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Abstract
Antimicrobial treatment strategies must improve to reduce the high mortality rates in septic
patients. In noninfectious models of acute inflammation, activation of A2B adenosine receptors
(A2BR) in extracellular adenosine-rich microenvironments causes immunosuppression. We
examined A2BR in antibacterial responses in the cecal ligation and puncture (CLP) model of
sepsis. Antagonism of A2BR significantly increased survival, enhanced bacterial phagocytosis,
and decreased IL-6 and MIP-2 (a CXC chemokine) levels after CLP in outbred (ICR/CD-1) mice.
During the CLP-induced septic response in A2BR knockout mice, hemodynamic parameters were
improved compared with wild-type mice in addition to better survival and decreased plasma IL-6
levels. A2BR deficiency resulted in a dramatic 4-log reduction in peritoneal bacteria. The
mechanism of these improvements was due to enhanced macrophage phagocytic activity without
augmenting neutrophil phagocytosis of bacteria. Following ex vivo LPS stimulation, septic
macrophages from A2BR knockout mice had increased IL-6 and TNF-α secretion compared with
wild-type mice. A therapeutic intervention with A2BR blockade was studied by using a plasma
biomarker to direct therapy to those mice predicted to die. Pharmacological blockade of A2BR
even 32 h after the onset of sepsis increased survival by 65% in those mice predicted to die. Thus,
even the late treatment with an A2BR antagonist significantly improved survival of mice (ICR/
CD-1) that were otherwise determined to die according to plasma IL-6 levels. Our findings of
enhanced bacterial clearance and host survival suggest that antagonism of A2BRs offers a
therapeutic target to improve macrophage function in a late treatment protocol that improves
sepsis survival.

Despite >30 y of significant advances in understanding the pathological mechanisms of
sepsis, only activated protein C has proven to be effective (1, 2). Anti-inflammatory
treatment strategies to reduce the hypothesized overzealous inflammation responsible for
high sepsis mortality rates have uniformly failed clinical trials (3). These past failures
provide a strong impetus for the development of alternative treatment approaches (reviewed
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in Ref. 4). In addition to improving survival of septic patients, the emergence of drug-
resistant bacteria provides a rationale for additional alternative approaches to treat bacterial
infections recalcitrant to standard antimicrobial therapy.

The clinical syndrome of sepsis involves dysfunction of the immune and cardiovascular
systems (5–8). Sepsis is characterized by an inappropriate inflammatory response to
infection that may result in impaired microbial clearance that contributes to mortality. The
underlying pathogenesis of sepsis is poorly understood because of the complex nature it
presents as a systemic disease. Past studies attempting to identify individual cytokines
responsible for sepsis mortality have proven difficult. Their role as causal agents of disease
remains to be proven, although it is unlikely because blocking and supplementation with
inflammatory cytokines have largely proven ineffective in clinical trials (reviewed in Ref.
9).

Recent studies direct attention to immunosuppressive signals during infection that increase
susceptibility to sepsis mortality. Immunoparalyzed cells present at the septic foci have been
termed “Zombie” cells, immune cells that are physically, but not functionally present (10).
Moreover, phagocytic impairment in neutrophils and macrophages is an important
contributor to septic dysfunction (11–13), demonstrating pathogenic defects within the
innate immune response to sepsis. Recently, a surprising new role for programmed death-1
receptor, a suppressor of T cell activation, was identified on macrophages to suppress innate
responses to bacteria (11). In this study, genetic deficiency of the programmed death-1
receptor augmented antipathogen responses to increase bacterial clearance and survival in
septic mice (11). This study highlights the importance of defining the role of
immunosuppressive signals as a mechanistic basis of disease. Redefining
immunosuppressive signaling to restore innate function represents a rational treatment
approach for sepsis.

Immunosuppressive signals are present in inflamed tissue to protect normal tissue from
cellular damage. Tight regulation of the immune response to infection minimizes tissue
damage while eliminating the inciting agent. The role of physiological immunomodulators,
such as extracellular adenosine signaling through A2A and A2B adenosine receptors
(A2AR/A2BR, respectively) to reduce collateral tissue damage during inflammation, is now
well established (14–16). There are four subtypes of adenosine receptors. The A1 and A3
receptor subtypes are inhibitory Gi protein coupled, and the A2 receptors are subdivided into
subtypes that are stimulatory Gs protein coupled (17). Adenosine signaling through A2AR/
A2BR is generally anti-inflammatory (16, 18). Pharmacological agonism of the A2AR (16,
19) results in inhibition of overactivated immune cells. In contrast, the genetic elimination or
pharmacological antagonism of A2AR/A2BRs results in higher levels of proinflammatory
mediators and extensive collateral tissue damage in models of inflammation-induced tissue
injury (20–22).

cAMP-triggered intracellular pathways mediate the immunosuppressive properties of the Gs
protein-coupled A2A and A2BRs. In addition, the A2BR has proinflammatory properties
mediated by Gq pathways (23), but the overall effect of A2B receptors appears to be
immunosuppressive in sepsis (24).

Interestingly, genetic deficiency of the high-affinity Gs protein-coupled A2AR resulted in
better survival and bacterial clearance during sepsis (25), confirming a pathogenic role of
the A2AR. This study also suggests that mice were dying from reduced antibacterial
immunity as A2AR knockout (KO) mice had less bacterial load than their littermate
controls. This indicates that acute inflammation is quelled by A2AR/A2BR signaling to
reduce tissue damage when the innate system is activated in response to stress such as
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infection. However, the A2BR is a low-affinity Gs protein-coupled receptor, making it
unclear whether extracellular levels of adenosine are sufficiently high to have any role in
rescuing or promoting mice from sepsis mortality.

The ability of A2BRs to mediate immune suppression as a mechanism of impaired
antimicrobial defenses was suggested by data showing that A2BR KO mice have increased
circulating TNF-α levels that are required for proper bacterial clearance in sepsis (20, 26).
However, the role of A2BRs during true infections has not been extensively studied
(reviewed in Refs. 27, 28). We propose that the consequence of this cytoprotective
mechanism during infection is ineffective removal of the septic foci, and that this
persistence could drive septic morbidity and mortality.

