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_____________________________________________________________________________________ 

Background: Fragmented hyaluronan (a major 

extracellular matrix component) and eicosanoids 

(potent lipid mediators) are associated with 

chronic inflammatory diseases and cancer.  

Results: Fragmented hyaluronan stimulates lipid 

mediator production in human monocytes and 

macrophages and influences macrophage 

differentiation toward a distinct activation pattern. 

Conclusion: These findings reveal a novel link 

between hyaluronan-mediated inflammation and 

lipid metabolism. 

Significance: This link may provide new targets 

for disease therapeutics. 

 

ABSTRACT 

Hyaluronan (HA) is the major 

glycosaminoglycan in the extracellular matrix. 

During inflammation there is an increased 

breakdown of HA, resulting in the 

accumulation of low molecular weight (LMW) 

HA and activation of monocytes and 

macrophages. Eicosanoids, derived from 

cytosolic phospholipase A2 group IVA 

(cPLA2 activation, are potent lipid mediators 

also attributed to acute and chronic 

inflammation. The aim of this study was to 

determine the effect of LMW HA on 

cPLA2activation, arachidonic acid (AA) 

release and subsequent eicosanoid production, 

and to examine the receptors and downstream 

mechanisms involved in these processes in 

monocytes and differently polarized 

macrophages. LMW HA was a potent stimulant 

of AA release in a time and dose-dependent 

manner, induced cPLA2, ERK 1/2, p38 and 

JNK phosphorylation, as well as activated 

COX2 expression and PGE2 production in 

primary human monocytes, murine RAW264.7 

and wild-type bone-marrow derived 

macrophages. Specific cPLA2 inhibitor 

blocked HA-induced AA release and PGE2 

production in all of these cells. Using CD44, 

TLR4, TLR2, MyD88, Rhamm or Stabilin-2 

siRNA-transfected macrophages and 

monocytes we found that AA release, cPLA2, 

ERK 1/2, p38 and JNK phosphorylation, COX2 

expression and PGE2 production were activated 

by LMW HA through a TLR4/MyD88 

pathway. Likewise, PGE2 production and 

COX2 expression were blocked in Tlr4
-/-

 and 

MyD88
-/- 

mice, but not in Cd44
-/-

 mice, after 

LMW HA stimulation. Moreover, we 

demonstrated that LMW HA activated M1 

macrophage phenotype with the unique 

cPLA2/COX2
high

 and 

COX1/ALOX15/ALOX5/LTAH4
low

 gene and 

PGE2/PGD2/15-HETE
high

 and LXA4
low

 

eicosanoid profile. These findings reveal a novel 

link between HA-mediated inflammation and 

lipid metabolism. 

________________________________________ 
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INTRODUCTION 
Hyaluronan which is a major component 

of extracellular matrix, is ubiquitously present in 

many tissues (1). Hyaluronan occurs as a high-

molecular weight (HMW) polymer, reaching > 

10
6
-10

7
 Da, but also exists in much smaller forms 

(2). Under physiological conditions stable levels 

of HA are regulated locally by the opposing 

activities of HA synthases and hyaluronidases, 

while its systemic metabolism is controlled by 

liver and kidneys (2). During acute and chronic 

inflammation or tissue injury, reactive oxygen 

species (3) and matrix metalloproteinases (4) can 

significantly alter the HA turnover, generating 

local (5,6) and systemic (7,8) accumulation of 

low-molecular weight HA (LMW HA) fragments. 

Both high and low-molecular weight fragments 

have opposing immunoregulatory effects. In 

general, high-molecular-weight HA has been 

shown to be anti-inflammatory, anti-angiogenic 

and immunosupresive (1,2). In contrast, 

fragmented LMW HA stimulates expression of 

pro-inflammatory cytokines, chemokines and 

growth factors (9,10). It can also activate 

intracellular inflammasomes (11), trigger sterile 

inflammation (12,13) and participate in cancer 

progression (14,15). There has been significant 

progress in understanding the immunoregulatory 

and signaling role of HA in many clinical and 

experimental conditions, however the mechanisms 

of HA actions in lipid mediator signaling have not 

been extensively studied. 

Eicosanoids and other lipid mediators 

have an established role in the pathogenesis of 

many chronic inflammatory diseases (16), 

neurological disorders (17) and cancer (18). 

Selective and non-selective non-steroidal anti-

inflammatory drugs that inhibit eicosanoids 

production are commonly used to treat a wide 

array of inflammatory diseases. These drugs are 

used as prophylactic agents in a number of 

malignancies (19). Due to the newly described 

pro-resolving lipid family (20) and the discovery 

of new functions of previously characterized 

eicosanoids (16), lipid mediators are becoming 

recognized as key factors in orchestration of 

inflammation and its resolution (21) The rate-

limiting enzyme in eicosanoid production is 

cytosolic phospholipase A2 group IVA (cPLA2), 

which is involved in the liberation of arachidonic 

acid (AA) from cellular membranes (22).  AA is 

the precursor of leukotrienes, prostaglandins, 

hydroxyeicosatetraenoic acids, thromboxanes and 

lipoxins (22,23).  cPLA2 and its downstream 

metabolites can also directly modulate cellular 

function by altering intracellular transport (24) and 

regulating gene transcription (25,26). In 

experimental models of asthma (27), pulmonary 

fibrosis (28), ARDS (29), multiple sclerosis (30) 

and rheumatoid arthritis (31),  cPLA2 knockout 

mice have reduced symptoms compared with wild 

type mice (32). Moreover, cPLA2 itself (33) or 

COX2-depenent synthesis of PGE2 is known to 

participate in the development and progression of 

cancer (34). cPLA2 is activated by intracellular 

calcium elevation and phosphorylation at serine 

residues (22).  Several pro-inflammatory 

mediators, such as IL-1, TNF, IFN, PIP, C1P, 

S1P and LPS, have been reported to activate 

cPLA2 in various cells through different 

pathways (35-40).  However, to date there is no 

evidence of HA-dependent lipid mediator 

activation. 

cPLA2is a protein expressed 

constitutively in many cells involved in sterile 

inflammation, tissue injury and cancer (26). 

Among these cells, monocytes and macrophages 

are the most abundant found in diverse tissues. 

They play a central role in the maintenance of 

tissue integrity, as well as initiation and resolution 

of innate and adaptive immunity partially by  

specialized lipid mediators (41). Tissue 

macrophages, in the steady state, are responsible 

for clearing and scavenging unnecessary 

metabolism products and the sequestration of 

antigens from the immune system (41). Therefore, 

monocytes and macrophages are constantly prone 

to interact with HA in its different size forms. 

There are at least five reported surface receptors 

that are able to bind HA to induce different 

signaling programs (1,2).They are CD44, Rhamm, 

TLR2, TLR4 and Stab2. However, the 

mechanisms of HA actions through various 

receptors in terms of lipid signaling remains 

unresolved. According to recent reports, various 

tissue-resident macrophages are established prior 

to birth. In the adult steady state (42) or in the 

context of inflammation (43) they might be 

independent from monocyte replenishment. 

Nonetheless, under the influence of local 

environmental conditions, monocytes, monocyte-
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derived macrophages or tissue-resident 

macrophages are activated to acquire specialized 

phenotypic characteristics with distinct functions 

(44,45).  M1 macrophages, (previously known as 

classically activated) are induced by IFN- in 

conjunction with microbial stimuli (e.g. LPS) or 

cytokines (e.g. TNF or GM-CSF). They are 

characterized by IL-12
high

/IL-23
high

 phenotype, and 

are efficient in the production of inflammatory 

cytokines (IL-1, TNF, IL-6) as well as having 

potent microbicidal effector activity (45).  In 

contrast, M2 macrophages sharing IL-12
low

/IL-

23
low

 phenotype (46) are currently subcategorized 

into at least 3 groups. M2a macrophages 

(previously known as alternatively activated), 

which are induced by IL-4 or IL-13 signaling are 

important in wound healing, tissue remodeling and 

inhibition of inflammation (44,47,48). M2b cells, 

simultaneously activated by LPS and Fc gamma 

receptor signaling, lead to Th2 cell differentiation 

(45,49,50). M2c  macrophages, which are the least 

responsive among macrophages, are generated in 

the presence of anti-inflammatory cytokines such 

as IL-10 or TGF M2c cells retain their 

phagocytic functions (51). Macrophages, even 

after initial polarization, remain very plastic and 

are sensitive to changes in the local environment.  

They might serve as a potential target for 

therapeutic interventions (44). Therefore it is 

important to characterize their responses to 

extracellular matrix components, especially to 

LMW HA. Moreover, apart from the extensive 

studies leading to functional characterization of 

gene, transcriptome and microRNA profiles in 

differentially polarized macrophages, little is 

known in terms of lipid mediator signaling in these 

cells. 

