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Endogenous mediators within the inflammatory milieu play a critical
role in directing the scope,duration, and resolution of inflammation.
High-molecular-weight extracellular matrix hyaluronan (HA) helps
to maintain homeostasis. During inflammation, hyaluronan is bro-
ken down into fragments that induce chemokines and cytokines,
thereby augmenting the inflammatory response. Tissue-derived
adenosine, released during inflammation, inhibits inflammation
via the anti-inflammatory A2 adenosine receptor (A2aR). We dem-
onstrate that adenosine modulates HA-induced gene expression via
theA2aR.A2aRstimulation inhibitsHAfragment–inducedpro-fibrotic
genes TNF-a, keratinocyte chemoattractant (KC), macrophage in-
flammatory protein (MIP)-2, and MIP-1a while simultaneously
synergizing with hyaluronan fragments to up-regulate the TH1
cytokine IL-12. Interestingly, A2aR stimulation mediates these
affects via the novel cAMP-activated guanine nucleotide exchange
factor EPAC. In addition, A2aR-null mice are more susceptible to
bleomycin-induced lung injury, consistent with a role for endoge-
nous adenosine in inhibiting the inflammation that may lead to
fibrosis. Indeed, the bleomycin treated A2aR-null mice demonstrate
increased lung inflammation, HA accumulation, and histologic
damage. Overall, our data elucidate the opposing roles of tissue-
derived HA fragments and adenosine in regulating noninfectious
lung inflammation and support the pursuit of A2aR agonists as
a means of pharmacologically inhibiting inflammation that may lead
to fibrosis.
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It is becoming increasingly clear that the tissue microenviron-
ment plays a critical role in regulating inflammation and tissue
destruction. Chronic inflammation and tissue fibrosis lead not
only to increased turnover of the extracellular matrix but also to
an increase in inflammatory cells, mediators, and extracellular
concentration of the purine nucleotide adenosine. Recently,
fragments of the extracellular matrix component hyaluronan
(HA) have been shown to play a central role in the develop-
ment of lung inflammation and fibrosis in mice (1, 2). HA,
normally a high-molecular-weight, extracellular matrix compo-
nent, helps to maintain lung conformational integrity and water
homeostasis (3, 4). During inflammation, the high-molecular-
weight HA is degraded into lower-molecular-weight (LMW)
fragments that stimulate macrophages and airway epithelial cells
to produce mediators of tissue injury and repair such as TNF-a,
IL-12, keratinocyte chemoattractant (KC), macrophage inflam-
matory protein (MIP)-1a, MIP-2, monokine induced by in-
terferon-g (MIG), IL-8, interferon-inducible protein (IP)-10,

matrix metalloelastase (MME), plasminogen activator inhibitor
(PAI)-1, tissue inhibitor of metalloprotease (TIMP)-1, and
inducible nitric oxide synthase (iNOS) (5–8). Thus the extra-
cellular matrix is not only the target of inflammation, but plays
a central role in inflammatory cell activation.

Adenosine is an endogenous intracellular purine nucleotide
that is normally at low concentrations extracellularly (9–11).
During inflammation and tissue destruction, adenosine is released
into the extracellular space, with local accumulations as high as
10 to 100 mM, and acts as a negative regulator of both inflammation
and immune-mediated tissue destruction (9, 11). Tissue derived
adenosine exerts its anti-inflammatory effects by engaging the
high-affinity adenosine A2a receptor (A2aR) that is expressed on
macrophages, dendritic cells, T cells, B cells, and epithelial cells.
Selective engagement of the A2 adenosine receptor (A2aR)
on human and murine macrophages by the A2aR agonist CGS-
21680 (2-[p-(2-carbonyl-ethyl)-phenyl-ethylamino]-59-N-ethylcar-
boxamido-adenosine) inhibits LPS-induced TNF-a expression
(12). In addition, the critical role of the A2aR in regulating
inflammation was demonstrated by the observation that A2aR-null
mice exposed to normally harmless inflammatory stimuli develop
overwhelming inflammation, tissue destruction, and death (13).

The A2aR has an extremely high affinity for adenosine and,
when engaged, stimulatory G-proteins become activated, lead-
ing to increased adenylate cyclase activity and cyclic AMP
(cAMP) production (14). Although the exact signal transduc-
tion pathways used by adenosine have not yet been fully
elucidated, elevated levels of cAMP have been associated with
activation of protein kinase A (PKA) and inhibition of NF-kB
(15). Recently, a novel downstream target of cAMP, EPAC
(exchange protein activated by cAMP), a cAMP-activated guanine
nucleotide exchange factor for Rap GTPases, has been described
(16). Currently two EPAC family members have been described
(EPAC1 and EPAC2), but a role for EPAC in A2a receptor
signaling has yet to be defined (16).