Adenosine signaling through A2BRs may affect sepsis-induced morbidity and mortality by
the regulation of nonimmunological mechanisms as well. The A2BR is up-regulated on
nonimmune cell types such as vascular smooth muscle (VSM) cells in response to cytokine
stimulation (29). This suggests that A2BRs could affect hemodynamic responses during
sepsis. Our studies were designed to test this by measuring multiple cardiac parameters in
septic mice.

We hypothesized that the A2BR directly contributes to inadequate bacterial clearance and
immune dysfunction seen in bacterial sepsis, suggesting that the host bacterial clearance
could be improved by blockade of the immunosuppressive A2BR. We tested this hypothesis
in the clinically relevant model of cecal ligation and puncture (CLP)–induced sepsis using a
combination of pharmacological experiments in wild-type (WT) mice, and genetic studies in
mice deficient of A2BRs.

Materials and Methods
Mice

Male mice 8–12 wk old were used for all experiments, except female mice were included in
the experiments using myeloid-specific A2BR KO mice (Fig. 5). C57BL/6 and ICR/CD-1
were used as aged matched controls and housed in a pathogen-free facility at Northeastern
University (Boston, MA). Total and myeloid-specific A2BR-deficient mice were developed
directly on C57BL/6 background by Ozgene (Australia). Importantly, we studied sepsis not
only in the inbred C57BL/6 mouse, but also the outbred ICR/CD-1 mouse strain. The
genetically heterogeneous strain allowed us to test the effects of A2BR antagonism on
survival in a more clinically relevant mouse model of sepsis, because the patients’ genetic
background is mixed. All animal experiments were conducted in accordance with
Institutional Animal Care and Use Committee guidelines of Northeastern University and
Boston University School of Medicine.

A2BR-deficient mice were developed on C57BL/6 background by Ozgene. In these mice,
exon II of the A2BR gene was deleted, resulting in an A2BR mRNA that encodes only the
first 78 aa of the A2BR protein. Transcripts lacking the poly(A) signal sequence encoded in
exon II and are unstable. The locus of the A2BR exon II was targeted by vector containing
the sequence of exon II flanked by loxP sites to allow Cre-mediated deletion, and
phosphoglycerate kinase-neo selection cassette flanked by FLP recombinase target sites for
Saccharomyces cerevisiae recombinase (Flippase)-recombinase (Supplemental Fig. 1A).
Properly targeted embryonic stem (ES) cell clones (Supplemental Fig. 1B) were transfected
with Crerecombinase. ES cell clones with deleted exon II (Supplemental Fig. 1C) were
microinjected into C57BL/6 blastocysts to generate chimeric mice. Pups were screened for
presence or deletion of exon II by PCR with tail DNA. KO versus WT was detected by PCR
using the following primers (Supplemental Fig. 1D): 5′-
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TCCTGGGGTGGAACAGTAAAGAC-3′ and 5′-
GTAGGCATAGACAATGGGGTTGAC-3′. These primers allow the amplification of a
455-bp fragment from the region in the WT allele that was deleted in the KO allele. In KO
mice, no product was produced. The 5′-TAACAGACCTGTGTTCCAGCCG-3′ and 5′-
AAGTGCAAGAAGC-CAGTGCG-3′ primers allowed the amplification of a 861-bp
fragment from the KO allele and a 2259-bp fragment from the WT allele (which is usually
undetectable due to the short time of PCR cycle).

To create myeloid tissue-specific A2BR KO mice, A2BR-floxed mice were generated first.
A2BR-floxed allele-containing ES cells were used to generate A2BR-floxed mice. The
floxed allele was detected by PCR using 5′-CGACCACCAAGCGAAACATC-3′ and 5′-
CCACCCCCCAGAAT-AGAATGAC-3′ primers to allow the amplification of a 589-bp
fragment from the floxed allele, whereas in WT mice no product was produced. A2BR-
floxed homozygous mice were crossed with LysM-Cre transgenic mice (from The Jackson
Laboratory) to generate A2BR-floxed/floxed_LysMCre+/−. A2BR-floxed/
floxed_LysMCre−/− siblings were used as a WT control. The tissue-specific deletion of
A2BR mRNA expression in myeloid cell lines was confirmed using real-time PCR analysis
of the A2BR genomic DNA in macrophages and thymocytes (Supplemental Fig. 2).

Surgical procedures: CLP
Polymicrobial sepsis was induced by subjecting mice to CLP. To achieve the desired final
outcomes in the studies outlined below, it was necessary to use multiple needle sizes to
adjust the severity of our CLP model. Briefly, mice were anesthetized with a 3% isoflurane-
oxygen mixture prior to surgery. While under anesthesia, 80% of the cecum was ligated
distal to the ileocecal valve to prevent bowel obstruction. Fecal material was manually
extruded from the punctured cecum into the abdominal cavity. Antibiotics and lactated
Ringers plus 5% dextrose for fluid resuscitation were administered in all pharmacological
studies to create a more clinically relevant sepsis model as this is standard care for humans.
A larger diameter needle was used for cecal puncture in mice that received antibiotics (25
mg/kg imipenem), because antibiotic administration is known to reduce sepsis mortality
rates (30). To achieve a survival rate of ~50% with antibiotic therapy, it was necessary to
use a 16-gauge needle for cecal puncture in CD-1 and a 21-gauge needle in C57BL/6 mice.
In studies in which antibiotics were withheld, a smaller 25-gauge needle was sufficient to
achieve the desired mortality. Antibiotic therapy was administered by s.c. injection every 12
h for 4 d. Mice were treated with the A2BR antagonist (MRS 1754 [8-[4-[((4-
cyanophenyl)carbamoylmethyl)oxy]phenyl]-1,3-di(n-propyl)xanthine hydrate]: 0.5–10 mg/
kg) by s.c. injection once daily for 3 d, and control mice were given vehicle (lactated
Ringers plus 5% dextrose + imipenem) only. Administration of antibiotics and MRS 1754
was delayed 1.5 h after CLP for studies described in Fig. 1. MRS 1754 was delayed until 32
h after CLP (antibiotics started at 1.5 h) for the delayed treatment studies described in Fig. 6.

