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Abstract
The extracellular concentrations of adenosine are elevated during sepsis and adenosine receptors
regulate the host’s response to sepsis. Here, we investigated the role of the adenosine generating
ectoenzyme, ecto-5′-nucleotidase (CD73) in regulating immune and organ function during sepsis.
Polymicrobial sepsis was induced by subjecting CD73 knockout (KO) and wild type (WT) mice to
cecal ligation and puncture. CD73 KO mice showed increased mortality in comparison with WT
mice, which was associated with increased bacterial counts and elevated inflammatory cytokine
and chemokine concentrations in the blood and peritoneum. CD73 deficiency promoted lung
injury as indicated by increased myeloperoxidase activity and neutrophil infiltration, and elevated
pulmonary cytokine levels. CD73 KO mice had increased apoptosis in the thymus, as evidenced
by increased activation of caspase-3, poly(ADP-ribose) polymerase and NF-κB. Septic CD73 KO
mice had higher blood urea nitrogen levels and elevated cytokine levels in the kidney, indicating
increased renal dysfunction. The increased kidney injury of CD73 KO mice was associated with
augmented activation of p38 MAPK and decreased phosphorylation of Akt. Pharmacological
inactivation of CD73 in WT mice using AMPCP augmented cytokine levels in the blood and
peritoneal lavage fluid. These findings suggest that CD73-derived adenosine may be beneficial in
sepsis.

INTRODUCTION
Sepsis occurs when microbial invasion induces systemic illness (1). Despite advances in
modern hemodynamic, antibiotic, and ventilatory clinical support, sepsis represents a major
clinical problem with no effective therapy (2). There are 215,000 deaths related to sepsis in
each year in the US alone (3, 4). Although the pathogenesis of sepsis-induced multiorgan
injury leading to death is incompletely understood, current theory holds that an initial
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hyperinflammatory process and subsequent immune paralysis contribute to mortality and
morbidity in sepsis (4, 5). The initial hyperinflammatory response seen in sepsis is
associated with uncontrolled, exuberant cytokine production that can be deleterious to
various tissues and lead to organ injury and dysfunction (6, 7). After this hyperinflammatory
phase, an immune paralytic phase ensues with enhanced apoptotic cell death occurring in
multiple organs including the spleen, kidney, liver, and heart (8).

Adenosine is a biologically active extracellular signaling molecule, which regulates a wide
variety of immunological processes by binding to one or more of four G-protein-coupled
adenosine receptors (A1, A2A, A2B, and A3) (9–18). Adenosine is produced during
inflammation, hypoxia, ischemia, or trauma (10, 19–24), and since sepsis is associated with
these metabolically stressful conditions, systemic adenosine levels reach high concentrations
in mice and patients with sepsis and septic shock (25). There is growing evidence that
adenosine receptors can regulate the host’s response to sepsis. In recent studies, A1, A2B,
and A3 receptors were found to decrease mortality, inflammation, renal dysfunction, and
hepatic injury in murine cecal ligation and puncture (CLP), a clinically relevant model of
polymicrobial sepsis (26–28). In contrast, we showed that A2A receptor activation
contributed to the lethal effect of sepsis via decreased bacterial clearance, increased splenic
apoptosis, and insufficient inflammatory cytokine levels (9). These data confirm that
extracellular adenosine is an important regulator of immune events in mice undergoing
sepsis and also support the notion that different adenosine receptors can have different and
sometimes opposing effects on immunity during sepsis (22, 29, 30).