During lung inflammation, both LMW HA and adenosine
accumulate in the extracellular milieu. Inasmuch as LMW HA
plays a role in promoting lung inflammation and fibrosis and
adenosine is a known negative regulator of inflammation, we
proposed that adenosine acts as a key modulator of LMW HA–
induced inflammation. In this article we demonstrate that A2aR
engagement, but not A1- or A3-receptor engagement, profoundly
modulates LMW HA–induced inflammatory gene expression
in vitro and in vivo in the bleomycin model of lung injury.
Furthermore, we demonstrate that adenosine modulates these

CLINICAL RELEVANCE

Endogenous mediators are critical in the scope, duration,
and resolution of inflammation. We show that adenosine
modulates hyaluronan-induced genes via the A2a receptor,
and thus elucidate the roles of hyaluronan fragments and
adenosine in lung inflammation.

(Received in original form May 1, 2008 and in final form July 23, 2008)

This work was funded by grants from FAMRI and the National Heart, Lung, and

Blood Institute (HL073855-01 and HL086632) (to M.R.H.).

Correspondence and requests for reprints should be addressed to Maureen R.

Horton, M.D., 1830 E. Monument Street, 5th floor, Baltimore, MD 21205. E-

mail: mhorton2@jhmi.edu

Am J Respir Cell Mol Biol Vol 40. pp 251–259, 2009

Originally Published in Press as DOI: 10.1165/rcmb.2008-0168OC on August 14, 2008

Internet address: www.atsjournals.org



effects not through the activation of PKA but rather by activating
EPAC, which ultimately results in NF-kB inhibition.

MATERIALS AND METHODS

Cells

MH-S (mouse alveolar macrophage-like cell line) were purchased from
American Type Cell Collection (Manassas, VA). Thioglycollate elicited
peritoneal elicited cells (PEC) were obtained per our protocol (5).

Mice

The A2a2/2 mice and littermate controls on a C57BL/6 background
were a kind gift from Dr. Joel Linden (University of Virginia) (17).

Bleomycin Administration

Per our protocol that is approved by the Johns Hopkins Animal
Welfare Review Committee, isoflurane-anesthetized mice aspirated
100 ml saline or saline 1 0.375 U bleomycin sulfate (5). The animals
were killed with sodium pentobarbital overdose (100 mg/kg, intraper-
itoneally; Ampro Pharmaceutical, Arcadia, CA). Bronchoalveolar lavage
(BAL) was preformed as per our protocol (5). Histology: 0.5 ml 4%
paraformaldehyde was instilled intratracheally into the right lung, the
airway ligated, and the lung submerged in the same fixative. The tissue was
embedded in paraffin, and histologic sections viewed after hematoxylin
and eosin (H&E) and Masson trichrome staining.

Chemicals and Reagents

Purified human umbilical cord LMW HA (MW, 200 kD; ICN Biomed-
icals, Inc., Costa Mesa, CA) is free of protein and other glycosamino-
glycans. Polymixin B was purchased from Calbiochem Novabiochem
(San Diego, CA). Adenosine receptor agonists CGS21680 (CGS), 59-(N-
ethylcarboxamido)-adenosine (NECA), 2-chloro-N6-cyclopentyladeno-
sine (CCPA), and N6-(3-iodobenzyl)adenosine-59-N-methyluronamide
(IB-MECA) were purchased from Sigma (St. Louis, MO). CGS was
prepared in PBS to a stock concentration of 2 mM. NECA, CCPA, and
IB-MECA were resuspended in DMSO to stock concentrations of 40
mM, 40 mM, and 15 mM, respectively. ZM-241385 (10 mM) and EPAC
activator (8-(4-Chlorophenylthio)-29-O-methyladenosine-39,59-cyclic
monophosphate sodium salt) were from Tocris Bioscience (Ellisville,
MO). EPAC siRNA was made per Dharmacon algorithm. Stock
solutions were tested for LPS with Limulus assay.

Adenosine Agonist/Antagonist Assays

Cells, plated at a density of 1.5 3 106 cells/ml in 12-well plates, were
pretreated with the appropriate adenosine agonist in serum-free RPMI
10 hours before stimulation with HA. Cells received the A2aR ZM (10 mM)
30 minutes before adenosine agonists. After pretreatment, cells were
stimulated for 18 hours with 250 mg/ml HA. Supernatants were collected
and assayed for TNF-a, MIP-2, KC, IP-10, MIP-1a, and IL-12 via enzyme-
linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN).

Western Blots and ELISA

Western blots and ELISA were performed as previously described (5).
Antibodies and kits were purchased from R&D Systems. Colorimetric
changes were measured by ELISA plate reader with Microplate
Manager III (Bio-Rad, Hercules, CA) software.

Northern Analysis and RT-PCR of mRNA Production

Total cellular RNA was isolated via TriReagent and Northern analysis
were performed as previously described (5). RT-PCR was performed
using TaqMan and commercially available primers for murine IL-12 p40,
p35, 18S, and TNF-a (Applied Biosystems, Foster City, CA). Bands were
quantified with a phosphoimager (Molecular Dynamics, Sunnyvale, CA).

Transient Transfections

Cells were transfected with 0.25 mg of the pNiFty NF-kB luciferase
reporter plasmid (Invivogen, San Diego, CA) using FuGENE 6 trans-
fection reagent (Roche, Branchburg, NJ) according to the manu-
facturer’s protocol. Luciferase was assayed with Promega Luciferase

Assay System using a FB12 luminometer (Zylux, Huntsville, AL) as
previously described (18). Measured firefly luciferase was normalized
to the constitutively produced renilla luciferase and reported as fold
induction over unstimulated transfected cells.