Telemetry
A PAC-10 radio transmitter (DataSci International, St. Paul, MN) was surgically placed into
the aortic arch of mice to monitor hemodynamic changes after CLP in C57BL/6 and A2BR
KO mice. Briefly, a 1.5-cm cervical incision was made to expose the left carotid artery. The
artery was cannulated and the transmitter catheter was threaded through the artery to reside
in the aortic arch. Once in place, the catheter was secured with two sutures. Lastly, the
transmitter was housed s.c. in the flank of mice and their telemetry was tracked by a receiver
placed beneath each cage.
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Predictive value of IL-6 stratification of mice predicted to live versus mice predicted to die
This study was designed to determine whether delayed administration of the A2BR
antagonist could “rescue” mice from CLP lethality in mice predicted to die. IL-6 is a well-
established marker of sepsis mortality (5, 8), which we used to stratify mice into two groups,
as follows: mice predicted to live (P-live) and mice predicted to die (P-die). To determine
our IL-6 cutoff values, a small aliquot of blood was collected in a nonterminal fashion from
a subgroup of mice 24 h after CLP and subsequently analyzed for plasma IL-6 levels. Mice
were then monitored for mortality over a 5-d period. In a retrospective analysis, we
generated a receiver operator curve (GraphPad Prism 4.0) and determined an IL-6 cutoff
value of 33 ng/ml or greater to predict 5-d mortality (Table II). Based on this IL-6 value,
mice were separated into four experimental groups 32 h after CLP: P-live± antagonist and P-
die± antagonist. Plasma was collected 24 and 48 h after MRS 1754 administration for
cytokine analysis by ELISA. These studies were terminated after 9 d.

Blood collection and peritoneal content/cytology
The peritoneum was lavaged with a total of 5 ml ice-cold HBSS collected in 1-ml intervals.
Each milliliter collected was strained using a 70-µm nylon filter (BD Biosciences, San Jose,
CA) to remove peritoneal debris. The peritoneal fluid (PF) was centrifuged at 450 × g for 5
min to isolate the cell pellet. The cell pellet was immediately resuspended in 2 ml ice-cold
RPMI 1640 media and kept on ice until further analysis. Cytospin slides were prepared
(Shandon, Pittsburgh, PA) and stained with Diff-quick (Dade Behring, Newark, DE). An
aliquot of cells was kept at room temperature in serum-free media for the phagocytosis
assay. Trypan blue dye (Life Technologies, Grand Island, NY) exclusion was used to
determine the total number of viable cells present in the PF. A maximum volume of 45 ml
whole blood was collected via the submandibular vein. Whole blood was used to determine
bacteremia and circulating cytokine levels after CLP, as described below. Serum or plasma
for cytokine analysis was separated and stored at −80°C until future analysis.

Aerobic bacteria quantification
Bacteremia in CLP mice was determined in whole blood taken from the facial vein. First,
the mandible was shaven and cleansed with 70% ethanol to prevent contamination of
cultures by bacteria present on the skin. Then, the submandibular vein was punctured using
a sterile 23-gauge needle to collect blood. A total of 25 µl undiluted whole blood was
immediately plated for culture unless collected from a severely moribund mouse, which was
diluted 2-fold in sterile saline for counting. Local bacterial load in CLP mice was
determined by diluting 100 µl PF with sterile HBSS in 10-fold increments to a maximum
dilution of 107. All samples were plated on sheep blood agar 5% tryptic soy agar monoplates
(Remel, Lenexa, KS) and incubated overnight at 37°C under aerobic conditions. CFUs were
determined by manual counting and multiplication by their dilution factor.

Cytokine production in peritoneal macrophages
To determine the effect of A2BR function on immune cell function, septic macrophages
were isolated from PF obtained 24 h after CLP and stimulated with LPS ex vivo.
Macrophages were isolated by culturing 1 × 106 peritoneal cells for 90 min in a 24-well
culture plate. Cell cultures were washed three times with sterile PBS to remove nonadherent
cells. Isolated, adherent macrophages were then stimulated with 100 ng/ml LPS in RPMI
1640 supplemented 10% FCS for 24 h. Supernatants were collected and stored at −80°C for
future cytokine analysis.
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IL-6, TNF-α, MIP-2, and IL-1β ELISA
Circulating cytokine levels and cytokines released by LPS-stimulated septic macrophages
were determined by IL-6–, TNF-α–, and IL-1β–specific ELISA. Plasma MIP-2 levels were
determined by MIP-2–specific ELISA (R&D Systems, Minneapolis, MN).

Cell culture media
FCS was heat inactivated in a 56°C water bath for 30 min. RPMI 1640 was added to make a
10% FCS culture media solution. Our media was supplemented with Pen-strep (100×) and
gentamicin (50 mg/ml) to prevent microbial growth.

Opsonization/Phagocytosis assay
Heat-killed fluorescein-conjugated pHrodo Escherichia coli (Invitrogen, Molecular Probes,
Carlsbad, CA) is designed specifically to assess phagocytosis with the use of flow
cytometry. We used this technology to test for A2BR modulation of phagocytosis in sepsis.
First, pHrodo E. coli were opsonized with purified rabbit polyclonal IgG Abs specific for the
E. coli particles (Invitrogen, Molecular Probes) at 37°C for 1 h, according to manufacturer’s
instructions. Approximately 4.0 × 105 PF cells isolated from septic mice were incubated
with opsonized pHrodo E. coli at 37°C for 45 min at a ratio of 1:20 (PF cell:bacteria). The
phagocytosis assay was stopped according to the manufacturer’s instructions. Flow
cytometry was used to discriminate the phagocytic capacity of PF neutrophils and
macrophages from septic mice. All steps of the phagocytosis assay were performed in
serum-free media to avoid artificial alteration of phagocytic activity by exogenous factors
present in serum.

Flow cytometric (FACS) analysis
FACS was used to analyze cell surface marker expression to identify and determine the
phagocytic activity of macrophages and neutrophils obtained from the peritoneal cavity of
septic mice. PF cells were washed, blocked with CD16/32 for 15 min, and stained for
granulocyte marker FITC anti–Gr-1 (BD Biosciences, Franklin Lakes, NJ) and macrophage
marker allophycocyanin anti-F4/80 (AbD Sertotec, Raleigh, NC) for 20 min at 4°C
following the phagocytosis step in the phagocytosis assay. Stained cells were analyzed using
BD FACSCalibur (BD Biosciences). Data were analyzed using BD CellQuest Pro software
(BD Biosciences).