Due to the growing evidence of a 

regulatory role of ECM in various inflammatory 

and proliferative disorders, we investigated the 

effect of LMW HA on cPLA2 activation and 

subsequent eicosanoid production in human 

monocytes, mouse macrophages and human 

differently polarized macrophages. Here we report 

that LMW HA potently activates cPLA2 and 

cPLA2-induced AA release, eicosanoid 

production and COX2 expression through TLR4, 

but not through CD44, Rhamm, Stab2 or TLR2. 

This pathway is MyD88 dependent and involves 

ERK 1/2, p38 and JNK MAPK kinases activation. 

Moreover, LMW HA is able to polarize human 

macrophages toward an M1 phenotype, 

characterized not only by pro-inflammatory 

cytokine production but also a distinct AA-derived 

eicosanoid profile. These findings suggest a novel 

mechanism of LMW HA signaling and provide a 

previously unforeseen link between HA, cPLA2 

activation, lipid metabolism and macrophage 

polarization. 

 

EXPERIMENTAL PROCEDURES 

Reagents - Purified HA was obtained from 

MP Biomedicals (Solon, OH). HA analysis was 

performed by Hyalose, LLC (Oklahoma City, 

OK). Analysis results indicated that 70% of HA 

fragments range between 50 kDa to 600 kDa (Fig. 

1A) and up to 80% of the fragments are lower than 

1x10
6
 Da (Fig. 1B). We confirmed key 

experiments using purified LMW HA purchased 

from Calbiochem, EMD Millipore (Gibbstown, 

NJ). This source contained a mixture of fragments, 

with the average molecular weight of 200 kDa 

(52). Oligo-HA (4 kDa) was purchased from 

Sigma-Aldrich (Saint Louis, MO). HMW HA 

(2500 kDa) was purchased from Hyalose. To 

calculate the molar concentrations of each HA 

(Fig. 1D) we applied weight average molecular 

weight. We used the terms HA or LMW HA 

throughout the result section to refer to HA used in 

this study. Each experiment was performed in the 

presence of polymyxin B sulfate (Calbiochem) (10 
g/ml) to minimize the effect of LPS 

contamination in the HA (Fig. 1D). N-{(2S,4R)-4-

(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-(2,4-

difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl-

3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-

phenyl] acrylamide, HCl (cPLA2 inhibitor) and 

SP600125 were purchased from Calbiochem. We 

also used U0126 (Cell Signaling Technology, 

Danvers, MA), SB202190 (Sigma, Saint Louis, 

MO), M-CSF (Life Technologies, Carlsbad, CA). 

IL-4 and IFN- were purchased from Peprotech 

(Rocky Hill, NJ). Antibodies against phospho-

cPLA2 (Ser505), total cPLA2, phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204), total p44/42 

MAPK (Erk1/2), phospho-SAPK/JNK 

(Thr183/Tyr185) (98F2), total SAPK/JNK (56G8), 

phospho-p38 MAPK (Thr180/Tyr182) and total 

p38 MAPK antibody were purchased from Cell 

Signaling Technology. Murine and human COX2 
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antibodies were obtained from Cayman (Ann 

Arbor, MI). Monoclonal horseradish peroxidase 

(HRP)-conjugated beta actin antibody was 

obtained from GenScript (Piscataway, NJ). HRP-

conjugated secondary antibodies were obtained 

from Jackson ImmunoResearch (West Grove, PA). 

Primary cells, mice and cell lines - Human 

elutriated monocytes from healthy donors were 

obtained by an institutional review board-

approved protocol from the National Institutes of 

Health Blood Bank (Bethesda, MD). Monocytes 

were resuspended in RPMI 1640 medium with 2 

mM of L-glutamine and supplemented with 10% 

heat-inactivated FBS (Life Technologies) and used 

the same day for the experiments and transfection. 

15x10
6
 monocytes were seeded into T75 tissue 

culture flask in 15 ml of IMDM medium (Life 

Technologies) with 10% FBS and 50 ng/ml of M-

CSF for 7 days, half of the medium was replaced 

every 2-3 days. 48 hours before experiments were 

to be performed, macrophages were trypsinized 

(Reagent Pack, Lonza, Walkersville, MD), scraped 

and plated into 12-well plate at a density of 

0.25x10
6
/well. The day after plating, polarization 

cytokines, 20 ng/ml of IFN- with 100 ng/ml of 

LPS (for M1) or 20 ng/ml of IL-4 (for M2), were 

added for 18 hours followed by treatment 

with/without HA for 6 hours.  Bone marrow cells 

were extracted from femurs of MyD88
-/-

, Cd44
-/-

 

and TLR4
-/- 

mice, and their WT littermate controls 

(C57BL/6) (The Jackson Laboratory). Bone 

marrow derived macrophages (BMDM) were 

grown in 100 mm culture dish in 10 ml of RPMI 

1640 medium with 2 mM of L-glutamine and 

supplemented with 10% heat-inactivated FBS, 1% 

Penicillin-Streptomycin(Lonza) and 50 ng/ml of 

M-CSF for 7 days before the experiments were to 

be performed, half of the medium was replaced 

every 2-3 days.  24 hours before the experiments 

began mouse macrophages were scraped and 

plated into 12-well plates in the density of 

1x10
6
/well. The mouse macrophage cell line 

RAW264.7 was obtained from American Type 

Culture Collection (Manassas, VA) and 

maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Life Technologies) 

supplemented with 10% heat-inactivated FBS and 

5% Penicillin-Streptomycin. All experiments with 

RAW264.7 were performed in DMEM with 10% 

heat-inactivated FBS without antibiotics. 

HA digestion procedure - Hyaluronic acid 

digestion was performed as described previously 

by Maharjan et al (53) with some modifications. 

Briefly, 0.3 mg of hyaluronic acid dissolved in 

sterile PBS (3mg/ml) or PBS control (pH adjusted 

to 5.5 at 37
o
C) was treated with 1-10 U (10-100 

U/ml) of hyaluronidase from Streptomyces 

hyalurolyticus (Sigma-Aldrich) (dissolved in 20 

mM sodium phosphate, 77mM sodium chloride 

with 0.01% (w/v) albumin, pH 7) for 4 h followed 

by incubation at 100
o
C for 10 min to inactivate the 

enzyme. After digestion, the samples were 

adjusted back to neutral pH and used for cell 

stimulation without further filtration or 

purification. pH adjustments were performed with 

sterile, cell culture graded 1N NaOH and HCl. 

Digested samples were evaluated by 

electrophoresis on a 0.9 % agarose gel (25V, 

1hour followed by 35V, 5 hour), followed by O/N 

staining in 0.005% Stain-All (Sigma Aldrich) in 

50% ethanol/water and further destaining as 

previously described (54).  
TLR2, Rhamm, CD44, TLR4, MyD88 and 

Stab2 knockdown - ON-TARGETplus SMART 

pool small interfering RNA (siRNA) (Dharmacon, 

Thermo Scientific, Lafayette, CO) against mouse 

TLR2 (L-062838-02), Rhamm (L-045234-01), 

TLR4 (L-047487-00), CD44 (L-041132-01) 

together with ON-TARGETplus Control Non-

targeting pool (D-00181970-05) were used to 

perform knockdown experiments in RAW 264.7 

cells. Silencer Select predesigned siRNA against 

mouse MyD88 (s70237) and negative control 

siRNA (Ambion, Life Technologies) were used 

for MyD88 knockdown in RAW 264.7 cells. 

RAW 264.7 cells were seeded in a density of 

5x10
4
 cells per well in 12-well plates for 24 hours 

before transfection. siRNA constructs were 

transfected into RAW264.7 cells at a final 

concentration of 50 nM using 2.5 l Dharmafect 4 

transfection reagent per well (1 ml), according to 

the manufacturer’s protocol (Dharmacon). 

Elutriated human monocytes (5x10
6
) were 

transfected with 100 nM of ON-TARGETplus 

SMART pool siRNA against human TLR4 (L-

008088-01), CD44 (L-009999-00) or ON-

TARGETplus Control non-targeting pool (D-

00181970-05) (Dharmacon) using a P3 Primary 

Cell 4D-Nucleofector X Kit L (Amaxa, Cologne, 

Germany). Primary human monocyte-derived 

macrophages were seeded at a density of 3x10
5
 per 
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well in 12-well plates for 24 hours before 

transfection. ON-TARGETplus SMART pool 

siRNA against human Stab2 (L-015260-01-0005) 

or ON-TARGETplus Control non-targeting pool 

(D-00181970-05) siRNA constructs were 

transfected into these cells at a final concentration 

100 nM using 2.5 l Dharmafect 1 transfection 

reagent per well (1 ml), according to 

manufacturer’s protocol (Dharmacon). The 

silencing of gene expression was confirmed by 

RT-PCR. All experiments on transfected cells 

were performed after 48 hours. 