One major pathway leading to increased extracellular adenosine levels during metabolic
stress is release of precursor adenine nucleotides, mostly adenosine triphosphate (ATP) from
the cell followed by extracellular catabolism to adenosine by a cascade of ectonucleotidases,
including CD39 (nucleoside triphosphate diphosphorylase, NTPDase) and CD73 (ecto-5′-
nucleotidase, Ecto-5′-NTase) (31–35). CD39 is a transmembrane molecule, which initiates
extracellular adenosine generation by catalyzing the degradation of ATP and ADP to AMP
(22, 36). CD73 is a 70-kDa glycosyl phosphatidylinositol-anchored cell surface protein with
ecto-5′-nucleotidase enzyme activity that catalyzes the dephosphorylation of AMP to
adenosine (37, 38). Therefore, this enzyme has a key role in the generation of extracellular
adenosine by catalyzing the last step in the cascade of ATP breakdown. In fact, CD73 has
been proposed to be the rate-limiting enzyme in the generation of adenosine during
metabolic stress (37, 39). The immune regulatory functions of CD73 are well documented in
several in vivo experimental models. The anti-inflammatory action of methotrexate has been
reported to be dependent on the adenosine producing activity of CD73 (40). During LPS-
induced acute lung injury, CD73-generated adenosine attenuates LPS-induced
polymorphonuclear neutrophil (PMN) trafficking (41). Similarly, CD73-derived adenosine
protects against bleomycin-induced lung injury (38) and ventilator–induced acute lung
injury (42). In hypoxia models, CD73 activity was required to prevent vascular leak and
neutrophil infiltration into various tissues, indicating that extracellular adenosine produced
during hypoxia is a potent anti-inflammatory signal for PMNs in vivo (31, 43). A protective
role of CD73-generated adenosine has also been shown in renal and myocardial ischemia
(44, 45).

Although the role of the particular adenosine receptors in sepsis has been addressed, the
global effect of CD73-derived adenosine acting at all 4 adenosine receptors remains
unknown. Here, we investigated how targeted genetic deletion or pharmacological
inactivation of the adenosine producing CD73 affects the course of the host’s response to
sepsis using the CLP model.
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MATERIALS AND METHODS
Experimental animals

CD73 knockout (KO) mice and their wild-type (WT) littermates were developed as
described previously and had been backcrossed 6–8 times to a C57Bl/6J background (31).
Essentially, mice with a targeted disruption of the gene for CD73 were generated by
homologous recombination in which the third exon of CD73 was replaced by a neomycin
resistance cassette. They were healthy, bred normally, and appeared to have normal immune
system development (31). Genotyping was performed on genomic DNA by PCR to detect
either exon 3 or the neomycin cassette. All mice were bred and all colonies were maintained
in accordance with the recommendations of the “Guide for the Care and Use of Laboratory
Animals”, and the experiments were approved by the New Jersey Medical School Animal
Care Committee. WT and KO littermates of heterozygous parents were used exclusively in
all studies. For pharmacological studies we used the selective and competitive inhibitor of
CD73, α, β–methylene adenosine 5′-diphosphate (AMPCP), and the non-selective
adenosine receptor agonist 5′-N-ethylcarboxamidoadenosine (NECA), both of which were
purchased from Sigma Chemical (St. Louis, MO).

Sepsis induction by CLP
Polymicrobial sepsis was induced by subjecting mice to CLP, as we have described
previously (9). CD73 KO or WT male mice between the age of eight and twelve weeks,
were anesthetized with intraperitoneally injected pentobarbital (50 mg/kg). Under aseptic
conditions, a 2-cm midline laparotomy was performed to allow exposure of the cecum with
adjoining intestine. Approximately two-thirds of the cecum was tightly ligated with a 3.0
silk suture, and the ligated part of the cecum was perforated twice (through and through)
with a 20 1/2-gauge needle (BD Biosciences). Thereafter, the ligated cecum was gently
squeezed to extrude a small amount of feces through the perforation site and was then
returned to the peritoneal cavity. The laparotomy was closed in two layers with 4.0 silk
sutures. Following the operation, all mice were resuscitated with 1 ml of physiological saline
injected subcutaneously and returned to their cages with free access to food and water.
Sixteen hour after the CLP operation (the following day), the mice were reanesthetized with
pentobarbital (50 mg/kg, i. p.), and blood, peritoneal lavage fluid, as well as lung, heart,
spleen, thymus, and kidney were harvested.