Statistics

Differences between groups were analyzed using ANOVA with Fisher’s
PLSD test for pairwise comparisons (Graphpad). A P value , 0.05 was
considered significant.

RESULTS

A2aR Stimulation Modulates LMW HA–Induced Inflammatory

Gene Expression

Fragments of the extracellular matrix component HA, pro-
duced at sites of tissue inflammation, play a central role in the
activation of the innate immune system in the development of
lung inflammation and fibrosis in an animal model (1, 8).
Similarly, adenosine has been shown to be a crucial negative
regulator of inflammation and tissue protector from immune
destruction (9, 11). We propose that the extracellular matrix is
not only the target of inflammation but plays a central role in
inflammatory cell activation, and furthermore that adenosine is
a key modulator of HA-induced inflammatory gene expression,
especially TNF-a and IL-12, as they are potently induced by
LMW HA fragments (7, 8, 19). Thus to assess the effect of
A2aR stimulation on LMW HA–induced inflammatory chemo-
kine gene expression, we stimulated the alveolar macrophage
cell line MH-S with LMW HA and the A2aR-specific agonist CGS
for 18 hours and analyzed cell supernatants for specific chemokine
and cytokine expression by ELISA (Figure 1A). We demonstrated
that A2aR stimulation with CGS markedly inhibits LMW HA-
induced TNF-a by 41% (P 5 0.0113) when given simultaneously
with LMW HA. Interestingly, when cells were pre-stimulated with
CGS for 10 hours before LMW HA for 18 hours, A2aR engage-
ment resulted in a 71% (P 5 0.0029) decrease in LMW HA–
induced TNF-a expression. However, when the A2aR is engaged
after LMW HA stimulation, there was no significant inhibition of
LMW HA–induced TNF-a expression (5%, P 5 0.6836). The dose
of CGS chosen for these and subsequent experiments was based on
dose–response curves (data not shown) and is consistent with
previously published reports examining the effect of CGS on
macrophages (16, 20). The specificity of CGS for the A2aR at this
dose is further confirmed by the lack of affect of CGS on macro-
phages derived from A2aR-null mice (see below).

To confirm that the A2aR modulated LMW HA–induced
genes in primary cells, thioglycollate elicited peritoneal macro-
phages (PEC) were pretreated with the A2aR-specific agonist
CGS for 10 hours before stimulation with LMW HA for 6
hours. Total RNA was isolated and Northern blot analysis
performed. Unstimulated PEC and cells treated with the A2aR-
specific agonist CGS alone had no TNF-a or IL-12 mRNA ex-
pression. However, LMW HA induced significant up-regulation
of TNF-a mRNA, which was blocked by CGS (Figures 1B and
1C). The inhibition of LMW HA–induced TNF-a mRNA
expression by CGS was also greater with pre-stimulation of
the cells with CSG for 12 hours before stimulation with LMW
HA. Pretreatment of LMW HA–stimulated PEC with CGS also
resulted in a marked increase in HA-induced IL-12 mRNA
production (Figures 1B and 1C). Thus, A2aR stimulation mod-
ulates LMW HA–induced mRNA expression of chemokines in
primary macrophages. The fact that IL-12 expression increases
with A2aR stimulation rules out the possibility that CGS is
inducing cell death or nonspecifically inhibiting cell function.

Interestingly, TNF-a has been associated with lung fibrosis,
and IL-12 (by promoting IFN-g production) has been associated
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with nonfibrotic resolution of lung inflammation (21). Indeed,
A2aR activation seems to be antifibrotic by both inhibiting HA-
induced TNF-a and augmenting HA-induced IL-12 expression.
Thus, we also examined the affect of A2aR stimulation on the
production of the profibrotic chemokines MIP-2, KC, IP-10, and
MIP-1a. As determined at the protein level by ELISA, CGS
inhibited TNF-a, MIP-2, KC, IP-10, and MIP-1a (66%, 42%,
80%, 32%, and 77%, respectively) while simultaneously aug-
menting IL-12 by 60% (Figure 2). Thus, A2aR stimulation
differentially modulates LMW HA–induced inflammation.

Adenosine Modulates LMW HA–Induced Gene Expression

Specifically via the A2aR

To further determine the role of A2aR activation in modulating
LMW HA–induced gene expression, we activated PEC from
wild-type (WT) and A2aR-null mice. As seen in Figure 3A,
PECs from A2aR-null mice produce more TNF-a in response
to LMW HA stimulation than HA-stimulated PECs derived
from WT mice. These findings suggest that adenosine in the
culture medium, acting via the A2aR, negatively regulates PEC
activation in vitro.

Figure 2. Adenosine modulates LMW
HA–induced inflammatory gene expres-

sion via the A2aR. MH-S macrophages

were stimulated with CGS (3mM) for
10 hours before LMW HA (250mg/ml)

for 18 hours. Cell cultured supernatants

were collected and ELISAs performed for

(A) TNF-a, (B) MIP-2, (C) KC, (D) IP-10,
(E) MIP-1a, and (F) IL-12. These data

represent the average of at least three

individual experiments.