Real-time PCR - Total RNA was extracted 

from cells using QIAshredder columns and 

RNeasy mini kit and treated with DNase (Qiagen, 

Valencia, CA). Reverse transcription was 

performed using an iScript cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA). Gene expression was 

assessed using RT-PCR performed on an ABI 

Prism 7900 sequence detection system (Applied 

Biosystems, Foster City, CA) using commercially 

available probe and primers sets (Applied 

Biosystems): human: CD44, Hs01075862_m1; 

TLR4, Hs00152939_m1; Stab2, Hs00213948_m1 

GAPDH, Hs02758991_g1; IL-1, 

Hs01555410_m1; IL-6, Hs00174131_m1; TNF, 

Hs99999043_m1; IL-23, Hs00372324_m1; 

IL12A, Hs01073447_m1; IL-12B, 

Hs01011518_m1; CCL18, Hs00268113_m1; 

P2Y12, Hs00375457_m1; IL-10, 

Hs00961622_m1; cPLA2, Hs00233352_m1; 

COX1, Hs00924808_m1; COX2, 

Hs00153133_m1; ALOX15, Hs00993765_g1; 

ALOX5, Hs01095330_m1; LTAH4, 

Hs01075871_m1;  mouse: TLR2, 

Mm00442346_m1; TLR4, Mm00445274_m1; 

CD44, Mm01277163_m1; Rhamm, 

Mm00469183_m1; MyD88, Mm01351743_g1; 

Stab2, Mm00454684_m1 and GAPDH, 

Mm99999915_g1, and SSO Fast Probes Supermix 

with ROX (Bio-Rad). Gene expression was 

normalized to GAPDH transcripts, and represented 

as a relative quantification (RQ) compared with 

control. 

Western Blot - siRNA-transfected or 

untransfected cells were treated with HA (100 
g/ml) for the indicated time points. Cells were 

then washed with ice-cold PBS and harvested with 

lysis buffer (50 mM Tris HCl, pH 7.5, 1 mM 

EDTA, 1% Triton X-100) supplemented with 

protease inhibitor mixture (Roche Applied 

Science, Indianapolis, IN) and phosphatase 

inhibitors set I and II (Calbiochem). Cell lysates 

were centrifuged, and equivalent amounts of lysate 

protein (from 1 g to detect cPLA2 in 

RAW264.7, up to 40 g to detect phospho-p38 

and phospho-JNK in primary monocytes and 

RAW 264.7 cells) were loaded onto 4–12% 

NuPage Tris Glycine gels (Life Technologies). 

After electrophoresis, the proteins were transferred 

to nitrocellulose membranes using the IBlot Dry 

Blotting System (Life Technologies). The 

membranes were blocked with 5% nonfat dry milk 

(Bio-Rad) in PBST (Sigma). The blots were then 

incubated with primary antibodies (1:1000) 

overnight at 4 °C and washed with PBST. The 

blots were incubated with HRP conjugated 

secondary antibodies (1:10000) for 1 hour. After 

washing, the blots were developed with the ECL 

Advanced Western Blotting chemiluminescence 

detection kit (Amersham Biosciences, GE 

Healthcare, Pittsburgh, PA), and the signals were 

captured on Gel Logic 2200PRO (Carestream 

Molecular Imaging, Rochester, NY). 

ELISA - siRNA-transfected and 

untransfected monocytes, BMDM, RAW cells and 

M1, M2 or unpolarized human primary 

macrophages were stimulated with HA (100 
g/ml) for 6-8 hours, with or without cPLA2 
inhibitor (2 M, 30 minutes pretreatment). 

Supernatants were harvested and stored at -80
o
C. 

PGE2, PGD2, 15(S)-HETE, LTB4 and LTC4 

(Cayman Chemicals) or LXA4 (Oxford 

Biomedical Research, Rochester Hills, MI,) 

determination was performed with commercially 

available EIA kits. Detection limits of the EIA kits 

were as follows: 15 pg/ml for PGE2, 55 pg/ml for 

PGD2, 170 pg/ml for 15(S)-HETE, 13 pg/ml for 

LTB4, 10 pg/ml for LTC4 and 20 pg/ml for LXA4. 

[
3
H]Arachidonic Acid (AA) Release - 

Untransfected primary monocytes, RAW264.7 

cells or cells transfected with siRNAs were 

incubated overnight in appropriate medium 

supplemented with 10% FBS and 0.5 Ci of 

[5,6,8,9,11,12,14,15-3H] arachidonic acid (150–

230 Ci/mmol/ml; Amersham Biosciences). In 

some experiments, cells were treated with HA 

with/without pretreatment with U0126 (1 M, 2 

hours), SB202190 (1 M, 2 hours), SP600125 (5 
M, 2 hours) or cPLA2 inhibitor (2 M, 30 
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minutes). Whole cell AA release assessment was 

performed as described by Pawliczak et al (55). 

Briefly, after overnight incubation, the medium 

was removed and the cells were washed three 

times with serum-free medium. Cells were then 

incubated in fresh medium with or without the 

various treatments as specified. At the time points 

indicated, the media were collected and 

centrifuged at 1,000 g for 5 minutes. Aliquots of 

cell free media were transferred to scintillation 

vials and 10 ml of BioSafe II scintillation liquid 

was added (Research International Products, 

Mount Prospect, IL). Radioactivity was measured 

in an LS6500 scintillation counter (Beckman, 

Fullerton, CA). Data are presented as the fold 

change compared with the vehicle-treated cells. 

Statistical analysis- Data were analyzed 

by one-way ANOVA with Holm-Sidak post hoc 

test, ANOVA on ranks with Tukey post hoc test or 

unpaired Student t test or Mann–Whitney U test 

with Bonferroni correction for multiple 

comparisons, as appropriate. Differences were 

considered significant when p < 0.05. The data are 

presented as the mean ± SEM from indicated 

number of independent experiments, each 

performed in triplicate. 

 

RESULTS 

Low molecular weight hyaluronic acid 

(LMW HA) activates cPLA2-induced arachidonic 

acid (AA) release - The majority of fragments of 

HA used in our study were between 50 kDa and 

600 kDa (Fig. 1A) and the molar mass of 80% of 

fragments was below 1.0x10
6
 g/mol (Fig. 1B). 

Therefore, we refer to HA used in this study as 

LMW HA.  Polymyxin B blocked LPS-induced, 

but not HA-induced AA release (Fig. 1C). Thus, 

polymyxin B was used in all experiments in 

addition to HA or vehicle to ensure an endotoxin-

free environment. To analyze if the signal was 

specific for the LMW HA, we used very small 

oligomers of HA (4 kDa), as well as high 

molecular weight HA fragments (2500 kDa). 

Neither oligomers of HA, nor HMW HA induced 

AA release. Moreover, they did not block the 

LMW HA-induced signal (Fig. 1D). Digestion of 

HA with HA specific hyaluronidase from 

Streptomyces hyalurolyticus significantly reduced 

the induction of AA release, confirming the 

specificity of the signal (Fig. 1E, 1F). HA, in a 

dose-dependent manner, increased AA release in 

RAW 264.7 cells. A significant increase was noted 

at a concentration of 25 g/ml, reaching a 

maximum effect at 250 g/ml (Fig. 2A). Time 

course analysis revealed HA (100 g/ml) 

increased AA release, beginning at 30 minutes up 

to 8 hours after stimulation, with the maximum 

effect at the 6-hour time point in RAW 264.7 (Fig. 