Collection of blood, peritoneal lavage fluid, and organs
After opening the chest of mice, blood samples were obtained aseptically by cardiac
puncture using heparinized syringes. Blood samples were then placed into heparinized
Eppendorf tubes and kept on ice until further processing for bacteriological analysis. Serial
dilutions for bacteriological analysis were made as described previously (9). The blood
samples were centrifuged at 2,000 × g for 10 min and the recovered plasma was stored at
−70°C until further use. To collect peritoneal lavage fluid, first the abdominal skin was
cleansed with 70% ethanol and the abdominal wall was exposed by opening the skin. Two
milliliters of sterile physiological saline were slowly injected into the peritoneal cavity via
an 18-gauge needle. The abdomen was gently massaged for 1 min while keeping the tip of
the needle in the peritoneum. In the next step, the peritoneal fluid was recovered through the
needle and the recovered peritoneal lavage fluid was placed on ice until processed for
bacteriological examination. After making serial dilutions of the peritoneal lavage fluid to
determine the number of the CFU, the peritoneal lavage fluid was centrifuged at 5,000 × g
for 10 min and the supernatant was stored at −70°C until further analysis. Spleen, thymus,
lung, heart, and kidney samples were excised and snap frozen using liquid nitrogen or fixed
overnight in 10% formalin.
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Quantification of bacterial CFUs from blood and peritoneal lavage fluid
Blood or peritoneal lavage fluid (100 μl) was diluted serially in sterile physiological saline.
Fifty μl of each dilution was aseptically plated and cultured on trypticase blood agar plates
(BD Biosciences) at 37°C. After 24 h of incubation, the number of bacterial colonies was
counted. The results are expressed as CFUs per milliliter of blood or peritoneal lavage fluid.

Determination of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
blood urea nitrogen (BUN)

Plasma concentrations of ALT, AST, and BUN were analyzed using a clinical chemistry
analyzer system (VetTest8008, IDEXX Laboratories) (46).

Determination of cytokine and chemokine levels
Concentrations of IL-6, IL-10, IL-1β, IL-12p40, tumor necrosis factor-α (TNF-α), MIP-1α,
MIP-2, and MCP-1 were determined in blood and peritoneal lavage fluid obtained 6 or 16 h
after CLP. We also measured IL-6, IL-10, MIP-2, and MCP-1 levels in protein extracts from
heart and kidney 16 h after sepsis induction. In addition, IL-1β, IL-6 and MCP-1 levels were
assessed in lung protein extracts 6 h after CLP. All of the above cytokines and chemokines
were determined using commercially available ELISA kits (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.

Protein extraction and Western blot analysis
For Western blot analysis, organs were homogenized in a Dounce homogenizer in modified
radioimmunoprecipitation assay buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 μg/ml pepstatin, 1 μg/ml
leupeptin, 1 mM PMSF, 1 mM Na3VO4). The lysates were centrifuged at 15,000 × g for 15
min, and the supernatant was recovered. The Bio-Rad protein assay kit was used to
determine the protein concentrations. Protein samples (40 μg from each organ) were
separated on 8–12% Tris-glycine gel (Invitrogen Life Technologies) and transferred to
nitrocellulose membrane. The membranes were probed with polyclonal rabbit anti-cleaved
caspase-3, anti-cleaved poly(ADP-ribose) polymerase (PARP), and anti-inhibitory subunit
of NF-κB (IκBα), (all from Cell Signaling Technology). Following several wash cycles, the
nitrocellulose membranes were incubated with a secondary HRP-conjugated anti-rabbit
antibody (Santa Cruz Biotechnology). To assess equal protein loading, HRP-conjugated
polyclonal goat anti-β actin antibody was used from Santa Cruz Biotechnology. Bands were
detected using ECL Western Blotting Detection Reagent (Amersham Biosciences,
Piscataway, NJ).

Isolation of nuclear protein extracts from the thymus and detection of NF-κB activation
Protein extracts from the cytosol and nucleus were isolated using NE-PER Nuclear and
Cytosolic Extraction Reagent (Thermo Fisher Scientific, Waltham, MA). We measured NF-
κB activation in the nuclear protein fraction using Trans AM NF-κB p65 Chemi
Transcription Factor Assay Kit (Active Motif, Carlsbad, CA) using 2 μg of thymic nuclear
cell extract according to the manufacturer’s protocol.

Assessment of myeloperoxidase (MPO) activity and histology of the lung
Lung samples obtained 6 h following CLP were homogenized in extraction buffer (20 mM
acetate buffer (pH 4.7) containing 0.2 M NaCl, 0.5 % cetyltrimethylammonium bromide, 10
μg/ml phenylmethylsulfonyl fluoride and 1 mM EDTA) at a concentration of 100 mg/ml.
NWLSS Myeloperoxidase Activity Assay kit (Northwest Life Science Specialties,
Vancouver, WA) was used for MPO determination, according to the instructions provided
with the kit.
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For histological analysis, lung specimens were fixed in 10% formalin solution overnight.
Following automated dehydration through a graded ethyl alcohol series, transverse lung
slices were embedded in paraffin, sectioned at 5 μm, and stained with hematoxylineosin
(H&E). Morphological assessment was performed by an experienced pathologist who was
blinded to the origin (WT or KO mice) of lungs.

