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The phagocytosis of apoptotic cells (efferocytosis) shifts macrophages to an anti-inflammatory state through a set of still poorly
understood soluble and cell-bound signals. Apoptosis is a common feature of inflamed tissues, and efferocytosis by tissue
macrophages is thought to promote the resolution of inflammation. However, it is not clear how the exposure of tissue
macrophages to inflammatory cues (e.g., PAMPs, DAMPs) in the early stages of inflammation affects immune outcomes of
macrophage-apoptotic cell interactions occurring at later stages of inflammation. To address this, we used low-dose endotoxin
conditioning (LEC, 1 ng/ml LPS 18 h) of mouse resident peritoneal macrophages (RPMФ) to model the effects of suboptimal
(i.e., non-tolerizing), antecedent TLR activation on macrophage inflammatory responses to apoptotic cells. Compared with
unconditioned macrophages (MФ), LEC-MФ showed a significant enhancement of apoptotic cell-driven suppression of many
inflammatory cytokines (e.g., TNF, MIP-1β, MCP-1). We then found that enzymatic depletion of adenosine or inhibition of the
adenosine receptor A2a on LEC-MФ abrogated apoptotic cell suppression of TNF, and this suppression was entirely dependent
on the ecto-enzyme CD73 (AMP→ adenosine) but not CD39 (ATP→ AMP), both of which are highly expressed on RPMФ. In
addition to a requirement for CD73, we also show that Adora2a levels in macrophages are a critical determinant of TNF
suppression by apoptotic cells. LEC treatment of RPMФ led to a ~ 3-fold increase in Adora2a and a ~ 28-fold increase in
adenosine sensitivity. Moreover, in RAW264.7 cells, ectopic expression of both A2a and CD73 was required for TNF suppression
by apoptotic cells. In mice, mild, TLR4-dependent inflammation in the lungs and peritoneum caused a rapid increase in
macrophage Adora2a and Adora2b levels, and CD73 was required to limit neutrophil influx in this peritonitis model. Thus immune
signaling via the CD73–A2a axis in macrophages links early inflammatory events to subsequent immune responses to
apoptotic cells.
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The phagocytic clearance of dead cells (efferocytosis) from
inflamed tissues by resident macrophages is important for
the resolution of inflammation and the restoration of normal
tissue function.1–3Moreover, failure to promptly clear apoptotic
cells can result in secondary cellular necrosis and loss of
membrane integrity that can provoke tissue inflammation and
autoimmunity.4–8 Beyond the removal of cell corpses, effero-
cytosis also promotes resolution by suppressing production
of pro-inflammatory cytokines (e.g., TNF, IL-1β, IL-12) and
stimulating anti-inflammatory cytokines and growth factors
(e.g., IL-10, TGFβ, VEGF) in macrophages.9–12 However, the
molecular mechanisms that underlie the immunomodulatory
effects of apoptotic cells on macrophages are incompletely
understood.
Apoptotic cells release soluble factors that act as ‘find-me’

signals to stimulate recruitment of phagocytes, including
phospholipids, chemokines, and nucleotides such as ATP and
UTP.13 Recent reports have shown that ATP and its catabolic
derivatives ADP, AMP, and adenosine, contribute to the
immunomodulatory effects of apoptotic cells on macrophages

via activation of multiple G-protein coupled adenosine
receptors A2a, A2b and A3.14,15 The breakdown of extra-
cellular adenine nucleotides (ATP, ADP, AMP) to adenosine
by hematopoietic cells is regulated by two key ecto-
nucleotidases: CD39 (ATP/ADP→AMP) and CD73 (AMP→
adenosine).16,17 In mice, CD39 is widely expressed on
hematopoietic populations, whereas CD73 expression is
restricted to specific immune cell populations, including
regulatory T cells, neutrophils and tissue-resident lung and
peritoneal macrophages.18–20 A2a, A2b, and CD73 have key
roles in preventing excessive inflammation and mortality in
response to inflammatory challenges such as influenza and
sepsis inmice.21,22 Although previous reports have shown that
adenosine generated during efferocytosis regulates expres-
sion of certain inflammatory factors in macrophages, including
Thbs1, CXCL1 (KC), and CXCL2 (MIP-2),14,15 it is unclear
what role the ecto-enzymes CD39 and CD73 have generating
adenosine during efferocytosis. Here we use a combination of
in vitro efferocytosis co-cultures and in vivo analyses to show
that CD73 has a vital role in generating adenosine during
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efferocytosis that acts to mediate suppression of inflammatory
responses by endotoxin-conditioned macrophages.