2B). In primary human monocytes, HA also 

significantly increased AA release starting from 

the dose of 100 g/ml (Fig. 2C) and from the 30-

minute time point (Fig. 2D). We used a cPLA2 

inhibitor to evaluate whether the observed AA 

release is cPLA2 dependent. The cPLA2 
inhibitor (2 M) completely blocked AA release in 

both RAW 264.7 macrophages (Fig. 2E) and 

human primary monocytes (Fig. 2F). These results 

suggest that LMW HA, but not smaller or larger 

HA fragments, activates cPLA2 and cPLA2-

induced AA release in monocytes and 

macrophages. 
LMW HA induces cPLA2 and MAP 

kinases phosphorylation. HA-induced AA release 

is ERK 1/2, p38 and JNK-dependent - 

Phosphorylation is the most common pathway that 

activates cPLA2 Therefore, we examined 

the cPLA2 phosphorylation pattern, beginning at 

1 minute up to 6 hours after HA stimulation. RAW 

264.7 cells had a baseline level of phosphorylated 

cPLA2 that was further increased at 15 and 30 

minutes after HA treatment (100 g/ml) with a 

subsequent return to baseline levels at 6 hours 

(Fig. 3A). cPLA2 phosphorylation increased in 

primary human monocytes over time after HA 

(100 g/ml) treatment, starting at 15 minutes up to 

6 hours (Fig. 3C). Interestingly, we also found an 

increase in total cPLA2protein expression in 

human primary monocytes, starting at 30 minutes 

after HA treatment and lasting up to 6 hours (Fig 

3C). Various MAP kinases were previously 

reported to take part in cPLA2 phosphorylation 

(57-59). Therefore, we analyzed the 

phosphorylation patterns of ERK 1/2, p38, JNK, 

and PI3K-Akt kinases after HA (100 g/ml) 

treatment over time. Akt was not phosphorylated 

by HA treatment (data not shown). In contrast, HA 

increased ERK 1/2 phosphorylation with the 

maximum occurring at 30 minutes. ERK 1/2 

tended to remain phosphorylated up to 6 hours in 

RAW 264.7 cells (Fig. 3B) and in human 

monocytes (Fig. 3C). p38 and JNK kinases were 
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also phosphorylated after HA treatment with the 

maximum occurring at 15 and 30 minutes in RAW 

264.7 cells (Fig. 3B) and 30 minutes and 1 hour in 

human monocytes (Fig. 3C). The increased 

phosphorylation lasted up to 6 hours after 

treatment in RAW 264.7 cells. To elucidate 

whether inhibition of these kinases would have an 

impact on HA-induced AA release, we used their 

chemical inhibitors: U0126 (ERK 1/2 inhibitor), 

SB202190 (p38 inhibitor), SP600125 (JNK 

inhibitor) and wortmanin (Akt inhibitor). 
Wortmanin had no impact on HA-induced AA 

release (data not shown), which is in line with the 

lack of Akt phosphorylation after HA treatment. 

The ERK 1/2, p38 and JNK inhibitors significantly 

decreased HA-induced AA release with the 

efficacy as follows: U0126 > SB202190 > 

SP600125, while the combination of all three 

inhibitors completely blocked HA-induced AA 

release (Fig. 3D). Our results indicate that HA 

activates cPLA2, through its phosphorylation by 

ERK 1/2, p38 and JNK kinases pathways, but not 

the Akt pathway. 

LMW HA activates cPLA2 through TLR4 

and MyD88, but not through CD44, Rhamm, TLR2 

or Stab2 - A variety of receptors have been 

reported to bind HA in different cell types (2). The 

most abundant receptors on the surface of 

monocytes and macrophages include CD44, 

Rhamm, Stab2 and two toll-like receptors, TLR2 

and TLR4. To address the hypothesis that any of 

these proteins could play a role in HA-induced 

cPLA2 activation and AA release, we used an 

siRNA pooling approach, as described in the 

Experimental Procedures section. We knocked 

down expression of Rhamm, TLR2, CD44 and 

TLR4 by approximately 71%, 66%, 57%, and 

68%, respectively in RAW 264.7 cells (Fig. 4B), 

as assessed by RT-PCR. CD44 and TLR4 siRNA 

decreased CD44 and TLR4 mRNA expression by 

94% and 86% in human primary monocytes, 

respectively (Fig. 4D). Stab2 is weakly expressed 

by human monocytes and macrophages, but not by 

RAW 264.7 cells. Due to its proven function in 

macrophage phagocytosis, we studied this receptor 

in human primary macrophages. We knocked 

down expression of Stab2 by approximately 81%, 

as assessed by RT-PCR (Fig. 4F). To further 

explore the TLR2/4 signaling pathway, we 

knocked down MyD88 expression up to 50% (Fig. 

4B). We found that TLR4 knock down caused a 

significant decrease in HA-induced AA release in 

RAW 264.7 cells (Fig. 4A). However, despite 

earlier reports suggesting cooperative signaling 

(11), either single CD44 or simultaneous knock 

down of CD44 and TLR4 did not further inhibit 

HA-induced AA release (Fig. 4A). Rhamm or 

TLR2 knock down did not affect HA-induced AA 

release (Fig 4A). Knock down of MyD88 

expression led to significant decrease in AA 

release in RAW 264.7 cells (Fig. 4A).  Knock 

down TLR4 or simultaneous knock down of TLR4 

and CD44 significantly decreased HA-induced AA 

release from human primary monocytes, (Fig. 4C). 

Stab2 knock down did not change the HA-induced 

AA release from human primary monocyte-

derived macrophages (Fig. 4E). Examination of 

the phosphorylation pattern of cPLA2, ERK 1/2, 

p38 and JNK, both in RAW 264.7 cells (Fig. 5A, 

C) and primary human monocytes (Fig. 5B, D), 

revealed a trend to decrease or significant decrease 

in phosphorylation signal in each of these proteins 

in cells transfected with TLR4 or TLR4 and CD44 
siRNA after HA treatment, confirming the AA 

release results.  These results imply that the 

TLR4/MyD88, but not CD44, Rhamm, TLR2 or 

Stab2 are primarily involved in HA-activated 

cPLA2 signaling in human monocytes or mouse 

and human macrophages. 

LMW HA-induced prostaglandin E2 

(PGE2) production is cPLA2-dependent - PGE2 is 

one of the specific downstream eicosanoids, 

produced by cyclooxygenases 1 and 2 (COX1 and 

COX2), from the release of AA from membrane 

phospholipids (60). In order to evaluate if PGE2 

production could be stimulated by HA and to 

address the question of cPLA2 dependency we 

treated different cell types with HA (100 g/ml) in 

the presence or absence of cPLA2 inhibitor (2 
M). We found that HA significantly increased 

PGE2 secretion in RAW 264.7 cells (Fig. 6A), 

human monocytes (Fig. 6B) and WT bone 

marrow-derived macrophages (BMDM) (Fig. 6C). 

HA-induced PGE2 production was blocked by 

cPLA2 inhibitor in RAW 264.7 cells and human 

monocytes and significantly decreased in WT 

BMDM. Additionally, PGE2 production was 

absent in Tlr4
-/-

 and MyD88
-/-

 BMDM after HA 

stimulation in contrast to WT and Cd44
-/-

 BMDM 

(Fig. 7A, B). Also, TLR4 or CD44 and TLR4 
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simultaneous knockdown in human monocytes led 

to a significant decrease of PGE2 production (Fig. 

7C). These observations suggest that HA through 

its direct effect on cPLA2 activation and AA 

release could also increase the downstream 

products of AA metabolism. 

LMW HA induces COX2 expression 

through the TLR4 and MyD88 pathway - We 

analyzed COX2 expression to determine if HA-

induced PGE2 production is solely a derivative of 

increased AA levels or if other mechanisms are 

involved in this process. We found that stimulation 

with HA (100 g/ml) augmented COX2 

expression in human monocytes (Fig. 8A, B) and 

WT BMDM (Fig. 8C, D). In human monocytes, 

the increase started at 2 hours and achieved the 

maximum at 6 hours (Fig. 8A). This process is 

also TLR4/MyD88-dependent, as shown in TLR4 

knockdown monocytes (Fig. 8B) and Tlr4
-/-

 or 

MyD88
-/-

, but not Cd44
-/-

 BMDM (Fig. 8C, D). 

LMW HA is a potent activator of M1 

macrophage phenotype, increases pro-

inflammatory gene expression and PGE2, PGD2 

and 15-HETE release in human primary 

monocyte-derived macrophages - We used an in 

vitro model of human monocyte-derived 

macrophages to investigate if LMW HA has the 

potency to induce AA-derived eicosanoid 

production and eicosanoid metabolism gene 

expression not only in human monocytes and 

murine macrophages but also in primary human 

macrophages. Macrophages have been reported to 

change their phenotype and function, depending 

on the polarization stage, therefore we studied 

their responses in M0, M1 and M2 (specifically in 

M2a) phenotypes. 

We stimulated M0 macrophages to 

polarize into M1 or M2 phenotype, as assessed by 

expression of previously-reported genes by using 

100 ng/ml of LPS and 20 ng/ml of IFN- or 20 

ng/ml of IL-4 respectively for 24 hours (61). M1 

macrophages are characterized by an increased 

expression of IL-1, IL-6, TNF, IL-12A, IL-12B 

and undetectable expression of P2Y12, while M2 

macrophages are characterized by increased 

expression of CCL18 and P2Y12 (Fig. 9A-H) as 

compared to M0 macrophages. There were no 

changes in IL-10 gene expression in any of the 

initial polarization stages (Fig. 9I). Interestingly, 

we found that HA (100 g/ml) treatment for 6 

hours significantly changed the phenotype of M0 

and M2 macrophages into M1 phenotype, with 

higher expression of M1-like genes than in M1-

like macrophages without HA treatment (Fig. 9A-

H). HA treatment further augmented the LPS and 

IFN- effects in case of M1 genes. The only 

exception was IL-10 gene expression, which was 

induced by HA treatment in M0 and in M2 

macrophages (Fig. 9I). This could possibly suggest 

that slightly different phenotypes of LMW HA-

induced M1 macrophages are associated with 

additional regulatory properties. 