Flow cytometric analysis of leukocyte subsets
Cytometric detection of leukocyte subsets was performed using flow cytometry, as
previously described (47). Both total numbers and percent distribution of leukocyte subsets
in whole blood and spleen cell suspensions were determined by staining CD3+CD4+,
CD3+CD8+ T cells, CD19+ B cells, and CD11b+ myeloid cells using Abs against CD
markers conjugated with FITC, allophycocyanin, PerCP, or PE (BD Biosciences, San Jose,
CA). Aliquots of 0.1 ml whole blood or splenocyte suspension were incubated with the
respective markers for 15 min followed by incubation with BD FACS lysing solution (BD
Biosciences) for 7 min at 37°C. Cells were washed twice with BD FACS wash buffer and
then fixed with 1% methanol-free formaldehyde. Flow cytometric acquisitions were
performed at the centralized flow cytometry facility of UMDNJ-New Jersey Medical
School. At least 10,000 events were collected for each analysis.

Statistical Analysis
To statistically compare cytokine/chemokine concentrations, CFU numbers, and all other
laboratory parameters as well as densitometry read-outs, unpaired, two-tailed student t test
or Mann Whitney test were used. Statistical significance was assigned to p values less than
0.05.

RESULTS
CD73 deficiency decreases survival and bacterial clearance in CLP-induced sepsis

To begin to examine the role of CD73, we first investigated the effect of CD73 deficiency
on the survival of CLP-challenged septic mice. We observed that the survival rate of CD73
KO mice was significantly lower than that of CD73 WT animals (Figure 1A). Because
persistence of local bacterial infection and bloodstream microbial invasion contribute to
death in the CLP model (9, 27, 47), we assessed the impact of CD73 on bacterial levels in
the blood stream and at the primary site of peritoneal infection. CD73 KO mice had
significantly higher bacterial load in both the blood and peritoneal lavage fluid when
compared to WT animals 16 hours after CLP (Figure 1B). Thus, CD73 limits mortality and
bacterial load in sepsis.

Loss of CD73 increases cytokine and chemokine production in CLP-induced sepsis
Elevated systemic and local levels of of cytokines and chemokines are associated with
dysregulated immune responses and mortality in sepsis (9, 28, 47). We, therefore,
determined concentrations of TNF-α, IL-1β, IL-12p40, IL-6, IL-10, MCP-1, MIP-1α, and
MIP-2 in both the plasma and peritoneal lavage fluid. We found that with the exception of
IL-1β the concentrations of all these cytokines and chemokines were markedly elevated in
the blood and peritoneal fluid of CD73 KO vs. WT mice at 16 h after CLP (Figure 1, C–J).
In addition, we detected increased levels of TNF-α, IL-1β, IL-12p40, IL-6, and IL-10 in
CD73KO vs. WT mice already at 6 h following the CLP procedure (Figure 2, A–E).

Pharmacological inactivation of CD73 enhances CLP-induced cytokine production
We next examined the role of CD73 in modulating CLP-induced sepsis using a
pharmacological approach. C57Bl/6J mice were treated with the selective CD73 antagonist
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AMPCP (2 × 2 mg/kg daily) or its vehicle, and cytokine levels were measured in the blood
and peritoneal lavage fluid 16 h after the CLP procedure. Similar to the genetic inactivation
of CD73, the concentrations of IL-6 and IL-10 were higher in both the blood and peritoneal
lavage fluid of mice with pharmacological inhibition of CD73 enzyme (Figure 2, F and G).
These results confirm that the inactivation of CD73 increases inflammatory responses in
polymicrobial sepsis.