Statistical analysis
Survival significance was determined by Kaplan-Meier curve and log rank test. All values
are expressed in mean ± SE. Student t test was used to compare data between two groups
(GraphPad Prism 4.0).

Results
Pharmacological inhibition of A2BRs increases survival, enhances bacterial clearance,
and decreases inflammation during polymicrobial sepsis in outbred mice

To test the hypothesis that A2BR signaling increases sepsis mortality and protects bacteria
by decreasing antipathogen activity, we measured bacterial clearance and inflammatory
mediators, and monitored survival in outbred mice treated with the A2BR antagonist, MRS
1754, and CLP mice given vehicle during bacterial sepsis. MRS 1754 (31) was shown to be
selective for the A2BR in parallel assays in in vitro studies using A2AR KO and A2BR KO
mice (data not shown). MRS 1754 administration was delayed until 1.5 h post-CLP, and was
given simultaneously with antibiotic therapy once per day for 3 d. Combining the A2BR
antagonist with antibiotic therapy mimics care that would be given in human clinical trials,
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in which all septic patients would also receive antibiotics. Pharmacological A2BR blockade
significantly improved 28-d survival (Fig. 1A; MRS therapy 80% survival, vehicle therapy
43% survival, p < 0.05 by log rank survival). Insight into the mechanism of improved
survival was sought by culturing the PF collected 24 h after CLP to determine the local
bacterial load. All vehicle-treated mice had >107 bacterial CFUs/mouse, whereas none of the
MRS 1754-treated mice exceeded this level (Fig. 1B). Blockade of the A2BR resulted in a
>2-log reduction of peritoneal bacterial growth. Bacteremia is not observed in this model
due to antibiotic administration (32), and bacteria were not detectable in the bloodstream
(lower limit of detection 10 CFUs; data not shown).

Previous studies using the CLP model showed that plasma cytokine levels in the first 24 h
correlate with mortality (33). A2BR antagonism reduced IL-6 and MIP-2 in the septic mice
at both 6 and 24 h post-CLP when treated with a single dose of MRS 1754 therapy (Fig. 1C,
1D). This is consistent with our observation that A2BR blockade decreases sepsis mortality.
Pharmacologic studies may lack specificity, and the dose of MRS 1754 may have also
blocked A2AR. A2BR KO mice were studied to further verify the role of A2BR in sepsis
mortality.

Genetic deficiency of the A2BR improves survival and cardiovascular function during
sepsis

To confirm the findings using the A2BR antagonist in Fig. 1, we examined whether mice
genetically deficient in the A2BR would have enhanced survival. Survival studies with the
A2BR antagonist in WT C57BL/6 mice were performed to confirm the reproducibility of the
findings in the same background strain as our A2BR KO mice. The ability of A2BR
antagonism with MRS 1754 to decrease CLP lethality was indeed reproduced in C57BL/6
mice (Fig. 2A). We found administration of the A2BR antagonist MRS 1754 to be very
effective in protecting C57BL/6 mice from CLP lethality over 28 d. Mice that received MRS
(0.5 mg/kg) once per day for 3 d had a 71% survival (10 of 14 mice) compared with a 21%
survival (3 of 14 mice) of those that did not receive the antagonist.

To understand the mechanisms of A2BR pathology in sepsis, antibiotic treatment was
withheld in all studies with the genetically modified mice. A2BR KO mice were monitored
for CLP mortality over 5 d, the time frame in which the majority of CLP-induced deaths
occur (Figs. 1A, 2A). Because sepsis is a complex disease affecting multiple organ systems
(reviewed in Ref. 4), we monitored not only immunological and antibacterial, but also the
hemodynamic stability of infected animals. Indeed, in addition to immune dysfunction, the
sepsis syndrome also includes septic shock, a profound decrease in cardiovascular function
responsible for the high sepsis mortality rates. Parallel measurements of different
immunological and cardiovascular parameters were made to allow better insights into
multiorgan failure and its prevention by targeting the A2BR.

A2BR KO mice were resistant to CLP lethality compared with WT mice (Fig. 2B), and the
A2BR-deficient mice had significantly better cardiovascular function after CLP-induced
sepsis. Using an implantable radiotelemetry device, we determined the effect of A2BR
deficiency on multiple cardiovascular parameters over a 24-h time period after CLP.
Significant hemodynamic differences were observed within this time period. A2BR-
deficient mice maintained their mean arterial blood pressure (MAP; Fig. 2C), and also
maintained their systolic blood pressure (BP) (Fig. 2D). Additionally, A2BR mice had an
increased heart rate compared with WT mice (data not shown). All of these changes were
apparent within the first 6–12 h of sepsis, which corresponds to the time interval when
inflammatory changes differentiate between mice that live and die (34). The changes also
persisted throughout the entire 24 h of the study. Importantly, baseline differences in MAP
and systolic BP were not found between WT and A2BR-deficient mice, and these
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differences only became apparent under the stress of the septic response. Moribund mice
characteristically retain the resuscitation fluid as a result of hemodynamic failure, which
may be easily followed by daily measurements of body weight. For this analysis, mice were
divided into those who survived the septic insult and those who did not survive. No
differences in the change in body weight between WT and A2BR KO survivors were
detected. Interestingly, the A2BR KO nonsurvivors retained more body fluid compared with
WT nonsurvivors, supporting the role of A2BR regulation of fluid transport across the
vascular endothelium (35). Thus, studies of mice with A2BR deficiency show that targeting
A2BR for elimination decreased the CLP-induced mortality and adverse hemodynamic
alterations associated with the progression to septic shock.

A2BR deficiency enhances bacterial clearance in sepsis
To determine whether A2BR deficiency increased pathogen elimination, local and systemic
bacteria levels were quantified 24 h after CLP. In the CLP model, antibiotics prevent
detectable bacteremia, but do not completely eradicate the local growth of bacteria. Thus,
antibiotics were withheld to quantify bacteremia. A2BR deficiency profoundly enhanced
bacterial clearance in septic mice. Photomicrographs of lavage fluid from the peritoneal
cavity show the presence of bacteria in WT mice that were virtually absent in A2BR KO
mice (Fig. 3A). Further analysis showed an astounding 4-log reduction in peritoneal
bacterial load in A2BR KO mice compared with WT mice (Fig. 3B). Because antibiotics
were not used in this model, bacteremia could be quantified. Bacteremia was significantly
reduced in A2BR KO mice compared with WT mice (expressed as CFUs/100 µl blood; Fig.
3C). To determine whether the reduced bacterial levels were due to increased local cell
recruitment, inflammatory cells within the peritoneum were measured. A2BR deficiency did
not increase recruitment of macrophages or neutrophils to the peritoneum of septic mice.
Interestingly, there was an increase in the total number of lymphocytes recovered from
A2BR-deficient mice compared with WT mice, which may be the result of enhanced
polyclonal T cell expansion or reduced lymphocyte apoptosis (Table I).