Furthermore, we studied the effect of 

LMW HA on the main metabolic pathways of AA-

derived eicosanoids. Specifically we looked at the 

gene expression of enzymes and production of 

downstream lipids. We found that as with our 

results in human monocytes, HA in a 

concentration of 100 g/ml induced 

cPLA2expression in M0 and in M2 macrophages 

(Fig. 10A). COX1 gene expression was decreased 

in M1 macrophages and increased in M2 

macrophages. Furthermore, HA treatment potently 

decreased COX1 expression in M0 and M2 cells 

(Fig. 10B). COX2 gene expression was increased 

in M1 macrophages, while HA treatment 

significantly increased its expression in each 

polarization stage (Fig. 10C). ALOX15 gene 

expression was highly elevated in M2 

macrophages, while it was low or not detectable in 

M0 or M1 macrophages, respectively. HA 

treatment decreased ALOX15 gene expression in 

M2 cells (Fig 10D). Finally, ALOX5 and LTAH4 

gene expression was significantly lower in both 

M1 and M2 macrophages as compared to M0 cells 

and was further decreased by HA in M0 and M2 

cells (Fig 10E, F). 

In terms of the lipid profile in differently 

polarized macrophages, PGE2 and PGD2 release 

was highly increased in M1 macrophages. HA 

treatment potently stimulated PGE2 and PGD2 

release by M0 and M2 macrophages. Their levels 

were still elevated, but unchanged in M1 

macrophages (Fig. 11A, B). These results 

correlated with the observed COX2 and COX1 

gene expression. No changes were observed in 15-

HETE levels between differently polarized 

macrophages, however HA stimulated 15-HETE 

secretion was detected in M0 and M2 

macrophages (Fig. 11C). We also measured LXA4 

secretion, which is dependent on ALOX15 
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enzymatic activity. We were able to detect small 

amounts of LXA4 (32.6± 9.8 pg/ml; mean ± SEM 

n=3) only in M2 macrophages that were not 

treated with HA. LXA4 was below the detection 

level in the other cells. This might suggest that 

LXA4 secretion correlates with ALOX15 gene 

expression, reflecting anti-inflammatory profile of 

M2-like macrophages. 15-HETE production might 

depend on increased HA-induced AA availability 

and reflect the pro-inflammatory HA-dependent 

macrophage profile. LTB4 levels were unchanged 

by HA treatment in all polarization stages, even 

though LTAH4 expression was decreased in M1 

and M2 macrophages after HA treatment (Fig. 

11D). Finally, LTC4 was below the detection level 

under all conditions tested. In summary, these 

observations suggest that LMW HA is able to 

potently polarize human macrophages toward M1 

phenotype, characterized not only by ‘typical’ pro-

inflammatory cytokine profile but also by a 

specific AA-derived eicosanoid profile. 

 

DISCUSSION 

 Increased HA levels and HA degradation 

products are found in BAL and in lung tissue of 

patients with asthma, allergic alveolitis, COPD, 

idiopathic pulmonary fibrosis, ARDS and  other 

acute and chronic lung diseases (6,62). LMW HA 

increases uptake of oxidized low-density 

lipoprotein into monocytes (63) and HA 

overproduction promotes atherosclerosis 

development in the aorta of ApoE-deficient mice 

(64). Serum HA levels correlate with poor blood 

glucose control and diabetic angiopathy (65) and 

are increased in patients with chronic renal failure 

(66), advanced liver cirrhosis and in critically ill 

patients (67). Overproduction of HA is associated 

with different types of tumors and correlates with 

malignancy and poor prognosis (68,69). A role for 

various macrophage- and epithelial cells-derived 

eicosanoids and activation of AA-releasing 

cPLA2 has been also established in many 

inflammatiory and proliferative diseases (26,56). 

cPLA2 knockout mice used in models of asthma 

(27), pulmonary fibrosis (28), ARDS (29), 

multiple sclerosis (30) and rheumatoid arthritis 

(31), present with reduced symptoms when 

compared to wild type mice (32). cPLA2, 

COX2 (34) or PGE2 receptor EP2 (71) deficiency, 

decreases the size and number of intestinal polyps 

in the experimental model of colon cancer, while 

cPLA2 depletion in bone marrow-derived 

macrophages protects against lung cancer 

progression and metastasis (33). Our current 

findings indicate a novel, direct link of 

ubiquitously present HA with cPLA2 and 

downstream lipid mediators both in murine 

macrophages and human primary monocytes and 

differentially polarized macrophages.  We have 

shown here that lower molecular weight fragments 

of HA are potent stimulants of cPLA2 

phosphorylation, AA and PGE2 release, and COX2 

expression mainly through the TLR4 receptor in 

murine macrophages and in human primary 

monocytes. We also have demonstrated that LMW 

HA is a potent activator of PGE2, PGD2, 15-HETE 

production and M1 polarization phenotype in 

human monocyte-derived macrophages (Fig. 12). 

 Liang et al showed that fibroblasts from 

asthmatic lungs produced more lower-molecular 

weight hyaluronan either at baseline or after pro-

inflammatory stimulation (6).  They also found 

that asthmatic alveolar macrophages secreted 

significantly more IL-8 after HA treatment than 

macrophages from healthy controls (6).  

Giannattasio et al found that cPLA2 is the major 

enzyme, responsible for lipid mediator production 

in in human lung macrophages (72).  Our findings 

are in line with the above studies and add 

additional insight into pro-inflammatory potential 

of HA. First, we showed that in murine 

macrophages and primary human monocytes, 

LMW HA potently stimulates AA release (Fig. 2, 

A-D).  Further, we demonstrated that this 

stimulation is entirely cPLA2-dependent in both 

cell types (Fig. 2E, F).  Recent metabolomics 

approaches toward understanding asthma 

pathogenesis, revealed that many AA-derived 

eicosanoids are significantly increased at baseline 

in BAL of asthmatics and are further elevated after 

allergen provocation (73).  Among them, products 

of all three pathways of AA metabolism, 

leukotrienes, prostanoids as well as a number of 

CYP metabolites followed that trend (73).  In our 

previous work we have also described increased 

cPLA2 expression in PBMCs in severe asthmatic 

patients (74).  Likewise, cPLA2 expression is 

markedly increased in polyps of APC
716

-knockout 

mice, a model of human familial adenomatous 

polyposis (70,75). COX2-dependent synthesis of 

PGE2 is involved in the development of colorectal 
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cancer (34). Here we showed that after HA 

stimulation PGE2 is significantly increased and 

this effect is entirely cPLA2-dependent (Fig. 6A-

C).  These findings suggest that elevated HA 

levels in BAL and lung tissue in asthma or its local 

overproduction by tumor environment might 

stimulate monocyte-derived or tissue-resident 

macrophages to release AA and AA-derived 

eicosanoids through activation of cPLA2.  HA 

has been reported to increase PGE2 production in 

human umbilical vein endothelial cells and in vivo 

in HA-treated mice, which was associated with 

simultaneous elevation of COX2 expression 

(76,77).  Here, we showed that, even though 

COX2 expression was significantly increased in 

human monocytes and BMDM (Fig. 8A-D), PGE2 

secretion was blocked in the presence of cPLA2 

inhibitor (Fig. 6A, B), indicating that cPLA2 is 

the rate limiting enzyme in this cascade.  HA-

induced COX2 expression was TLR4/MyD88 

dependent in our model (Fig. 8B-D), which raises 

the possibility of its cPLA2-dependency, as we 

have shown previously in A549 cells (25).  

Currently, a pre-clinical evaluation study of a 

cPLA2 inhibitor in asthma treatment has been 

published, showing promising results using 

various in vitro and in vivo approaches (78). 

COX2 inhibitors are well known drugs used in 

prevention various tumors (79).  Our current 

results might consequently serve as an additional 

point toward consideration of cPLA2blockade in 

chronic inflammatory and proliferative disorders. 