Genetic ablation of CD73 enhances the levels of inflammatory cytokines in the heart,
kidney and lung of septic mice

Inflammation in the heart (48), kidney (49) and lung (50) contributes to organ dysfunction
and mortality in sepsis. Therefore, we measured inflammatory mediator concentrations in
these organs, in an attempt to provide insights into the protective functions of CD73 in
sepsis. The levels of IL-6, IL-10, MIP-2 and MCP-1 were higher in the heart of CD73 KO
than WT mice 16 h after CLP induction (Figure 3A–D). In addition, increased levels of IL-6
were detected in the kidney (Figure 3A) of septic CD73 KO vs. WT mice 16 h after the CLP
procedure. Finally, we found markedly increased levels of IL-6, IL-1β, and MCP-1 in the
lung of CD73 KO when compared to their WT counterparts (Figure 3E).

Genetic CD73 deletion augments pulmonary injury in septic mice
PMN infiltration of the lung occurs in sepsis (51) contributing to inflammation, tissue
damage and organ dysfunction. Since we found elevated levels of inflammatory cytokines in
the lung of septic CD73 KO mice, we investigated if this correlated with an increased
accumulation of PMNs in the lungs of CD73 KO animals. We detected increased MPO
activity, an indicator of PMN infiltration, in the lung of CD73 KO mice as compared with
the lung of WT mice (Figure 4A). This increased PMN content was confirmed by
microscopic evaluation of H&E stained lung sections, as lungs from animals lacking CD73
showed increased numbers of PMNs in comparison with lungs from WT mice (Figure 4B).
Thus, we conclude that CD73 diminishes pulmonary PMN infiltration and inflammation
during sepsis.

CD73 deletion increases kidney but not liver dysfunction in sepsis
Since we detected increased cytokine concentrations in the kidney, we next examined
kidney function in septic CD73 KO and WT mice (26, 27, 49, 52–55). Serum levels of
BUN, a marker of impaired kidney function, were higher in CD73 KO vs. WT mice
indicating augmented renal injury in septic CD73 KO mice as compared to WT controls
(Figure 4C). Because p38 MAPK activation in the kidney is an important factor leading to
kidney inflammation and injury, we studied p38 activation in septic kidney specimens from
CD73 KO and WT mice. As Figure 4D shows, the activation of p38 in the kidney of CD73-
deficient mice was greater when compared with WT animals. Since Akt-signaling protects
against the deleterious effects of kidney inflammation (56), we examined whether CD73 can
regulate Akt signaling in the septic kidney. We found that Akt activation (phosphorylation)
was decreased in the kidney of septic mice lacking CD73 when compared with WT
littermates (Figure 4E). Finally, in contrast to the kidney, markers of liver function (ALT
and AST) were not significantly different between the CD73WT and CD73 KO groups of
septic animals (Figure 4C).

Genetic deletion of CD73 increases apoptosis in the thymus of septic mice
Sepsis induces extensive apoptosis in the thymus (57–59), which contributes to immune
dysregulation and increases mortality (60). Based on previous findings indicating that the
proteolytic cleavage of caspase-3 (58) and PARP (61) is a reliable molecular indicator of
apoptosis, we investigated whether CD73 deficiency would affect the cleavage of these

Haskó et al. Page 6

J Immunol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



molecules in the thymus of mice subjected to CLP. We found that the cleavage of both
PARP (Figure 5A) and caspase-3 (Figure 5B) was markedly increased in the thymus of
CD73 KO mice. In addition, since NF-κB activation during sepsis can culminate in
apoptosis (60, 62–64), we examined the effect of CD73 deletion on NF-κB activation in the
thymus of septic mice. We assessed the activation state of the NF-κB system by measuring
IκBα protein levels, which are inversely correlated with NF-κB activation, and nuclear p65
levels, whose abundance is indicative of activated NF-κB. We found decreased IκBα levels,
and increased nuclear p65 levels in the thymus of septic CD73 KO mice when compared to
WT littermates (Figure 5C and D), indicating increased NF-κB activation in CD73 KO
mice.

Lack of CD73 increases the number of splenic CD11b+ cells in CLP-induced sepsis
Because sepsis triggers changes in white blood cell numbers and distribution (60), we
investigated white blood cell responses to sepsis in CD73 WT and KO mice. Analysis of
white blood cell subsets revealed an increase in the numbers of CD11b+ cells in the spleen
but not in the circulation of mice lacking CD73 when compared to WT (Figure 6A and B).
The populations of CD19+, CD4+ and CD8+ cells in the blood and the spleen were similar in
both (WT and KO) groups of septic mice (Figure 6A and B).