Figure 1. A2 adenosine receptor (A2aR) stimulation mod-

ulates low-molecular-weight (LMW) hyaluronan (HA)–induced
inflammatory gene expression. (A) MH-S macrophages were

stimulated with LMW HA (250mg/ml) 1 CGS (3mM) simul-

taneously or pre-stimulated with CGS (3mM) for 10 hours

before LMW HA, and enzyme-linked immunosorbent assay
(ELISA) for TNF-a on cell cultured media was performed after

18 hours of stimulation. These data represent the average of

at least three individual experiments. (B) Northern blot

analysis of mRNA harvested from thioglycollate elicited
peritoneal macrophages pretreated with CGS for 10 hours

before stimulation of LMW HA for 6 hours. (C ) Graphic

representation of mRNA normalized to actin. These data are
representative of at least three individual experiments.
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To demonstrate that the inhibition of LMW HA–induced
TNF-a by endogenous adenosine is specific to the A2a receptor
and not due to the stimulation of A1- or A3-adenosine receptors,
we performed dose–response curves with adenosine receptor–
specific agonists. Using PEC from WT mice, we compared the
effect of CGS (A2aR-specific agonist) on LMW HA–fragment
induced TNF-a expression in PEC with that of the nonselective
adenosine receptor agonist NECA, the A1-specific agonist
CCPA and the A3-specific agonist IB-MECA. As demonstrated
in Figure 3B, only CGS (A2a-specific agonist) and NECA
(nonspecific agonist) inhibited LMW HA–induced TNF-a ex-
pression in a dose-dependent fashion. Although LMW HA–
induced TNF-a was inhibited at high doses of CCPA (A1-specific
agonist) and IB-MECA (A3-specific agonist), this appeared to be
nonspecific due to the high doses of the agonists. To further show
that the A2aR is primarily responsible for the modification of
LMW HA–induced chemokine expression, we performed experi-
ments with PEC from A2aR-null mice. In the A2aR-null PECs,
there was little inhibition of HA-induced TNF-a by any of the
agonists (Figure 3C).

As both CGS (A2aR-specific agonist) and NECA (non-
specific adenosine agonist) inhibit LMW HA–induced TNF-a
expression in WT PEC, we postulated that the A2aR antagonist
ZM241385 would block the effects of these agonists. Both CGS
and NECA inhibit LMW HA–induced TNF-a expression in
WT PEC (CGS 51%, P 5 0.002), and the inhibition is reversed
by the A2aR antagonist ZM241385 (Figure 3D). There is no
effect of CGS or ZM on HA-induced gene expression in the
A2aR-null mice. Thus, adenosine inhibits LMW HA–induced
gene expression specifically via A2aR stimulation.

Transcriptional and Post-Transcriptional Regulation of

HA-Induced Gene Expression by A2aR Stimulation

Previously we and others have demonstrated that LMW HA–
induced TNF-a gene expression is mediated by activating NF-
kB (22). Likewise, it has been shown that A2aR stimulation can
inhibit NF-kB activation in monocytes and endothelial cells

(15). Thus, we hypothesized that A2aR stimulation modulated
HA-induced gene expression in part by inhibiting NF-kB. We
transfected MH-S cells with an NF-kB–driven luciferase re-
porter construct overnight, then pre-stimulated the transfected
cells with CGS for 12 hours before stimulation with LMW HA
for 18 hours. Cytoplasmic extracts were isolated and luciferase
activity was measured. Figure 4A demonstrates that LMW HA–
induced NF-kB–driven luciferase expression is significantly
inhibited by that A2aR stimulation with CGS by 55% (P 5

0.002). Thus, the effect of A2aR stimulation on the inhibition
of LMW HA–induced inflammatory gene expression by A2aR
stimulation appears to be in part due to the inhibition of the
NF-kB pathway.

We also demonstrate that A2aR stimulation synergizes with
HA to induce IL-12, a gene often reported to be transcription-
ally regulated by NF-kB (23). However, IL-12 has also been
demonstrated to be regulated post-transcriptionally (24, 25).
Specifically, p38 mitogen-activated protein kinase (MAPK) acti-
vation inhibits IL-12 expression by promoting IL-12 mRNA
degradation (25). In addition, the A2aR agonist CGS has been
reported to inhibit p38 activation (24). Thus, we wanted to
determine the potential role of A2aR stimulation on the stability
of LMW HA–induced mRNA. MH-S cells were pre-stimulated
with CGS (3mM) for 10 hours before the addition of LMW HA
for 2 hours. After 2 hours of stimulation with HA, actinomycin
was added to the cells to inhibit further mRNA transcription.
RNA was then harvested at 1, 3, and 4 hours after actinomycin,
subjected to RT-PCR for IL-12 p40 or TNF-a, and normalized
to 18S. CGS had no effect on the decay of TNF-a mRNA
(Figure 4B), but markedly enhanced the stability of IL-12
mRNA (Figure 4C). Thus CGS has both transcriptional and
post-transcriptional effects on LMW HA–induced TNF-a and
IL-12, respectively, leading to the ultimate differential regula-
tion of these genes. Specifically, CGS inhibits HA-induced
TNF-a by inhibiting NF-kB–regulated TNF-a transcription, but
has no effect on TNF-a mRNA stability. Furthermore, although
CGS may inhibit LMW HA–induced NF-kB–mediated IL-12