 There are at least five candidate receptors 

for HA on the surface of monocytes/macrophages 

that could hypothetically lead to cPLA2 

activation and AA release (2).  TLR2 and TLR4 

have been previously shown to sense different 

fragments of HA (80,81). However, differing 

effects have been demonstrated and involvement 

of lipid mediators has not been studied. In 

TLR2/TLR4 double knockouts bleomycin 

treatment causes exaggerated lung injury with 

impaired pro-inflammatory cells recruitment and 

decreased pro-inflammatory cell responses to low-

molecular-weight HA (82). In TLR4 knockouts, 

intratracheal installation of LMW HA augmented 

the lung injury score and also caused increased 

pro-inflammatory cells influx and production of 

IL-1, TNF, IL-6 and MIP-2 (83). We have 

determined here that knock down of TLR4 

significantly diminished HA-induced AA release 

(Fig. 4A, B), cPLA2, p38, ERK 1/2 and JNK 

phosphorylation (Fig. 5 A-D), PGE2 production 

(Fig. 7A, C) and COX2 expression (Fig. 8B, C) in 

murine and human cells. CD44, described 

sometimes as a primary HA receptor, is a broadly 

expressed, membrane glycoprotein. It has been 

shown to play a role in a wide range of processes, 

from signal transduction to controlling cell 

growth, differentiation and survival (84). CD44 

and TLR4 cooperation in response to HA has been 

previously demonstrated in the model of sterile 

injury (12).  The authors proposed the interesting 

concept of TLR4 association with CD44 and the 

co-receptor molecule MD2 leading to MyD88 and 

NF-B activation (12). We have confirmed 

TLR4/MyD88 involvement in these processes 

using MyD88 siRNA transfected RAW264.7 cells 

and MyD88
-/-

 BMDM (Fig. 4A; Fig. 7B; Fig. 8D).  

However, we did not find any evidence of CD44 

involvement in any of the analyzed processes, 

either in murine or in human cells. In CD44 

siRNA-transfected cells and Cd44
-/-

 BMDM HA-

induced effects were similar to control cells (Fig. 

4A, C; Fig. 5A-D; Fig. 7A, C; Fig. 8B, C).  

Moreover, simultaneous knockdown of TLR4 and 

CD44 did not have more of an effect than TLR4 

knockdown alone (Fig. 4A, C; Fig. 5A-D; Fig. 7C; 

Fig. 8B).  As mentioned above, TLR2 has been 

also described as a potent HA receptor, with 

subsequent activation of the MyD88/NF-B 

pathway (80,82).  However, we have not observed 

any changes after knockdown of TLR2 (Fig. 4A). 

Receptor for hyaluronic acid-mediated motility 

(Rhamm) is a HA-binding protein that is localized 

to the cell surface, cytoplasm, mitochondria and 

nucleus (85,86). Overexpression of Rhamm has 

been identified in many types of cancers and has 

been associated with a poor prognosis and 

metastasis (87). Expression of Rhamm is also 

highly increased in lung macrophages in non-

infectious lung injury (88). Here though, we have 

excluded involvement of this receptor in HA-

induced lipid mediator activation (Fig. 4A). 

Stabilin-2 (Stab2, also called HARE-hyaluronan 

receptor for endocytosis) is weakly expressed by 

human primary monocyte-derived macrophages, 

but not by RAW 246.7 cells (89). It is mainly 

involved in macrophage phagocytosis (89). 40-400 

kDa HA was shown to act through this receptor to 
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activate NF-B signaling and ERK 1/2 activation 

(90). In our hands though, this receptor was not 

involved in the HA-mediated AA release (Fig. 

4E). Taken together, this suggests that indeed, 

activation of TLR4/MyD88 and downstream 

MAPKs is the primary mechanism of HA-induced 

cPLA2 activation and eicosanoid production in 

human primary monocytes and mouse 

macrophages. 

We have determined that AA release was 

specifically induced by the mix of HA fragments 

falling into the category of LMW HA. Smaller or 

larger HA fragments did not induce AA release, 

nor did they inhibit LMW-HA-induced AA release 

(Fig. 1 D). Oligo-HA has been reported to act 

through TLR4 and activate specific signaling 

events (91), or through TLR3 and inhibit TLR4 

mediated signals (92). In some studies, HMW-HA 

was shown to inhibit LMW HA-mediated TLR2 

signaling, but not TLR4 mediated signaling (80). 

In others, it was capable of reducing LPS-

mediated events (93), mainly in a CD44-

dependent manner (94).  However the exact 

mechanisms of these processes and discrepancies 

are not known. Taking into consideration that in 

our study HMW HA showed a trend to increase 

LMW HA-induced AA release, it might suggest 

that not only the ‘core’ size of HA, but the ratios 

of different sizes might have an impact on specific 

signaling events. Usually such a mix is present at 

the site of inflammation. There are also different 

cells responding to these fragments. Therefore, 

further studies are needed to clarify this problem. 

We and others have shown in monocytes 

and macrophages that cPLA2 phosphorylation 

might be caused by various MAP kinases.(39,95)  

We found here that HA-induced cPLA2 

activation is associated with ERK 1/2, p38 and 

JNK activation (Fig. 3B, C).  Interestingly, the 

time course of ERK 1/2 phosphorylation was 

different from other studies showing TLR4 

involvement (39,96).  Even though the peak 

phosphorylation of all three MAPKs was at 30 

minutes, ERK 1/2 phosphorylation tended to be 

sustained up to 6 hours, both in murine 

macrophages and in human monocytes (Fig. 3B, 

C), which points out the HA specific mode of 

TLR4 activation, different from classic TLR4 

stimuli such as LPS (39,96).  Independent 

inhibition of all these kinases significantly 

decreased HA-induced AA release, with the most 

prominent effect of ERK 1/2 inhibitor (Fig. 3D).  

Yet, only the simultaneous inhibition of three of 

these MAPKs resulted in complete blockade of 

HA-induced AA release, suggesting redundancy 

among them (Fig. 3D).  HA-induced p38 

phosphorylation has been previously described as 

an effect of HA signaling through CD44 (97).  

HA-induced ERK 1/2 phosphorylation has been 

also previously observed, mainly as an effect 

driven through Rhamm (98) and/or Rhamm and 

EGFR cooperation (99), via CD44 and EGFR 

interaction (100) or Stab2 (90). Here we showed 

that after TLR4 but not CD44 knockdown, ERK 

1/2, p38 and JNK phosphorylation was decreased 

in response to HA treatment (Fig. 5C, D).  This 

suggests that in human primary monocytes and 

mouse macrophages MAPKs phosphorylation and 

downstream effects on cPLA2 and cPLA2 - 

induced effects are mainly TLR4-dependent. 

 Recent studies have brought significant 

progress in understanding macrophage biology 

from re-defining their diverse origins, description 

of transcriptional complexity as well as ability of 

phenotypic switching in response to environmental 

stimuli in maintaining homeostasis and in the 

disease pathogenesis (41). Having demonstrated 

the mechanism of LMW HA stimulation on 

cPLA2 and cPLA2-derived lipid signaling in 

mouse macrophages and human primary 

monocytes, we decided to further study LMW HA 

effects in human primary macrophages. We 

focused on unexplored lipid metabolism gene 

expression and eicosanoid production. At baseline 

level, in accordance with the pioneer findings in 

human polarized macrophages (61), we observed 

opposing gene expression of the main enzymes 

involved in eicosanoid metabolism in M1 and M2 

macrophages (Fig. 10A-F), complementing these 

results by characterization of enzyme-specific 

eicosanoid release (Fig. 11A-D). Increase of PGE2 

production in M1 macrophages, apart from COX2 

induction, might be also related to up-regulation of 

mPGES in macrophages (101). Next, we noted the 

potency of LMW HA to switch the phenotype of 

macrophages toward M1 phenotype, starting from 

untreated M0 cells, increasing ‘typical’ gene 

expression in initially M1-polarized cells, as well 

as from M2 phenotype (Fig. 9A-H). The same was 

observed in terms of eicosanoid enzymes (Fig. 