NECA suppresses cytokine and chemokine levels in CD73 deficient mice
To confirm that lack of adenosine signaling is responsible for the increased production of
inflammatory mediators in CD73 deficient mice, we conducted studies in which we
attempted to rescue CD73 deficient mice from decreased adenosine signaling by stimulating
adenosine receptors exogenously with the general adenosine receptor agonist NECA.
Administration of NECA to CD73 deficient mice completely reversed the increased
cytokine (Figure 7) and chemokine (Figure 8) levels, which were decreased in NECA-
treated CD73 deficient mice to levels comparable to those observed in CD73 sufficient
mice. We conclude that the increased inflammatory response observed in CD73 deficient
mice is caused by decreased adenosine receptor activation.

DISCUSSION
This study demonstrates that CD73 improves the survival of septic mice, and this improved
survival correlates with a decrease in bacterial growth and lessened lung and kidney injury.

Our finding that CD73 improved the survival of septic mice in combination with data in the
literature indicates that increased adenosine levels and adenosine signaling can decrease
mortality in sepsis. This idea is supported by previous studies that showed that increasing
extracellular adenosine levels by interfering with adenosine metabolism downstream from
CD73 improves survival in sepsis. Inhibiting adenosine deaminase, an enzyme that degrades
adenosine to its inactive metabolite inosine (65), attenuated microvascular dysfunction and
inflammation and improved survival in models of sepsis (66). In addition, pharmacological
inhibition of adenosine kinase, an enzyme that catalyzes the phosphorylation of adenosine to
nucleotides thereby decreasing extracellular adenosine levels, also increased survival in
sepsis (67). Our reconstitution studies with NECA confirmed that the tissue-protective
effects of CD73 in our sepsis model are related to its enzymatic function and role in
elevating extracellular adenosine levels. It is also noteworthy that previous studies using
adenosine receptor specific KO mice showed that endogenous adenosine via activating A1
(26), A2B (28), and A3 (27) receptors improves survival in sepsis. Although A2A receptor
activation by endogenous adenosine decreases survival (9), our data with CD73 inhibition
and previous results with adenosine deaminase and kinase inhibition suggest that the
beneficial effects of adenosine via A1 (26), A2B (28), and A3 (27) receptor signaling can
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override the deleterious effect of A2A receptor signaling. We have also found decreased
bacterial counts in the presence of CD73. This finding was somewhat unexpected because
adenosine is, in general, an immunosuppressive mediator (22) and we, therefore, anticipated
that CD73-derived adenosine would suppress anti-bacterial immune responses. It is possible
that increased A1 receptor signaling leading to enhanced superoxide production (68) or
augmented neutrophil chemotaxis via A3 receptors (69) contributed to the decreased
bacterial load in CD73-sufficient animals. Indeed, according to Nakav et al. (70), at the
onset of peritonitis, the expression of A1 receptor dominates and the expression of the anti-
inflammatory A2A receptor is low. Thus, it is plausible that in the first hours after inducing
peritonitis, CD73-derived adenosine augments antibacterial defense via A1 receptors on
neutrophils. In addition, supporting a role for A3 receptors in controlling bacteria is the
observation that A3 adenosine receptor WT mice displayed decreased aerobic bacterial
counts following CLP-induced sepsis when compared to their KO counterparts (26, 27).

Evidence supports the role of the tissue injurious effects of activated neutrophils infiltrating
immune competent organs following infections. Consistently with this notion our findings
indicated decreased numbers of neutrophils recruited into the lung and spleen in CD73-
sufficient animals. This could be the result of an decreased activation of neutrophils as the
result of the suppressed cytokine storm or it can also imply a direct role of adenosine in
modulating neutrophil activation and transmigration (71).

Our data showing an amelioration of the sepsis-induced cytokine storm in the presence of
CD73 may provide additional insight into the protective mechanisms of CD73-derived
adenosine during sepsis. Similar to our study, CD73 was previously demonstrated to
suppresses pro-inflammatory cytokine production in murine gastritis (72), cardiac allographt
vasculopathy (73), and intestinal ischemia-reperfusion injury (74). The decreases in
inflammatory cytokine levels correlated well with the tissue protective effects of CD73 in
vital organs such as lung and kidney of septic mice. These organ protective effects can
contribute to the improved survival in septic CD73-sufficient mice, because inflammatory
tissue damage and multiorgan failure result in high mortality rates in sepsis (3–5). The lung
and kidney protection we documented here is in line with previous data showing that CD73
protects against bleomycin-, ventilator- and LPS-induced lung injury (38), and ischemia-
reperfusion-induced kidney injury (44).