A2BR deficiency enhances macrophage-mediated, but not neutrophil-mediated
microbicidal activity

The results in Table I demonstrate that phagocyte recruitment to the site of infection was not
increased in the A2BR KO mice, suggesting that the KO mice have improved innate cell
function leading to augmented bacterial clearance. Studies were performed on peritoneal
macrophages and neutrophils collected from septic mice 24 h after CLP.

To test the effect of A2BRs on macrophage cytokine production, macrophages isolated from
septic WT and A2BR KO mice were stimulated with LPS, and cytokine levels in the
supernatant were determined after 24 h. The presence of A2BRs inhibited LPSstimulated
cytokine release as supernatants from A2BR-deficient macrophages had increased IL-6 and
TNF-α levels (Fig. 4A, 4B). Levels of IL-1β were not detectable (data not shown). Next, the
effect of A2BR deficiency on the capacity of macrophages and neutrophils from septic mice
to engulf bacteria was determined. Total PF cells were collected from septic mice and
incubated with IgG-opsonized, pH-sensitive fluorescein-conjugated E. coli. In this assay, the
fluorescent signal increases in low pH environments. The relatively low pH of the
phagolysosome allows flow cytometric detection of E. coli that has been phagocytosed and
incorporated into the phagolysosome as opposed to adherent/nonendocytosed bacteria.
Bacteria present within the phagolysosome are destined for killing in this harsh
environment. Flow cytometry with appropriate cell surface markers distinguishes neutrophil
from macro-phage phagocytosis of bacteria. Representative histograms of neutrophil and
macrophage bacterial phagocytosis are shown in Fig. 4C. Surprisingly, the capacity of
neutrophils (Gr-1highF4/80negative) to phagocytize bacteria from WT mice was virtually
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identical to the A2BR-deficient mice (Fig. 4D). However, A2BR deficiency nearly doubled
the phagocytosis activity of macrophages (Gr-1lowF4/80positive) compared with WT-derived
macrophages (Fig. 4E). We believe that this is a novel finding, that macrophage A2BR
expression inhibits bacterial phagocytosis in sepsis.

Myeloid-specific deletion of the A2BR enhances bacterial clearance
To confirm the contribution of A2BR expression on myeloid cells (i.e., macrophages and
neutrophils) in impairing bacterial clearance in vivo, we generated mice that selectively lack
the A2BR in myeloid cell lineages (A2BRflox/flox × LysM cre+/−) and quantified local and
systemic bacteria levels 24 h after CLP. The specificity of A2BR deletion in myeloid cells
was confirmed using RT-PCR (Supplemental Fig. 2). The absence of A2BRs on myeloid
cells significantly enhanced bacterial clearance in septic mice. A2BRflox/flox LysM-cre+/−

mice had a significantly reduced peritoneal bacterial load compared with WT
(A2BRflox/flox) mice (Fig. 5A). These findings are consistent with the reduction of peritoneal
bacteria (Fig. 3B) and enhanced macrophage phagocytosis (Fig. 4E) in total A2BR KO
septic mice. The use of antibiotics was withheld in this model, so bacteremia could be
quantified. Bacteremia was significantly reduced in A2BRflox/flox LysM-cre+/− mice
compared with WT (A2BRflox/flox) mice (expressed as CFUs/100 µl; Fig. 5B).

Delayed A2BR antagonist treatment reduces mortality in mice predicted to die of sepsis
To determine whether administration of an A2BR antagonist can rescue mice with a high
probability of dying from sepsis, mice were separated by the proven sepsis mortality
biomarker, IL-6 (5, 8). Plasma levels >33 ng/ml obtained 24 h after CLP predicted death,
and this cutoff value was chosen to reduce false positives (Table II; 97% specificity for
mortality). After stratification based on predicted mortality, mice were randomly divided
into vehicle or antagonist therapy. This resulted in four groups, as follows: P-live given
vehicle, P-live treated with MRS 1754 (P-live + MRS), P-die given vehicle, and P-die
treated with MRS 1754 (P-die + MRS 1754). All mice received fluid resuscitation and
antibiotic therapy before the therapeutic intervention (MRS 1754) was given to determine
the effects of A2BR blockade beyond the standard of care for sepsis trials. Therapeutic
intervention was given 32 h after CLP, that is, at a time point when the majority of mice
would die within the next 16 h; Fig. 6A displays the experimental protocol. In P-live mice,
A2BR antagonism did not alter mortality (Fig. 6B), indicating that the treatment did not
demonstrate significant toxicity. In P-die mice, A2BR antagonism improved survival from
0% in vehicle-treated mice to 56% (Fig. 6C; p < 0.01). Furthermore, A2BR antagonist
therapy protection lasted past the P-die 5-d period, conferring lasting protection against CLP
lethality.

Discussion
Sepsis is a clinical syndrome that carries a high financial burden and an unacceptably high
mortality rate (36, 37). The current study took advantage of recent insights in the regulation
of inflammation by hypoxia and adenosine that established a detrimental role of A2BRs in
sepsis. The validity of the role of adenosine was tested in the clinically relevant model of
sepsis that allows detailed examination of therapeutic interventions and determination of
mechanisms to improve survival.