Figure 3. Adenosine mod-
ulates LMW HA–induced

gene expression specifically

via the A2aR. Thioglycollate

elicited peritoneal macro-
phages were isolated from

wild-type (WT) and litter-

mate control A2aR-null
mice. (A) Dose response of

PEC stimulated with LMW

HA fragments for 18 hours,

after which cultured super-
natants were collected and

TNF-a ELISA performed.

*P 5 0.027; #P 5 0.04. (B

and C) WT or A2aR-null PEC
were pre-stimulated with

CGS (A2a-specific agonist),

NECA (nonselective adeno-

sine receptor agonist),
CCPA (A1-specific agonist),

and IB-MECA (A3-specific

agonist) for 12 hours before
LMW HA (250 mg/ml) for

18 hours. Cultured cell supernatants were collected and ELISA for TNF-a performed. Only statistical difference between samples was for WT PEC CGS

and NECA v. CCPA and IB-MECA at 1mm dose agonist, * P , 0.05. (D) WT or A2aR-null PEC were pre-stimulated with CGS (3mM) 6 the A2aR-specific
antagonist ZM for 12 hours before the addition of LMW HA. TNF-a ELISA was performed on cultured cell supernatants after 18 hours. These data

represent the average of at least three individual experiments.
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transcription, this effect is offset by the marked stabilization of
IL-12 mRNA leading to the overall effect of increased IL-12
gene product.

A2aR-Induced Modulation of LMW HA–Induced TNF-a Is

Mediated by EPAC

Although the exact signal transduction pathways used by aden-
osine have yet to be fully elucidated, elevated levels of cAMP
have been associated with activation of protein kinase A (PKA)

and inhibition of NF-kB (15). To investigate the role of PKA in
mediating CGS-induced inhibition of LMW HA–induced TNF-a,
we stimulated WT PEC with LMW HA 1 CGS 1 the PKA
inhibitor H89 for 18 hours and measured TNF-a protein
expression by ELISA. As seen in Figure 5A, the PKA inhibitor
H89 did not reverse the inhibition of LMW HA–induced TNF-a
by CGS. It is known that dibutyryl-cAMP inhibits LPS-induced
TNF-a in a PKA-dependent pathway (26, 27). As a positive
control to ensure that this dose of H89 significantly inhibited the

Figure 5. Adenosine A2aR
engagement modulates

LMW HA–induced gene

expression via a PKA-

independent EPAC-depen-
dent pathway. (A) TNF-a

ELISA of cell cultured super-

natants from WT PEC stim-
ulated with LMW HA

(250 mg/ml) 1 CGS (3mM)

1 the PKA inhibitor H89

(1mM) for 18 hours. EPAC
activator (EA) directly inhib-

its LMW HA–induced pro-

tein expression by ELISA of

TNF-a (B) and induces IL-12
(C) in MH-S macrophages

pre-stimulated with EA for

12 hours before stimulation
of LMW HA. There are sta-

tistical differences between

HA v. HA 1 EA (all doses)

for both TNF-a and IL-12,
P , 0.002. (D) MH-S macrophages were transfected with EPAC siRNA for 24 hours and Western analysis was performed for EPAC protein. (E) MH-S

macrophages were transfected with the control or EPAC siRNA for 24 hours, stimulated with CGS (mM) for 12 hours, and then stimulated with LMW HA
for 18 hours (*P 5 0.0007 for HA 1 CGS control siRNA v. EPAC siRNA). Cell conditioned media was collected and TNF-a protein expression was

measured by ELISA. These data represent the average of at least three individual experiments.

Figure 4. Adenosine A2aR engagement inhibits LMW HA–
induced NF-kB expression. (A) MH-S macrophages were

transfected with an NF-kB–driven luciferase reporter construct

overnight, and transfected cells were pre-stimulated with CGS
(3mM) for 12 hours before stimulation with LMW HA

(250 mg/ml) for 18 hours. Cytoplasmic extracts were isolated

and luciferase activity was measured. (B and C) MH-S macro-

phages were pre-stimulated with CGS (3mM) for 12 hours
before stimulation with LMW HA (250 mg/ml) for 2 hours

before the addition of actinomycin. RT-PCR for TNF-a or IL-12

p40 was performed on RNA isolated at time 0, 1 hour,

3 hours, and 4 hours after actinomycin. These data are
representative of at least three individual experiments.
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PKA regulation of this pathway, we confirmed that H89
blocked dibutyryl-cAMP inhibition of LPS-induced TNF-a by
47% (data not shown). Thus, the ability of A2aR activation to
inhibit LMW HA-induced gene expression is not mediated
through PKA.