The mechanisms by which sepsis induces parenchymal tissue damage and organ injury are
multifactorial. It is well documented for example that increased activation of NF-κB (62)
and p38 (75) as well as the inactivation of Akt (76) can result in tissue damage and cell
death leading to impaired clinical outcome in sepsis. Our results demonstrating the down-
regulation of p38 (kidney) and NF-κB (thymus) activation, and the up-regulation of Akt
(kidney) activation may represent important intracellular pathways by which CD73 and
adenosine lead to lessened organ injury in sepsis. Confirming an important role for
adenosine signaling in decreasing p38 and increasing Akt activation in tissue stress is the
observation that disrupting adenosine signaling by the systemic administration of the
adenosine receptor antagonist aminophylline resulted in higher p38 and lower Akt activation
in anoxia-induced brain (77). In addition to injuring non-immune organs, sepsis can induce
extensive apoptosis in immune tissues like the thymus (58, 59) and the spleen (78). It has
been reported that caspase-3 activity is elevated to a greater extent than other caspases in the
thymus and that it plays an important role in sepsis-induced thymocyte apoptosis (58). Our
data showing decreased levels of caspase-3 cleavage as well as PARP cleavage in the
thymus of septic CD73 WT mice indicate that this enzyme and its product, adenosine are
essential protectors against apoptotic processes.

Haskó et al. Page 8

J Immunol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, the present study demonstrates that CD73 is a critical control point for
modulation of the host’s response to sepsis.