These studies uncovered a critical pathogenic role for the A2BR in promoting cellular
dysfunction that impairs the innate immune system in sepsis. Modulation of A2BRs, either
by genetic ablation or a receptor antagonist, documented that A2BRs inhibited bacterial
clearance, promoted circulatory collapse, and decreased resistance to CLP lethality. Our in
vivo and ex vivo findings that A2BR-mediated immune suppression prevented adequate
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bacterial clearance highlight an important pathophysiological dilemma posed by A2BR-
mediated mechanisms. Our data are in accord with previous work demonstrating the
immunosuppressive characteristic of adenosine as a physiological mechanism to prevent
inflammatory-induced tissue damage (16, 20, 38). The apparent paradox of adenosine to
protect the host while safeguarding pathogenic bacteria can be explained by the conserved
role for adenosine to prevent self-inflicted tissue damage during inflammation. In most
cases, the immune system effectively eliminates the infection. However, as inflammation
ensues, microvascular blood flow may be impaired, leading to increases in extracellular
adenosine levels subsequent to local tissue hypoxia (reviewed in Ref. 39). Additional
cellular contributions of extracellular adenosine are derived from adenosine-generating
enzymes expressed on the surface of host cells that are up-regulated upon the stabilization of
hypoxia inducible factor 1 in response to hypoxia and reactive oxygen species (40). Further
amplification of adenosine signaling is mediated by the transcriptional activation of the
A2BR promoter by hypoxia inducible factor 1 to increase A2BR surface expression (41).
The energy expended to activate the hypoxia–adenosinergic pathway in inflamed tissue is an
evolutionarily conserved negative feedback mechanism aimed to quell the host’s immune
system.

Numerous studies demonstrate the important tissue-protective role of A2AR/A2BRs during
acute inflammation. However, adenosine signaling can be a double-edged sword. Indeed, we
identify that A2BR signaling impairs host antimicrobial defenses in septic mice, which is
explained by increases in extracellular adenosine subsequent to normal physiological
responses to inflammation and infection. Some bacteria have adapted to exploit this
immunosuppressive pathway to increase their chances of survival (42).

In contrast to our findings, a similar study by Csóka et al. (24) showed that A2BRs
dampened the systemic inflammatory response syndrome and improved survival. The
authors did not report a significant effect of the A2BR on bacterial clearance as in our study.
There are similarities in the studies, because a portion of both studies was performed in mice
with a C57BL/6 background. However, methodological differences to induce peritonitis
may provide an explanation for the disparate results because we document substantially
greater numbers of bacteria in the peritoneal cavity and greater 5-d mortality. A2BR
activation may lead to different outcomes that are dependent on the number of bacteria and
expected outcome. In experiments with a high bacterial load and high mortality (current
studies), A2BR activation increases mortality, whereas opposite data are obtained with a
smaller inflammatory challenge. This phenomenon of differential outcome based on the
intensity of the inflammation has been previously reported in septic patients (43).

The concept that microbes use a normal host response to subvert the immune system has
been previously reported. In the late 1980s, the vaccinia virus was found to encode viral
proteins that are secreted from infected host cells to inhibit components of the complement
system to escape host immunity (44). Since then, viral genes encoding human anti-
inflammatory cytokine analogs, termed virokines, have been identified in an array of
viruses, as follows: CMV viral (v)IL-10, parapoxvirus (vIL-10), HSV-8 (vIL-6),
orthopoxvirus (vIL-1R), etc. (reviewed in Ref. 45).

Bacteria are not foreign to utilizing self-preservation mechanisms to exploit
immunosuppressive pathways while occupying its host. A recent study by Thammavongsa
et al. (42) identified bacterial genes encoding surface adenosine synthase A (AdsA) that
converts AMP to adenosine in Staphylococcus aureus and an AdsA analog in Bacillus
anthracis DNA. Genetic deletion of bacterial AdsA decreased abscess formation and
numbers of bacteria recovered from S. aureus-infected mice. This study identified
pathogenic sources to generate extracellular adenosine as a means to subvert the immune
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system to increase bacterial survival. Based on our findings, A2BR-mediated immune
suppression participates in this mechanism of immune evasion. Cytokine changes over the
first 5 d after CLP are relatively stable. Low levels of IL-6 remain stable in mice that live for
5 d (8, 33, 46). The ability of A2BR blockade to reduce circulating IL-6 levels by 24 h may
be explained by the reduction of bacterial load, and reflects that mice are going to live.
Hence, immunosuppressive signaling by the A2BR is partially responsible for the protection
of not only host tissue, but also bacteria, from the immune system that promotes sepsis
mortality. Although past studies support the recruitment of A2BRs to prevent excessive
collateral tissue damage during inflammation, we suggest pharmacological intervention
using an A2BR antagonist is appropriate to enhance functions of the innate immune system
in clinical situations in which immune evasion is a threat.

To better understand the mechanisms of A2BR-mediated immune suppression in the
presence of bacterial infection, we studied the phagocytic capacity of neutrophils and
macrophages in the absence of A2BRs. In addition to past studies showing the
immunosuppressive effects of A2BR signaling on the immune system, insights that A2BRs
impair host defenses can be extrapolated from previous studies showing that A2BRs
promote allergic-type immune responses (23). One of our unexpected findings was that
neutrophil-mediated phagocytosis of bacteria was not affected by A2BR deficiency,
indicating that neutrophils are not responsible for the enhanced microbial clearance seen in
A2BR-deficient mice. A2BR-mediated suppression of myeloid cell antimicrobial defenses
was confirmed by selectively knocking out A2BRs on myeloid cells. The overall reduction
of bacteria in A2BRflox/flox LysM-cre+/− mice was not as dramatic as the bacterial clearance
seen in total A2BR KO mice. These data suggest synergy between myeloid and nonmyeloid
cell defenses against bacteria is suppressed by A2BR signaling. Our studies identify A2BRs
as contributors to macrophage dysfunction that can be prevented by the removal of A2BR
signaling pathways, and results in enhanced phagocytosis of bacteria. The finding that
A2BRs suppress macrophage function during bacterial infections is novel.