Recently, a novel downstream target of cAMP, EPAC, has
been described (16, 28). We wanted to determine if EPAC
might play a role in regulating LMW HA–induced gene expres-
sion. First, we evaluated the ability of 8-CPT-29-O-Me-cAMP,
an EPAC activator (EA), to inhibit HA-induced gene expres-
sion. As evident in Figures 5B and 5C, direct EPAC activation
(LMW HA 1 EA) alone inhibited LMW HA–induced TNF-a.
Specifically, direct EPAC activation mirrored the inhibition
seen with CGS. Likewise, similar to CGS stimulation, direct
EPAC activation enhanced IL-12 expression. Thus, upon LMW
HA stimulation, the direct activation of EPAC mimicked the
gene expression profile seen with A2aR engagement. Once
again, the doses of EPAC activator employed are consistent
with previously published findings using this agonist with
macrophages (16, 20).

Next, we wanted to further assess the ability of A2aR
stimulation to modulate LMW HA–induced gene expression
via EPAC. We hypothesized that if EPAC were necessary for
A2aR modulation of LMW HA gene expression, then CGS
would not inhibit TNF-a production in macrophages in which
EPAC was knocked down. To test this hypothesis, MH-S
macrophages were transfected overnight with either control
siRNA or EPAC siRNA. Compared with the control trans-
fection, in the EPAC siRNA–transfected cells there was
significant knockdown of EPAC protein expression as deter-
mined by Western blot analysis (Figure 5D). Cells transfected
with the control or EPAC siRNA were stimulated with CGS
for 12 hours and then stimulated with LMW HA for 18 hours.
TNF-a protein expression was then measured by ELISA. Figure
5E demonstrates that CGS was no longer able to inhibit LMW
HA–induced TNF-a expression in the cells transfected with the
EPAC siRNA but still inhibited LMW HA-induced TNF-a by
greater than 60% in cells transfected with the control siRNA

(P 5 0.0007). Taken together, our data suggest that A2aR
stimulation modulates LMW HA–induced gene expression in
part by activating EPAC.

A2aR-Null Mice Are More Susceptible to Bleomycin-Induced

Lung Injury

Pulmonary fibrosis is the end result of persistent dysregulated
inflammation (29). Instillation of bleomycin into the lungs of
mice results in acute inflammation, ultimately leading to fibrosis
and death (30). Interestingly, bleomycin-induced lung injury is
associated with an increase in TNF-a, IP-10, and KC and
potentially ameliorated by IFN-g (31, 32). Likewise, bleomycin
injury results in excess accumulation of LMW HA fragments in
injured lungs and appears to play a critical role in promoting
persistent lung inflammation (1, 2). Since A2aR stimulation
inhibits the production of LMW HA–induced pro-fibrotic cytokine/
chemokine production, we wanted to determine the importance of
this in vivo in the bleomycin-induced lung injury model. WT and
A2aR-null mice were exposed to 0.375 U of intratracheal bleomy-
cin and followed for 14 days. Figure 6A demonstrates the survival
curves for the A2aR-null and WT animals. WT mice had a 100%
survival rate up to Day 10, with 70% ultimate survival at 14 days. In
contrast, A2aR-knockout mice started dying after Day 5, and by
Day 14 the survival rate of these mice was only 10%. (The survival
data shown is from a single experiment, but is representative of
three experiments with a total of 24 WT and 26 A2aR-knockout
mice.) Thus, in the absence of the A2aR, there is an earlier and
higher mortality rate during the initial inflammatory stage of
bleomycin injury.

As there appeared to be increased early death in the A2aR-
knockout mice, on Day 7 we obtained BAL for total cell count
and HA concentration as well as histology. On Day 7 there was
an increased total number of inflammatory cells and an in-
creased percentage of neutrophils in the A2aR-null animals
(Figure 6B; P 5 0.027). On addition, as seen in the H&E stain
from bleomycin-injured A2aR-null mice on Day 7, there was
increased neutrophilia, exudates, and tissue damage (Figure
6C). Similarly, HA levels measured in Day 7 BAL samples

Figure 6. A2aR-null mice are more

susceptible to bleomycin-induced lung

injury. A2aR-null or WT mice were
given 0.375 U of intratracheal bleomy-

cin and followed for 14 days. (A) Sur-

vival curves. (B) Day 7 BAL for total cells

count (*P 5 0.027 for bleomycin-
injured WT v. A2aR-null for total BAL

cell count). (C ) Day 7 hematoxylin and

eosin stain of lung tissue. (D) Day 7 BAL
HA concentration (*P 5 0.002 for

bleomycin-injured WT v. A2aR-null for

total BAL HA content).
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revealed elevated levels of HA in the A2aR-null mice com-
pared with WT controls (Figure 6D; P 5 0.002). Thus, these
data suggest that decreased survival in the A2aR-null mice is
due to increased inflammation, injury, and HA accumulation in
response to bleomycin injury.