Results

Endotoxin conditioning of tissue macrophages enhances
the anti-inflammatory effects of apoptotic cells. Much of
what we know about the immunomodulatory effects of
apoptotic cells on macrophages stems from studies using
naive/resting macrophages. We reasoned that at the onset
of acute inflammation, tissue macrophages will be exposed
to inflammatory cues such as TLR agonists before the
accumulation of substantial numbers of apoptotic leukocytes
(depicted in Figure 1a). To understand how early exposure to
such inflammatory cues might affect subsequent responses
of macrophages to apoptotic cells, we established an in vitro
model system wherein macrophages harvested from the
peritoneum of untreated mice were cultured in the presence
or absence of a low dose of ‘ultrapure’ LPS (0.5–1 ng/ml) for
18 h and subsequently stimulated with a high dose of LPS
(100 ng/ml) in the presence or absence of apoptotic cells for
4–8 h and cytokines in the supernatants measured by ELISA
and multiplex assays (Figure 1b). As shown in Figure 1c, we
chose 0.5–1 ng/ml LPS as our conditioning dose to avoid
potential issues related to endotoxin tolerance.23 Indeed, of
the 18 cytokines measured in these experiments we found
that low-dose endotoxin-conditioned macrophages (LEC-MФ)
produced either similar or slightly elevated levels of these
cytokines following high-dose LPS stimulation compared with
unconditioned macrophages (MФ) (Figure 1d, open versus
filled bars in ‘LPS’ condition). Thus, LEC-MФ showed no
signs of endotoxin tolerance, enabling us to directly compare
the effects of apoptotic cells on cytokine production between
normal and endotoxin-conditioned macrophages.
We next compared the levels of 18 cytokines in the

supernatants of LEC-MФ and MФ following high-dose LPS
stimulation in the absence or presence of apoptotic cells.
The addition of apoptotic cells significantly increased MФ
production of all 18 cytokines compared with LPS-only treated
MФ (Figure 1d, open bars). This was an unexpected finding
based on previous reports showing apoptotic cells
can suppress pro-inflammatory cytokines such as IL-6, TNF,
MIP-1β, and MCP-1 in other naive/resting macrophage
populations.9,10,24 In contrast to MФ, the addition of apoptotic
cells to LEC-MФ significantly affected levels of only 2 of 18
cytokines compared with LPS-only treated LEC-MФ; TNF
levels were inhibited and IL-10 levels increased by the addition
of apoptotic cells to LEC-MФ (Figure 1d, filled bars). Also,

compared with apoptotic cell treatment of MФ, LEC-MФ
treated with apoptotic cells showed significantly reduced
levels of 8 pro-inflammatory cytokines, including TNF,
MIP-1β, CXCL10, and IL-1β (Figure 1d, open versus filled
bars in ‘LPS+AC’ condition). These differences in cytokine
production between MФ and LEC-MФ were not associated
with changes in apoptotic cell phagocytosis, as the efferocytic
capacity of MФ and LEC-MФ was similar (Supplementary
Figure 1a). Taken together, these results show that exposure
of tissue-resident macrophages to a mild, suboptimal dose of
TLR4 agonist significantly enhances the anti-inflammatory
effects of apoptotic cells on macrophages compared with
naive/resting macrophages.

Suppression of macrophage inflammatory cytokine
production by apoptotic cells and adenosine. We and
others have shown that apoptotic cells release ATP through
pannexin-1 (PANX1) channels early in the apoptotic
program.25–27 As ATP is a major source of the potent
immunosuppressive molecule adenosine,16,28,29 we com-
pared the effects of exogenous adenosine (300 nM) and
apoptotic cells on LEC-MФ cytokine production after normal-
izing to cytokine levels of MФ treated in the same manner
(Figure 2). We then calculated the similarity of LEC-MФ
cytokine levels on treatment with either adenosine or
apoptotic cells. We found that of the 18 cytokines examined,
only four (IL-10, MIP-1β, MCP-1, TNF) showed similarity
scores of ⩽ 1.5 indicative of at least 50% similarity in
responses generated by these two treatments (Figure 2,
right axis). Although previous reports have demonstrated a
role for adenosine in modulating levels of multiple macro-
phage inflammatory factors, including Nr4a1, Thbs1, CXCL1,
CXCL2, CXCL10, and IL-1,14,15 these studies did not report a
role for apoptotic cell-derived adenosine in regulating TNF
production during efferocytosis, despite strong evidence that
A2a and A2b activation in macrophages potently suppresses
TNF production.30–32 Therefore, we sought to determine
whether the adenosine signaling pathway was an important
mechanism of apoptotic cell suppression of TNF by LEC-MФ.