These findings are supported by previous studies demonstrating abundant A2BR mRNA
(47) and protein expression by murine macrophages (20), but not neutrophils. Furthermore,
the oxidative burst of neutrophils stimulated with fMLP is reduced specifically by A2AR
agonism, and not by A2BR agonism (47), thereby adding specificity of A2BR modulation of
innate responses. Conversely, A2BRs have been shown to regulate reactive oxygen species
generation in nonimmune cell types in response to inflammation (18, 29), suggesting that the
mechanism of enhanced bacterial killing in A2BR-deficient mice may include increases in
reactive oxygen species generation. Recently, netrin-1 regulation of the innate immune
system was shown to be dependent on A2BR expression. Netrin-1 requires the A2BR to
dampen neutrophil endothelial transmigration to hypoxic tissue (48). This study attests to the
critical role that A2BRs play to downregulate inflammation. In accord, our studies show
impaired phagocytosis via the A2BR protects bacteria from elimination. Perhaps abolishing
netrin-1 signaling by A2BR blockade has an additive effect to enhance antibacterial
defenses in our studies. Future studies of netrin-1 signaling in septic mice would be
informative. Identification of A2BRs that reduce the phagocytic capacity of septic
macrophages has potential implications for the treatment of sepsis and other immunological
disorders that share an infectious etiology, such as Crohn’s disease (49).

In addition to the immunological alterations, the cardiovascular system adapts in response to
infection. Dysregulation of cardiovascular parameters may be detrimental to the host. The
regulation of cardiovascular responses during infection points to the downstream effects of
A2BR activation on VSM cells, because proinflammatory cytokines are known to induce its
A2BR expression (29). Activation of other Gs protein-coupled receptors such as β2-
adrenergic on VSM cells leads to vasodilation that is caused by the downstream effects of
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the intracellular signaling molecule cAMP. Previous studies show convergence of β2-
adrenergic and A2BR signaling cascades to work synergistically as these two receptor
pathways function independently to increase cAMP in a model of ventilator-induced acute
lung injury (35). In fact, we show that A2BR KO mice are more resistant to hypotension
caused by CLP that is associated with poor prognosis. Therefore, it is plausible that A2BRs
on VSM cells promote the progression toward mortality by increasing intracellular cAMP
levels, resulting in decreased vascular tone, widespread vasodilation, septic shock, and
death. Our results that suggest a role for A2BRs to promote septic shock are novel.

We believe that therapy aimed to restore innate and cardiovascular function targeted through
A2BR antagonism may represent a novel treatment strategy for the treatment of sepsis, and
potentially other infectious diseases. The studies show that the biological role of adenosine
as a tissue protector also mediates bacterial evasion of innate defenses via A2BR signaling.
Additionally, decreased hemodynamic stability in the presence of A2BRs suggests that
A2BR antagonist treatment to vasopress may stabilize falling BP, and reduce rates of septic
shock. Furthermore, our pharmacological studies show that adenosine signaling through the
A2BR is both an early and late mediator of sepsis mortality, providing a unique opportunity
to successfully treat sepsis by late administration of an A2BR antagonist.

In this study, we identified an important A2BR-adenosinergic mechanism that limits
antibacterial clearance and thereby promotes the pathogenesis of sepsis. Our preclinical
studies in mice provide the proof of principle for a novel approach to enhance survival
during sepsis through blockade of the A2BR.
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Abbreviations used in this article

A2AR A2A adenosine receptor

A2BR A2B adenosine receptor

AdsA adenosine synthase A

BP blood pressure

CLP cecal ligation and puncture

ES embryonic stem

KO knockout

MAP mean arterial blood pressure

MRS 1754 8-[4-[((4-cyanophenyl)carbamoylmethyl)oxy]phenyl]-1,3-di(n-
propyl)xanthine hydrate

P-die predicted to die

PF peritoneal fluid
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P-live predicted to live

v viral

VSM vascular smooth muscle

WT wild-type
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FIGURE 1.
A2BR antagonism improves CLP survival and bacterial clearance, and decreases plasma
cytokine levels. Outbred CD-1 mice were given antibiotics (25 mg/kg imipenem) twice daily
with fluid resuscitation (Lactated Ringer + 5% dextrose) for 4 d to evaluate the ability of the
A2BR antagonist (10 mg/kg MRS 1754) to improve outcome after CLP-induced sepsis. A,
28-d survival in mice treated with the A2BR antagonist (MRS 1754) (broken line; n = 20)
had significantly (p < 0.05) better survival than vehicle-treated mice (solid line; n = 21).
MRS 1754 therapy was initiated 1.5 h after CLP and given once daily for 3 d. B, The effect
of MRS 1754 on PF bacterial load 24 h after CLP. Mice were subjected to CLP and given
vehicle with or without MRS 1754 via s.c. injection. Each symbol is an individual animal.
Only one dose of MRS 1754 therapy was given to mice that received the antagonist. A2BR
antagonism significantly reduced peritoneal bacterial counts. Plasma cytokine levels for IL-6
(C) or TNF (D). Plasma was collected 6 and 24 h after CLP. A2BR antagonism significantly
reduced plasma levels of these inflammatory mediators. Data are expressed as mean ± SEM
of at least two independent experiments. The survival study data were pooled from three
independent studies. *p < 0.01, ***p < 0.001, comparing untreated to treated mice.
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FIGURE 2.
A2BR-deficient mice are resistant to CLP mortality and cardiovascular dysfunction. A, The
ability of MRS 1754 (0.5 mg/kg) to improve CLP survival in C57BL/6 mice given
antibiotics plus fluid resuscitation was confirmed in this mouse strain (n = 14 per group; p <
0.01). B, Survival curve for WT (solid line; n = 21) and A2BR KO (broken line; n = 27)
mice subjected to CLP. Antibiotics were withheld from this group to evaluate A2BR’s role
in bacterial clearance. The CLP survival graph depicts data pooled from at least three
independent studies. Log rank analysis shows a significant improvement in survival, p <
0.05. A2BR deficiency improves cardiovascular parameters in CLP mice. CLP was
performed in WT (n = 6) and A2BR KO (n = 3) mice previously implanted with a
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radiotelemetry transmitter. Cardiovascular parameters including MAP (C), and systolic BP
(D) were collected over a 24-h time period and quantified. E, Body mass was recorded at the
time of CLP, and every 24 h thereafter, for 5 d. The graph depicts a post hoc analysis of the
change in body mass over 48 h after CLP of mice stratified into either 5-d survivors (S) or
nonsurvivors (NS). Data are expressed as mean ± SEM of at least three independent
experiments. *p < 0.05, **p < 0.01 compared with control.
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FIGURE 3.
A2BR deficiency improves local and systemic bacterial clearance. A, Photomicrographs of
peritoneal cells from WT or A2BR KO mice showing the presence of neutrophils,
macrophages, and bacteria. Fewer bacteria are visible in the A2BR KO mice. Scale bar, 50
µm. B, Peritoneal bacterial load was decreased in A2BR-deficient mice. The local bacterial
load was determined in the peritoneal lavage collected from CLP mice 24 h after CLP. C,
Bacteremia was decreased 24 h after CLP in A2BR-deficient mice. Data in B and C are
expressed as mean ± SEM of 11 or more mice in at least three independent experiments, and
each symbol is an individual animal. ***p < 0.001 WT versus A2BR KO mice.
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FIGURE 4.
A2BR deficiency enhances macrophage function. Peritoneal cells used in these experiments
were analyzed from either A2BR KO or WT mice subjected to CLP and harvested 24 h
later. LPS stimulation enhanced cytokine release from macrophages isolated from septic
A2BR-deficient mice. Isolated peritoneal macrophages from septic mice were stimulated ex
vivo with 100 ng/ml LPS for 24 h. Supernatants were measured for IL-6 (A) and TNF-α (B)
by ELISA. Data are expressed as mean ± SEM of three independent experiments. Gated
neutrophil and macrophage populations were identified as Gr-1highF4/80negative and
Gr-1lowF4/80positive to discriminate between neutrophil and macrophage bacteria
phagocytosis activity, respectively, from other cell types. C, Histogram of gated neutrophil
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and macrophage populations showing the phagocytic/endocytic capacity of phagocytes from
septic WT and A2BR KO mice preincubated with the pH-sensitive fluorogenic E. coli. E.
coli present inside the phagolysosome are highly fluorescent relative to nonendocytosed E.
coli. Quantitative analysis of the phagocytic activity for neutrophils (D)
(Gr-1highF4/80negative) and macrophages (E) (Gr-1lowF4/80positive) from septic WT and
A2BR KO mice. *p < 0.05, **p < 0.01 compared with WT CLP mice.
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FIGURE 5.
A2BR deficiency in myeloid cells improves local and systemic bacteria. The contribution of
A2BRs on myeloid cells to bacterial clearance during sepsis was analyzed in A2BRflox/flox