DISCUSSION

As the tissue microenvironment plays a critical role in regulat-
ing inflammation, our studies sought to define the roles of the
extracellular matrix component HA and adenosine in this
process. Extracellular matrix degradation products are not only
the result of inflammation but also active participants in the
perpetuation of the inflammatory process (1, 2, 8). During in-
flammation, as the extracellular matrix is degraded and remod-
eled, HA breakdown products accumulate. Normally, in the
course of an immune response, inflammation is self-limiting and
the biologically active LMW HA fragments are removed as
healing occurs. However, in states of ongoing inflammation and
fibrosis, such as sarcoidosis, chronic bronchitis, and idiopathic
pulmonary fibrosis, there is ongoing tissue destruction and
remodeling leading to persistence of HA degradation products
(4, 33, 41). Although the precise physiologic concentration of
LMW HA is unknown, during inflammation, there is increased
overall HA as reflected in the serum (patients with rheumatoid
arthritis, 150 ng/ml; patients with liver failure, 390 ng/ml;
healthy control subjects, 36 ng/ml) and BAL (patients with
sarcoidosis, 430 mg/ml) (33–35). Similarly, during inflammation
and tissue destruction, adenosine is released into the extracel-
lular space and can act as a negative regulator of both
inflammation and immune-mediated tissue destruction (9, 11).
A number of the anti-inflammatory properties of adenosine
have been shown to be mediated by the adenosine A2a receptor
(9). In this article we demonstrate that engagement of the
A2aR, not A1 or A3 receptors, significantly modulates LMW
HA–induced inflammatory genes by inhibition of the pro-
fibrotic TNF-a, MIP-2, MIP-1a, IP-10, and KC but synergistic
enhancement of HA fragment–induced IL-12. Our data indicate
that A2aR modulation of these genes is independent of PKA
and is the result of A2aR-dependent activation of EPAC.
Furthermore, in an in vivo model of noninfectious lung injury,
the absence of the A2aR’s anti-inflammatory influence leads to
massive lung inflammation and death.

Adenosine is an endogenous intracellular purine nucleotide
that is normally found at low concentrations extracellularly (9,
11). During inflammation and tissue destruction, adenosine is
released into the extracellular space and acts as a negative
regulator of both inflammation and immune-mediated tissue
destruction (9, 11). The engagement of the high-affinity A2aR
by adenosine activates stimulatory G-proteins that activate
adenylate cyclase, leading to increased cAMP production (36).
Elevated levels of cAMP have been associated with activation
of protein kinase A (PKA) and inhibition of NF-kB (15). EPAC
is a novel downstream target of cAMP that may mediate many
of the inhibitory effects of cAMP that were initially attributed
to PKA; however, to our knowledge a role for EPAC in A2aR
signaling has not previously been described (16, 28). Our data
indicate that A2aR stimulation can modulate LMW HA–
induced gene expression even in the presence of a PKA inhibi-
tor. Furthermore, we demonstrate the ability of a potent EPAC
activator to simultaneously inhibit LMW HA–induced TNF-a
production and synergize with LMW HA to induce IL-12. Thus
we demonstrate that A2aR-mediated regulation of inflamma-
tion may occur via EPAC.

Adenosine mediates a negative feedback loop altering LPS-
stimulated TNF-a production, presumably via A2aR, as the

A2aR-specific agonist CGS-21680 has been demonstrated to
inhibit TNF-a expression by LPS-treated human monocytic
leukemia cells (12). Increases in TNF-a production in response
to LPS stimulation, and the subsequent inhibition of it with
adenosine analogs, have also been observed in both human
monocytes and murine peritoneal macrophages fragments (37,
38). In addition, the ability of the A2aR to act as a negative
regulator of inflammation has been dramatically demonstrated
by the observation that when normally harmless inflammation is
induced in A2aR-null mice, they die of overzealous immune
responses (13, 37, 38). Inasmuch as both LMW HA and adenosine
are components of the inflammatory milieu, the ability of adeno-
sine acting via the A2aR to modulate LMW HA–induced in-
flammation reveals an important regulatory component of the
tissue microenvironment.

Surprisingly, A2aR activation did not uniformly inhibit all
LMW HA–induced cytokines. LMW HA–induced IL-12 was
augmented at both the protein and mRNA levels via a post-
transcriptional mechanism. Although IL-12 is primarily consid-
ered to be a proinflammatory chemokine, it has been shown to
exhibit anti-inflammatory properties as well (39, 40). The
presence of IL-12 in the inflammatory milieu induces expression
of the anti-inflammatory cytokine IL-10 (39, 40). IL-12 also
plays a key role in balancing activation of Th-1 and Th-2 helper
T cells by promoting naı̈ve T cells to differentiate into IFN-g–
producing Th-1 helper cells (39, 40). Interestingly, although
A2aR stimulation synergized with LMW HA to induce IL-12, in
both human monocytes and murine macrophages LPS-induced
IL-12 expression is decreased in response to A2aR stimulation
(37, 38). Our data suggesting that the increase in HA induced
IL-12 by CGS is mediated by increased stability of IL-12
mRNA implies that LPS and HA use different pathways.
Indeed, it may be the result of different downstream activation
specific to ligation of TLR-2 (HA) and TLR-4 (LPS). As CGS
has been demonstrated to inhibit p38 MAPK activation and p38
MAPK activation increases IL-12 mRNA degradation, we
speculate that the synergy between LMW HA and A2aR
activation by CGS may be the result of CGS-mediated in-
hibition of p38 MAPK (24, 25).