Abbreviations

ALT alanine aminotransferase

AMPCP α, β–methylene adenosine 5′-diphosphate

AST aspartate aminotransferase

BUN blood urea nitrogen

CLP cecal ligation and puncture

KO knockout

MPO myeloperoxidase

NECA 5′-N-ethylcarboxamidoadenosine

PARP poly(ADP-ribose) polymerase

PMN polymorphonuclear neutrophil

WT wild type
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Figure 1. Loss of CD73 decreases survival, and increases bacterial load and inflammation in
polymicrobial sepsis
(A) The number of surviving CD73 WT and KO mice were counted daily for 7 days after
inducing sepsis by cecal ligation and puncture (CLP). (B) Blood and peritoneal lavage fluid
obtained from CD73 WT and KO mice 16 h post CLP were cultured on soy-trypticase agar
plates for 24 h and then the bacterial colonies were counted (n = 13 mice per group). Serum
and peritoneal lavage fluid concentration of TNF-α (C), IL-1β (D), IL12p40 (E), IL-6 (F),
IL-10 (G), MCP-1 (H), MIP-1α (I) and MIP-2 (J) were determined in samples collected 16 h
post CLP using ELISA. All results (mean ± SEM) shown are representative of three separate
experiments. * p < 0.05 versus WT; ** p < 0.01 versus WT; * ** p < 0.001 versus WT.
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Figure 2. Genetic disruption of CD73 increases cytokine and chemokine levels at 6 h after sepsis
induction. Treatment with AMPCP, a selective inhibitor of CD73, increases the levels of IL-10
and IL-6 in blood and peritoneal lavage fluid
Blood and peritoneal lavage fluid were obtained from CD73 WT and KO mice at 6 h post
CLP and TNF-α (A), IL-1β (B), IL12p40 (C), IL-6 (D), and IL-10 (E) concentrations were
determined using ELISA. In another set of experiments, mice were injected with AMPCP
(2×2 mg/kg/day) or its vehicle (DMSO) and IL-6 (F) and IL-10 (G) levels were determined
in blood and peritoneal lavage fluid 16 h post CLP. All results (mean ± SEM) shown are
representative of three separate experiments. Data are the mean ± SEM of n = 7–9 mice in
each group. * p < 0.05 versus WT; ** p < 0.01 versus WT; *** p < 0.001 versus WT.
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Figure 3. Genetic ablation of CD73 enhances sepsis-induced inflammatory cytokine and
chemokine responses in the heart, lung and kidney
Concentrations of IL-6 (A), IL-10 (B), MIP-2 (C), and MCP-1 (D) were measured from
heart and kidney extracts of CD73 WT and KO mice taken at 16 h post CLP. (E) Pulmonary
levels of IL-6, IL-1β, and MCP-1 were detected from lung extract of CD73 WT and KO
mice taken 6 h following CLP. Data shown are the mean ± SEM of n = 7–9 mice in each
group. Results are representative of three separate experiments. * p < 0.05 versus WT; ** p
< 0.01 versus WT; *** p < 0.001 versus WT.
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Figure 4. Loss of CD73 augments sepsis-induced inflammatory injury of the lung and kidney
(A) Lung MPO activity was measured from lung extract collected from CD73 WT and KO
mice 6 h after CLP. (B) Shown are tissue sections of lungs of septic CD73 KO and WT mice
stained with H&E staining. Sections of lung of WT animal show no evident lesions. In the
lung from a KO animal, there are several neutrophils present in alveolar capillaries (arrows).
Neutrophils are also present together with erythrocytes and mononuclear cells in a small
airspace (asterisk). A representative section is shown from slides from 3 WT and KO
animals. (C) Concentrations of BUN, AST, and ALT were measured from blood of CD73
WT and KO mice that was taken at 16 h post CLP. Phosphorylation of p38 (D) and Akt (F)
in kidney protein extracts of CD73 WT and KO mice was examined using Western blotting
with specific antibodies. All results (mean ± SEM) shown are representative of three
experiments (n = 6/group in each experiment). * p < 0.05 versus WT; ** p < 0.01 versus
WT.
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Figure 5. Genetic CD73 deficiency increases PARP and caspase-3 cleavage, and NF-κB
activation in the thymus of septic mice
Protein extracts were prepared from thymus taken from septic CD73 WT and KO mice at 16
h post CLP challenge. The proteolytic cleavage of PARP (A), caspase-3 (B) and the
cytosolic levels of IκBα (C) were examined using Western blotting with specific antibodies.
Data (mean ± SEM) shown are representative of three experiments (n = 6/group in each
experiment). The levels of p65 in the nuclear fractions of thymus extracts were assessed
using NF-κB (p65) chemiluminescence assay kit (D). The results (mean ± SEM) shown are
the summary of three experiments (WT, n = 25; KO n = 26). * p < 0.05 versus WT; ** p <
0.01 versus WT; *** p < 0.001 versus WT.
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Figure 6. Loss of CD73 increases splenic CD11b+ cell accumulation
Numbers of various lymphocyte subsets were monitored in blood (A) and spleen (B) by
flow cytometric analysis after 16 h of sepsis induced by CLP. Population proportions of
CD11b+, CD19+, CD4+ and CD8+ cells were analyzed. The results (mean ± SEM) shown
are the summary of two separate experiments (WT, n = 22; KO, n = 20). * p < 0.05 versus
WT.

Haskó et al. Page 19

J Immunol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Treatment with the adenosine receptor agonist NECA reverses the increased cytokine
levels caused by CD73 deletion
CD73 WT and KO mice underwent CLP and concentrations of various cytokines were
measured from blood and peritoneal lavage fluid that were obtained 16 hours post-CLP.
NECA (0.03 mg/kg) was administered intraperitoneally 30 minutes before the CLP insult.
The results (mean ± SEM) shown are the summary of two separate experiments (WT, n =
19; KO, n = 18). * p < 0.05 versus WT with Veh. (Vehicle, DMSO); ** p < 0.01 versus WT
with Veh.; # p < 0.05 versus KO with Veh.; ## p < 0.01 versus KO with Veh.; ### p < 0.005
versus KO with Veh.

Haskó et al. Page 20

J Immunol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Treatment with the adenosine receptor agonist NECA reverses the increased
chemokine levels caused by CD73 deletion
CD73 WT and KO mice underwent CLP and concentrations of various chemokines were
measured from blood and peritoneal lavage fluid that were obtained 16 hours post-CLP.
NECA (0.03 mg/kg) was administered intraperitoneally 30 minutes before the CLP insult.
The results (mean ± SEM) shown are the summary of two separate experiments (WT, n =
19; KO, n = 18). * p < 0.05 versus WT with Veh.; *** p < 0.005 versus WT with Veh.; ###
p < 0.005 versus KO with Veh.
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