10A-F) and lipid profiles (Fig 11A-D). Increased 
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presence of LMW HA at the site of tissue injury or 

initial inflammatory response might be therefore 

one of the evolutionary mechanisms activating 

infiltrating monocytes as well as tissue-resident 

macrophages to actively fight the insult. Induction 

of IL-10 by LMW HA in the same macrophages 

(Fig. 9I) might, under these conditions, serve as 

self-limiting loop. IL-10 could possibly begin 

quieting the initial response and can be secondary 

to the increase in PGE2 (102), followed by a rise in 

cAMP signaling leading to development of a pro-

resolution macrophage phenotype (103). However, 

in the scenario of prolonged inflammation, the 

potency of overproduced LMW HA to promote 

M1 macrophage phenotype, increase of PGE2, 

PGD2 and 15-HETE, and a decrease of anti-

inflammatory and pro-resolving lipoxin A4, might 

be an additional factor potentiating the chronicity 

of the inflammatory response. Interestingly it was 

shown that short (18 hours) stimulation of human 

monocytes with 50-200 kDa HA fragments 

elicited their potent activation, while prolonged (6 

days) culture in these conditions induced 

suppressive M2 macrophage phenotype (104). The 

authors presented these results as one of the 

potential mechanisms of solid tumors to inhibit 

inflammatory macrophage responses and 

activation of M2-like tumor associated 

macrophages (TAMs). The clear difference in our 

findings might come from the modification of 

culture conditions (6 hours vs. 6 days), which in 

fact can suggest a time-dependent effect of LMW 

HA in terms of cancer biology. Pro-inflammatory 

M1 macrophages, which might come from 

temporary but recurrent increases in LMW HA, 

has been shown to play a role in tumor initiation 

and promotion (105). Once the tumor is 

established and LMW HA is chronically 

overproduced it can promote immunosuppressive 

M2-like TAMs development (104), potentially 

through PGE2 and IL-10 signaling as observed in 

our model. It has also been shown that HA of 

different sulfation state (106) or covalently linked 

with the heavy chain 1 of inter--trypsin inhibitor 

(HC-HA) promotes M2 macrophage polarization 

(107) and acts in anti-inflammatory manner. 

In conclusion, we have shown here that 

LMW HA stimulates cPLA2 activation, AA 

release and downstream eicosanoid production, in 

murine macrophages and in human primary 

monocytes, through the TLR4/MyD88/ERK 1/2, 

p38 and JNK pathway, independently of CD44, 

TLR2, Rhamm or Stabilin-2. Moreover, we 

demonstrated that LMW HA potently activated an 

M1 macrophage phenotype with the unique 

PGE2/PGD2/15-HETE
high

 and LXA4
low

 eicosanoid 

profile (Fig. 12). We have performed a thorough, 

translational in vitro approach to address our 

hypothesis simultaneously in a murine and human 

system. These findings, in the context of recent 

discoveries on the role of ECM in inflammatory 

and proliferative diseases, provide novel insight 

into potential mechanisms of lipid mediators and 

their precursors in the pathogenesis of these 

diseases.
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FIGURE LEGENDS 

FIGURE 1. Hyaluronic acid (HA) quality control and size specificity. A, B, HA (MP Biomedicals) 

size analysis. A, Agarose gel electrophoresis, performed loading different amounts of HA, showing that 

majority of fragments are localized between 50 kDa and 600 kDa.  B, Multi‐angle Laser Light Scattering‐
Size Exclusion Chromatography (MALLS‐SEC), cumulative molar mass graph, showing that molar mass 

of 80% of fragments is below 1.0x10
6
 g/mol.  Average results of quadruplicate analyses shown that 

analyzed HA has Mn (number average molecular weight) of 250 kDa and Mw (weight average molecular 

weight) of 689 kDa and polydispersity (Mw/Mn) of 2.77.  Analysis was performed by Hyalose, LCC 

(Oklahoma City, OK). C Polymyxin B blocks LPS-induced, but not HA-induced arachidonic acid (AA) 

release. RAW 264.7 (5x10
5
) cells were treated with HA (100 g/ml) or LPS (10 ng/ml), with/without 

polymyxin B (10 g/ml) for 6 h. Thus, polymyxin B was used in all experiments in addition to HA or 

vehicle to ensure an endotoxin-free environment. Data are presented as the fold change compared with the 

untreated cells. Data represent the mean ± SEM from 3 independent experiments, each performed in 

triplicate. 
#
 P < .05 as compared to untreated cells; * P < .05 as compared to LPS-treated cells. D, LMW-

HA, but not oligo-HA or HMW-HA induces AA release. RAW 264.7 (5x10
5
) cells were treated with HA 

(100 g/ml = 0.145 M) or/and with indicated amounts of oligo-HA (4 kDa) or HMW HA (2500 kDa) 

for 6 h. Data are presented as the fold change compared with the vehicle-treated cells. Data represent the 

mean ± SEM from 3 independent experiments, each performed in triplicate. 
#
 P < .05 as compared to 

vehicle-treated cells E, Enzymatic digestion of HA blocks HA-induced AA release. RAW 264.7 (5x10
5
) 

cells were treated with HA (100 g/ml) or 100 g/ml HA with hyaluronidase from Streptomyces 

hyalurolyticus (1U/0.3 mg of HA for 4 h) for 6 h. Data are presented as the fold change compared with 

the vehicle-treated cells. Data represent the mean ± SEM from 3 independent experiments, each 

performed in triplicate. 
#
 P < .05 as compared to vehicle-treated cells; * P < .05 as compared to HA only-

treated cells. F, Agarose gel electrophoresis, showing the 4 h-digestion efficiency with indicated doses of 

hyaluronidase. Loading-5 g.  

FIGURE 2. LMW HA induces cPLA2-dependent arachidonic acid release. A, RAW 264.7 cells 

(5x10
5
) were stimulated with the indicated concentrations of HA for 6 h or B, with 100 g/ml of HA at 

the indicated times. C, Primary human monocytes (1x10
6
) were stimulated with the indicated 

concentrations of HA for 1 h or D, with 100 g/ml of HA at the indicated times. E, RAW 264.7 (5x10
5
) 

or F, primary human monocytes (1x10
6
) were pretreated with cPLA2 inhibitor (N-{(2S,4R)-4-(Biphenyl-
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2-ylmethyl-isobutyl-amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl-3-[4-(2,4-

dioxothiazolidin-5-ylidenemethyl)-phenyl] acrylamide, HCl, 2 M) or vehicle for 30 min and then 

stimulated with 100 g/ml of HA for 6 h (E) or 1 h (F).  Data are presented as the fold change compared 

with the vehicle-treated cells. Data represent the mean ± SEM from 3 experiments in RAW 264.7 cells 

(A, B, E) or in elutriated monocytes from 3 healthy donors (C, D, F), each performed independently in 

triplicate. * P < .05. 

FIGURE 3. LMW HA induces cPLA2 and ERK 1/2, p38, and JNK phosphorylation. 

cPLA2activation is ERK1/2, p38, and JNK-dependent. A, B, RAW 264.7 (5x10
5
) cells or C, primary 

human monocytes (1x10
6
) were stimulated with 100 g/ml of HA at the indicated time. Control 

represents cells treated with the vehicle, which did not change across different time points. The 

immunoblot is representative of three independent experiments in RAW 264.7 cells (A, B) or in elutriated 

monocytes from 3 healthy donors (C), each showing similar results. The bar graph shows the 

densitometry results, presented as the ratio of phosphorylated to total protein, as compared with the same 

ratio in the vehicle-treated cells (control). Data represent the mean ± SEM from three independent 

experiments. * P < .05 as compared to control. D, RAW 264.7 cells (5x10
5
) were treated with ERK1/2 

inhibitor (U0126; 1 M), p38 inhibitor (SB202190, 1 M), JNK inhibitor (SP00125, 5 M) separately or 

in combination, or with the vehicle for 2 h and then stimulated with 100 g/ml of HA for 6 h. Data are 

presented as the fold change compared with the vehicle-treated cells. Data represent the mean ± SEM 

from 3 experiments, each performed independently in triplicate. 
#
 P < .05 as indicated, * P < .05 as 

compared to HA only-treated cells. 

FIGURE 4. LMW HA activates arachidonic acid release through a TLR4/MyD88 pathway. A, B 

RAW 264.7 cells (5x10
4
), C, D, primary human monocytes (5x 10

6
), and E, F, primary human monocyte-

derived macrophages (MDM) (3x10
5
) were transfected with the indicated siRNAs (50 nM, 100 nM and 

100 nM, respectively). 48 h after transfection, 5x10
4 
cells were treated with 100 g/ml of HA for 6 h (A), 

1x10
6
 cells for 1 h (C), or 3x10

5 
for 2 h (E). Data are presented as the fold change of AA release 

compared with the vehicle-treated, control siRNA-transfected cells. Data represent the mean ± SEM from 

3 experiments in RAW 264.7 cells (A), in elutriated monocytes from 3 healthy donors (C), or in MDM 

from 3 healthy donors, each performed independently in triplicate.
 #

 P < .05 as indicated, * P < .05 as 

compared to HA only-treated cells. B, D, F, siRNA transfection efficiency control RAW 264.7 (5x10
4
) 

(B), , primary human monocytes (5x10
6
) (D) or primary human MDM (3x10

5
) (F) were transfected with 

the indicated siRNAs. 48 h after transfection cells were lysed and total RNA was extracted. Gene 

expression was assessed using RT PCR. Gene expression was normalized to GAPDH transcripts and 

represented as a relative quantification (RQ) compared with control. Data represent the mean ± SEM from 

3 independent experiments, each performed in triplicate. * P < .05 as compared to control siRNA (Ctrl 

siRNA). 