The bleomycin model of lung injury in animals, which
approximates the pathology seen in fibrotic lung disorders such
as idiopathic pulmonary fibrosis, has been well established (30).
Intratracheal administration of bleomycin causes an initial
alveolitis followed by a fibroproliferative phase with dysregu-
lated matrix remodeling and ultimately fibrosis (30). There is
increased turnover, production, and accumulation of LMW HA
fragments in bleomycin-injured lungs (41). The course of
bleomycin-induced fibrosis has been ameliorated by various
interventions such as treatment with antibodies against MIP-1a,
TNF-a, or administration of exogenous IL-12 and IFN-g,
suggesting that shifting the chemokine profile away from the
pro-fibrotic toward the anti-fibrotic chemokines may be impor-
tant in this model of lung injury (31, 42). The role of LMW HA
fragments in bleomycin-induced lung injury has been demon-
strated by the increased mortality and accumulation of LMW
HA in bleomycin-injured CD44-null mice (2). As the CD44
receptor is critical for the clearance of HA fragments from sites
of injury, the resultant lack of clearance of HA leads to
enhanced inflammation (2). In addition, lung-specific HA
synthase-2 (HAS-2)–transgenic mice that overexpress HMW
HA in their lungs are resistant to bleomycin injury (1). We
demonstrate that degraded HA, in the form of LMW HA
fragments, plays an important role in modulating the magnitude
and quality of an immune response via interaction with the
adenosine A2aR. Interestingly, we see significant inhibition of
LMW HA–induced TNF-a expression with simultaneous and
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pre-incubation with A2aR agonists, but no significant inhibition
of LMW HA–induced TNF-a expression if the A2aR agonist is
given after HA stimulation (Figure 1A). These findings suggest
that one mechanism by which LMW HA may be promoting
inflammation is by inhibiting the anti-inflammatory effects of
the A2aR. Likewise, in the total absence of A2aR function
(A2aR-null mice) there is a significant increase in LMW HA–
induced inflammatory gene expression (Figure 3A), suggesting
that the A2aR may have a tonic inhibitory effect that keeps
a damper on LMW HA–induced inflammation in macrophages.
Thus, the degree of inflammation is not only dictated by the
nature and extent of tissue injury/insult, but also by the balance
between tissue-derived adenosine-A2aR modulation of LMW
HA–induced inflammatory genes.

The role of adenosine in lung inflammation is emerging as
being both important and complex. Adenosine deaminase
(ADA)-null mice, which lack the enzyme that metabolizes
adenosine, have massive accumulation of adenosine in their
lungs, resulting in pulmonary inflammation and airways remod-
eling (43). If the adenosine deaminase is only partially knocked
out or partially exogenously replaced, the mice accumulate
adenosine slowly over time and develop a progressive lung
fibrosis with increased myofibroblasts and collagen deposition
(43, 44). In addition, complete adenosine deaminase replace-
ment (with subsequent decrease in adenosine lung levels) after
the development of the lung fibrosis leads to regression of the
fibrosis (44). In these models it is unclear which of the
adenosine receptors is the culprit; although adenosine deami-
nase/A1R double knockout mice have increased inflammation,
the adenosine deaminase/A3R double knockout mice have less
inflammation (45, 46). In addition, IL-13–transgenic mice have
recently been shown to have high levels of lung adenosine and
decreased adenosine deaminase function (47). These mice have
increased A1, A2b, and A3 receptor expression but not A2aR in
the setting of increased lung inflammation (47). These data are
consistent with the previously described proinflammatory role
of A2bR in adenosine-dependent lung inflammation via stimu-
lating fibroblast proliferation, MMP-2 activity and collagen
deposition (48, 49). Interestingly, where A2b receptor stimula-
tion has been shown to have proinflammatory activity in airway
epithelial cells, A2aR stimulation in lung epithelial cells have
been shown to promote wound healing (50). In fact, we have
data demonstrating that A2aR engagement inhibits LMW HA–
induced IL-8 but not IP-10 in human airway epithelial cells
(data not shown). Furthermore, numerous studies have dem-
onstrated the anti-inflammatory, antifibrotic role of A2aR stim-
ulation in preventing toxin-induced hepatic fibrosis, allergen- or
tobacco-induced lung inflammation, and acute lung injury after
hemorrhagic shock (51–53).

Our data elucidate the opposing roles of tissue-derived
hyaluronan fragments and adenosine in regulating noninfec-
tious lung inflammation, and support the pursuit of A2a re-
ceptor agonists as a means of pharmacologically inhibiting
inflammation that may lead to fibrosis. Thus, we propose that
adenosine released into the extracellular space during inflam-
mation serves to negatively regulate acute inflammation via the
A2aR. In the absence of the A2aR, there is uncontrolled
inflammation, leading to death. On the other hand, persistent
increased adenosine in the lung (for example, in the ADA-null
mice) leads to the chronic stimulation of the A2b receptor,
which in turn may promote fibrosis.
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