Adenosine and A2a mediate suppression of LEC-MФ TNF
production by apoptotic cells. LEC-MФ from WT mice
were stimulated with LPS (100 ng/ml) in the presence of
increasing numbers of apoptotic cells or cell-free super-
natants from equivalent numbers of apoptotic cells. Although
both apoptotic cells and cell-free supernatants suppressed
TNF production by LEC-MФ in a dose-dependent manner,
apoptotic supernatants were significantly more effective at
inhibiting TNF (Figure 3a). By contrast, neither live cells nor

Figure 1 Low-dose endotoxin conditioning of peritoneal macrophages enhances the anti-inflammatory effects of apoptotic cells. (a) Hypothetical 3-stage model of self-limiting
tissue inflammation following infection with a microbial pathogen. TLR agonists present in the tissue in the early stages of infection activate resident macrophages (MФ) to
produce inflammatory cytokines that cause recruitment of myeloid cells such as granulocytes and monocytes (purple) that in turn lead to pathogen clearance. These recruited
cells subsequently undergo apoptosis and are engulfed by local macrophages during the ‘Resolution’ phase. (b) Schematic of low-dose endotoxin conditioning (LEC) treatment of
murine resident peritoneal macrophages (RPMФ) used in this study. (c) Peritoneal macrophages from WT mice were plated and treated with the conditioning dose of LPS
indicated on the x axis for 18 h followed by restimulation with 100 ng/ml LPS for 4 h. Cell-free supernatants were collected and TNF levels assessed by ELISA. (d) Peritoneal
macrophages from WT mice were left untreated (MФ) or subjected to the LEC conditioning treatment (LEC-MФ) for 18 h (as depicted in b). Macrophages were then stimulated
with LPS (100 ng/ml) in the absence or presence of 5 × 105 anti-Fas-treated apoptotic Jurkat cells (AC) for 8 h. Cell-free supernatants were analyzed by Luminex assay for the
indicated cytokines. Data presented in c and d are mean± S.E.M. of three independent experiments. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)
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supernatants from live cells significantly affected TNF levels
(Figure 3a). Nucleotide release by apoptotic lymphocytes is
dependent on caspase-3/7 cleavage of hexameric PANX1
surface channels.25,26 Accordingly, apoptotic Jurkat cells

stably transfected with a caspase-insensitive dominant-
negative PANX1 mutant (PANX1DN) failed to release ATP
(Supplementary Figure 1b) and did not significantly suppress
TNF production by LEC-MФ, despite similar rates of
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apoptosis as parental Jurkat cells (Figure 3b and Supple-
mentary Figure 1b). To determine whether adenosine in the
apoptotic cell supernatants was responsible for inhibiting TNF
production by LEC-MФ, we treated supernatants from
apoptotic cells with adenosine deaminase (ADA) to deplete
adenosine before adding the supernatants to macrophages.
The addition of active, but not denatured, ADA to the apop-
totic supernatants, as well as the positive control 300 nM
adenosine, abrogated the suppressive effects of these
treatments on TNF production by LEC-MФ (Figure 3c).
Extracellular adenosine inhibits macrophage production of
TNF by activating Gs-coupled A2a and A2b receptors.30–33 In
our efferocytosis co-cultures, pretreatment of LEC-MФ with
selective inhibitors of A2a abrogated the inhibitory effects
of apoptotic cells and exogenous adenosine, whereas A2b
inhibition had a significant but modest effect on TNF
suppression by apoptotic cells (Figure 3d). Altogether these
data show that PANX1-dependent accumulation of adenosine

from apoptotic cells acts on A2a and, to a lesser extent, A2b
receptors on LEC-MФ to modulate TNF expression by
macrophages.

Adenine nucleotides released by apoptotic cells are
converted to adenosine by cell-surface CD73. Having
found that adenosine derived from apoptotic cells suppresses
LEC-MФ TNF production, we hypothesized that ATP released
by apoptotic cells was hydrolyzed to adenosine via the
ecto-enzymes CD39 (ATP/ADP→AMP) and CD73 (AMP→
adenosine) on macrophages. By flow cytometry, we found
that both CD39 and CD73 are abundantly expressed on the
surface of the main population of homeostatic peritoneal
macrophages in mice, CD11b+/F4/80hi ‘large’ peritoneal
macrophages,34 as well as CD11Chi alveolar macrophages
(Figure 4a). Similar levels of CD39 and CD73 were seen on
peritoneal cells obtained from three strains of mice: C57BL/
6J, BALB/cJ and 129S1 (Supplementary Figure 2a). Mean
fluorescence intensity (MFI) analysis of anti-CD39 and anti-
CD73 flow cytometry revealed that surface expression of
these enzymes is ~ 10-fold higher on peritoneal macro-
phages than other peritoneal populations such as T and B
lymphocytes (Supplementary Figure 2b). Interestingly,
BMDM and three other commonly used mouse macrophage
cell lines (RAW264.7, J774A.1, BV-2) were all positive for
CD39 but none expressed CD73 (Figure 4b). Treatment of
BMDM with various activation or polarization stimuli, includ-
ing LEC conditioning, high-dose LPS stimulation, IL-4 or
IFNγ, failed to induce surface expression of CD73 on BMDM
(Supplementary Figure 2c and data not shown).
To determine if CD39 and CD73 are required for generating