FIGURE 5. LMW HA induces cPLA2, ERK 1/2, p38 and JNK phosphorylation through TLR4. A, 

C, RAW 264.7 cells (5x10
4
) and B, D, primary human monocytes (5x10

6
) were transfected with the 

indicated siRNAs (50nM and 100 nM, respectively). 48 h after transfection, cells were treated with 100 

g/ml of HA for 30 min. Vehicle-treated siRNA transfected cells are represented by control siRNA. The 

immunoblot is representative of three independent experiments in RAW 264.7 cells (A, C) or in elutriated 

monocytes from 3 healthy donors (B, D), each showing similar results. The bar graph shows the 

densitometry results, presented as the ratio of phosphorylated to total protein, as compared with the same 

ratio in the vehicle-treated, control siRNA-transfected cells. Data represent the mean ± SEM from three 

independent experiments. 
#
 P < .05 as compared to the vehicle-treated, control siRNA-transfected cells, * 

P < .05 as compared to HA-treated, control siRNA-transfected cells. 

FIGURE 6. LMW HA induces cPLA2-dependent PGE2 production. A, RAW 264.7 cells (5x10
5
), B, 

primary human monocytes (1x10
6
) or C, WT bone marrow-derived macrophages (BMDM) (C57BL/6J) 
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(1x10
6
), were treated with cPLA2 inhibitor (N-{(2S,4R)-4-(Biphenyl-2-ylmethyl-isobutyl-amino)-1-[2-

(2,4-difluorobenzoyl)-benzoyl]-pyrrolidin-2-ylmethyl-3-[4-(2,4-dioxothiazolidin-5-ylidenemethyl)-

phenyl] acrylamide, HCl, 2 M) or vehicle for 30 min and then stimulated with 100 g/ml of HA for 8 h. 

All experiments were performed in 12 well plates with indicated number of cells in 1 ml medium per 

well. Data represent the mean ± SEM from 3 experiments in RAW 264.7 cells (A), in elutriated 

monocytes from 3 healthy donors (B), or in BMDM from 3 animals, each performed independently in 

triplicate. 
#
 P < .05 as indicated; * P < .05 as compared to HA only-treated cells.  

FIGURE 7. LMW HA stimulates PGE2 production through a TLR4/MyD88 pathway. A, Cd44
-/-

, 

Tlr4
-/-

 and their WT control or B, MyD88
-/- 

and their WT control BMDM (1x10
6
) were stimulated with 

100 g/ml of HA for 8 h. C, Primary human monocytes (5x10
6
) were transfected with the indicated 

siRNAs (100 nM). 48 h after transfection, cells were treated with 100 g/ml of HA for 8 h. All 

experiments were performed in 12 well plates with 1x10
6
 of cells in 1 ml medium per well. Data represent 

the mean ± SEM from independent experiments in BMDM from 2 animals (A, B) or in elutriated 

monocytes from 3 healthy donors (C), each performed in triplicate (B).
 #
 P < .05 as indicated, * P < .05 

as compared to HA only-treated cells. 

FIGURE 8. LMW HA induces COX2 expression through TLR4/MyD88 pathway. A, Primary human 

monocytes (1x10
6
) were stimulated with 100 g/ml of HA at the indicated time. B, primary human 

monocytes (5x10
6
) were transfected with the indicated siRNAs (100 nM). 48 h after transfection, 1x10

6 

cells were treated with 100 g/ml of HA for 6 h. C, Cd44
-/-

, Tlr4
-/-

 and their WT control or D, MyD88
-/- 

and their WT control BMDM (1x10
6
) were stimulated with 100 g/ml of HA for 6 h. The immunoblot is 

representative of independent experiments in elutriated monocytes from 3 healthy donors (A, B) or 3 

experiments in BMDM from 2 animals (C, D), each showing similar results. The bar graph shows the 

densitometry results, presented as the ratio of COX2 to actin, as compared with the same ratio in the 

appropriate vehicle-treated control cells. Data represent the mean ± SEM from three independent 

experiments. 
#
 P < .05 as compared to the vehicle-treated cells, * P < .05 as compared to HA-treated 

cells. 

FIGURE 9. LMW HA induces polarization of human macrophages toward M1 phenotype. A-I, 

mRNA expression of  cytokines, chemokines and receptors involved in macrophage polarization process 

and function, with/without HA treatment. Primary human monocyte-derived macrophages (0.25x10
6
) 

were polarized into M1 phenotype by adding 20 ng/ml of IFN- with 100 ng/ml of LPS, into M2 

phenotype by adding 20 ng/ml of IL-4 or were left unstimulated for initial 18 h. Subsequently, cells were 

treated with/without HA for 6 h, together with polarizing cytokines.  Then, cells were lysed and total 

RNA was extracted. Gene expression was assessed using RT PCR. Gene expression was normalized to 

GAPDH transcripts and represented as a relative quantification (RQ) compared with M0 unstimulated 

cells. Data represent the mean ± SEM from independent experiments in monocyte-derived macrophages 

from 3 healthy donors, each performed in triplicate.  * P < .05 as compared to unstimulated M0 

macrophages in cells without HA treatment, 
#
 P< .05 as compared to vehicle-treated, same initially 

polarized phenotype. 

FIGURE 10. LMW HA induces a cPLA2/COX2
high

 and COX1/ALOX15/ALOX5/LTAH4
low

 gene 

expression profile in human macrophages. A-F, mRNA expression of enzymes involved in arachidonic 

acid and eicosanoid metabolism, with/without HA treatment. Primary human monocyte-derived 

macrophages (0.25x10
6
) were polarized into M1 phenotype by adding 20 ng/ml of IFN- with 100 ng/ml 

of LPS, into M2 phenotype by adding 20 ng/ml of IL-4 or were left unstimulated for initial 18 h. 

Subsequently, cells were treated with/without HA for 6 h, together with polarizing cytokines.  Then, cells 

were lysed and total RNA was extracted. Gene expression was assessed using RT PCR. Gene expression 

was normalized to GAPDH transcripts and represented as a relative quantification (RQ) compared with 

M0 unstimulated cells. Data represent the mean ± SEM from independent experiments in monocyte-
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derived macrophages from 3 healthy donors, each performed in triplicate.  * P < .05 as compared to 

unstimulated M0 macrophages in cells without HA treatment, 
#
 P< .05 as compared to vehicle-treated, 

same initially polarized phenotype. 

FIGURE 11. LMW HA induces a PGE2/PGD2/15-HETE
high

 and LXA4
low

 eicosanoid profile in 

human macrophages. A, PGE2, B, PGD2, C, 15-HETE and D, LTB4 secretion by differently polarized 

macrophages, with/without HA treatment. Primary human monocyte-derived macrophages (0.25x10
6
) 

were polarized into M1 phenotype by adding 20 ng/ml of IFN- with 100 ng/ml of LPS, into M2 

phenotype by adding 20 ng/ml of IL-4 or were left unstimulated for initial 18 h. Subsequently, cells were 

treated with/without HA for 6 h, together with polarizing cytokines. Cell supernatant was harvested and 

the concentration of indicated eicosanoids, measured by EIA. All experiments were performed in 12 well 

plates with indicated number of cells in 1 ml medium per well. Data represent the mean ± SEM from 

independent experiments in monocyte-derived macrophages from 3 healthy donors, each performed in 

triplicate.  * P < .05 as compared to unstimulated M0 macrophages in cells without HA treatment, 
#
 P< 

.05 as compared to vehicle-treated, same initially polarized phenotype. Small amounts of LXA4 (32.6± 

9.8 pg/ml; mean ± SEM from three experiments) were detected only in M2 macrophages, without HA 

treatment. In the other cells, LXA4 was below the detection level. 

FIGURE 12. Proposed model of HA-induced cPLA2 activation and eicosanoid production in 

monocytes and macrophages. Impact of HA on macrophage polarization and acquiring eicosanoid-

specific profile. A, Fragmented HA stimulates cPLA2 activation, AA release and downstream 

eicosanoid production through the TLR4/MyD88/ERK 1/2, p38 and JNK pathway, independently of 

CD44, TLR2, Rhamm or Stabilin-2. B, Fragmented HA potently polarizes M0 and M2a macrophages into 

the M1 macrophage phenotype with the unique PGE2/PGD2/15-HETE
high

 and LXA4
low

 eicosanoid profile. 

This profile is, at least partially, acquired through the pathway depicted in A. Please refer to the text for 

further details. 
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