesting to
investigate whether lung tissue-derived signals modulate macro-
phage responsiveness to CB receptor activation and the
relevance of the latter to lung pathophysiology.

Figure 7. Effects of OMDM-169 and OMDM-188 on LPS-activated HLMs. (A) HLMs were preincubated (20 min, 37°C) with or without OMDM-169 and
OMDM-188 (5 mM) and stimulated (18 h, 37°C) with LPS (1 mg/ml). Data are expressed as pg of VEGF-A per mg of total protein. Data are mean 6 SD

of 5 independent experiments with cells from different donors. *P , 0.05 vs. respective control. (B and C) Effect of OMDM-169 and OMDM-188 on
2-AG production induced by LPS, respectively. HLMs were preincubated (20 min, 37°C) with or without OMDM-169 and OMDM-188 (5 mM) and
stimulated (60 min [B] and 15 min for [C], 37°C) with LPS (1 mg/ml). Data are mean 6 SD of 5 independent experiments with cells from different
donors. *P , 0.05 vs. respective control. **P , 0.05 vs. LPS alone.

Figure 8. HLMs and lung cancer-associated macrophages express CB
receptors. (A) Sections of nontumor and tumor lung tissue were stained
for CD68 (red), CB1, or CB2 (brown). Colocalizations of CD68 and
either CB1 or CB2 are identified as red signals with brown dots. (B)
Positive control. Specificity of anti-CD68, CB1, and CB2 antibodies was
assessed by staining human tonsil tissue for CD68 and CB2 and adrenal
tissue for CB1.
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Because LPS induces the production of the endogenous CB
agonist 2-AG and CB agonists modulate the LPS-induced HLM
response, we speculated that 2-AG could participate in LPS-elicited
HLM production of angiogenic and lymphangiogenic factors and
angiopoietins. To address this question we used an inhibitor of
2-AG enzymatic hydrolysis (OMDM-169) [44] and an inhibitor of
2-AG biosynthesis (OMDM-188) [45]. We confirmed that
OMDM-169 and OMDM-188 increase and reduce LPS-elicited
2-AG production, respectively. However, stimulation of HLMs with
LPS in the presence of these inhibitors did not modulate VEGF-A,
VEGF-C, angiopoietin, or TNF-a production. Nonetheless, LPS-
induced 2-AG production might affect other aspects of macro-
phage biology not tested in our experimental model.
Macrophage-assisted vascular remodeling plays a central role

in chronic inflammation and tumor growth [2–4]. CB activation
reduces angiogenesis in several in vitro and in vivo models
[28–32]. In addition, CB receptors have been proposed as
therapeutic targets for the inhibition of lung cancer growth
and metastasis [32, 55]. Because we found that CB agonists
inhibit LPS-induced HLM production of angiogenic factors and
also that lung cancer-associated macrophages express CB
receptors, it will be interesting to assess whether CB receptor
activation modulates tumor vascularization via reduction of
macrophage-derived angiogenic and lymphangiogenic factors.
The answer to this question is likely to provide relevant
information for defining CB receptors as novel targets to
modulate macrophage-assisted vascular remodeling in cancer
and chronic inflammation.
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