LysM-cre+/− mice that are selectively lacking the A2BR in myeloid cells. A, Bacteria in the
peritoneum were decreased in A2BRflox/flox LysM-cre+/− mice. In the same mice, blood was
analyzed for the presence of bacteria. B, Bacteremia was decreased in A2BRflox/flox LysM-
cre+/− mice. Bacterial counts were determined 24 h after CLP. Data are expressed as mean ±
SEM of 11 or greater mice in two independent experiments, and each symbol is an
individual animal. *p < 0.05, WT versus A2BRflox/flox LysM-cre+/− mice.
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FIGURE 6.
A2BR antagonism saves mice predicted to die of CLP-induced lethality. A, Experimental
protocol for the identification and treatment strategy for mice P-live and mice P-die based
on plasma IL-6 levels 24 h after CLP. Mice are predicted to live or die during the first 5 d
after CLP. B, Survival curve of CD-1 mice P-live treated 32 h post-CLP with the A2BR
antagonist MRS 1754, 10 mg/kg (broken line; n = 10) or vehicle (solid line; n = 10). C,
Survival curve of mice P-die treated 32 h post-CLP with MRS 1754 (broken line; n = 9) or
vehicle (solid line; n = 7). p < 0.01 untreated versus treated mice (P-die) by log rank test for
C.
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Table I

Genetic deletion of A2BR does not significantly decrease recruitment of innate inflammatory cells to the site
of infection

Total Cell Count Neutrophil Macrophage Lymphocyte

WT 10.9 ± 1.5 × 106 6.3 ± 0.1 × 106 3.7 ± 0.6 × 106 0.4 ± 0.1 × 105

A2BR KO 8.5 ± 0.8 × 106 6.2 ± 0.7 × 106 2.0 ± 0.3 × 106 1.7 ± 0.4 × 105*

PF was analyzed from A2BR KO and WT mice 24 h post-CLP, and the number of inflammatory cells was quantified. Data were expressed as mean
± SEM of two independent experiments (n = 6).

*
p < 0.05 between groups.

J Immunol. Author manuscript; available in PMC 2013 July 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Belikoff et al. Page 25

Ta
bl

e 
II

A
cc

ur
ac

y 
fo

r 
IL

-6
 to

 p
re

di
ct

 5
-d

 s
ur

vi
va

l o
f 

se
pt

ic
 m

ic
e 

by
 r

ec
ei

ve
r 

op
er

at
or

 c
ur

ve
 s

ta
tis

tic
s

M
ar

ke
r

Se
ns

it
iv

it
y 

(%
)

Sp
ec

if
ic

it
y 

(%
)a

A
re

a 
U

nd
er

 C
ur

ve
b

SE
M

95
%

 C
on

fi
de

nc
e 

In
te

rv
al

IL
-6

77
97

0.
97

4
0.

01
9

0.
93

6–
1.

01

A
 p

la
sm

a 
IL

-6
 c

on
ce

nt
ra

tio
n 

of
 3

3 
ng

/m
l p

ro
vi

de
d 

ex
ce

lle
nt

 d
is

cr
im

in
at

io
n 

be
tw

ee
n 

th
e 

m
ic

e 
th

at
 w

ou
ld

 li
ve

 a
nd

 th
e 

m
ic

e 
th

at
 w

ou
ld

 d
ie

 in
 th

e 
fi

rs
t 5

 d
 o

f 
se

ps
is

.

a C
ut

of
f 

va
lu

es
 w

er
e 

de
te

rm
in

ed
 b

y 
fa

vo
ri

ng
 s

pe
ci

fi
ci

ty
 to

 e
xc

lu
de

 th
e 

in
cl

us
io

n 
of

 a
ni

m
al

s 
w

ith
 a

 lo
w

 r
is

k 
of

 le
th

al
ity

 in
 th

e 
A

2B
R

 a
nt

ag
on

is
t t

re
at

m
en

t s
ub

gr
ou

p.

b T
he

 a
re

a 
un

de
r 

th
e 

cu
rv

e 
gi

ve
s 

th
e 

di
ag

no
st

ic
 v

al
ue

 o
f 

IL
-6

 le
ve

ls
 to

 d
et

er
m

in
e 

ou
tc

om
e.

J Immunol. Author manuscript; available in PMC 2013 July 11.