adenosine from apoptotic cell-derived ATP in these effero-
cytosis cultures, we tested the effects CD39 and CD73
inhibitors on the ability of apoptotic cell supernatants to inhibit
TNF production by WT LEC-MФ. We found that the CD73
inhibitor AMPCP completely reversed the suppressive effects
of apoptotic cell supernatants on LEC-MФ, whereas the CD39
inhibitor POM-1 had no effect on this suppression (Figure 4c).
These results suggest that extracellular AMP, rather than
ATP or ADP, is the primary source of adenosine derived from
apoptotic cells under these culture conditions. To confirm
these findings, we carried out similar experiments using
LEC-MФ from WT, CD73− /− and CD39− /− mice. Although the
loss of CD73 did not significantly affect TNF production
following LPS-only treatment, CD73− /− macrophages were
insensitive to the inhibitory effects of apoptotic cell super-
natants (Figures 4d and e). By contrast, suppression of
TNF by apoptotic cell supernatants was similar between WT
and CD39− /− LEC-MФ (Figure 4f). These results show
that apoptotic cell-mediated suppression of LEC-MФ TNF,
under these conditions, is entirely dependent on CD73-
mediated conversion of AMP→adenosine. In support of this
observation, we found that exogenous AMP, at doses ranging
from 1 to 100 μM, effectively suppressed LPS-stimulated, but
not zymosan-induced, TNF production by LEC-MФ (Supple-
mentary Figure 3a). HPLC/MS analysis confirmed increased
levels of ATP, ADP, and AMP in supernatants of apoptotic cells
compared with live cells, with AMP (~600 nM) being two to
three times more abundant than ATP or ADP (Figure 4g).
Addition of exogenous ATP and AMP at levels comparable

Figure 2 Comparing the effects of apoptotic cells and exogenous adenosine on
cytokine production by macrophages. MФ and LEC-MФ were stimulated with
100 ng/ml LPS in the presence of 5 × 105 apoptotic Jurkat cells (AC) or 300 nM
exogenous adenosine (ADO) for 8 h and cytokine levels in supernatant assayed by
Luminex multiplex as in Figure 1d. The x axis shows the relative level of each cytokine
(indicated on the left y axis) produced by LEC-MФ in the presence of AC (blue bars)
or ADO (gray bars) after normalizing to the level of each cytokine produced by
MФ under the same condition. Right y axis shows heat map display of similarity in
response between ADO and AC-treated LEC-MФ for each cytokine. Similarity score
was calculated for each cytokine as the ratio of ADO:AC response normalized to MФ
as shown on the x axis. Mean of three independent experiments shown
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to those seen in apoptotic cell supernatants inhibited TNF
production by LEC-MФ ~50% as was seen with apoptotic cell
supernatants (Supplementary Figure 3b). Thus, although
Figures 4c and f show that CD39 on macrophages is
dispensable for TNF suppression in our macrophage cultures,
it is possible that ATP and ADP released by apoptotic cells can
contribute to the pool of available AMP through the actions of
other apyrase-like proteins associated with the macrophages
or the culture medium in these experiments.

CD73 on macrophages or apoptotic cells can mediate
A2a-dependent TNF suppression. CD73 expression is
restricted to certain macrophage and myeloid cell populations
in normal and inflamed tissues (Figures 4a and b;
Supplementary Figures 4a and b; and refs 18,19). Therefore,
we asked if extracellular adenosine generated by CD73+
cells could act in a paracrine manner to suppress TNF in
CD73- macrophages. To test this, CD73− /− LEC-MФ were
cultured with apoptotic Jurkat cells stably transfected with
human CD73 or CD39 (Figure 5a). Expression of CD73, but

not CD39, on apoptotic cells inhibited TNF production by
CD73-deficient LEC-MФ (Figure 5a). This trans effect of
CD73 was abrogated by inhibiting CD73 enzymatic activity
with AMPCP (Figure 5a). Interestingly, ectopic expression of
CD73 in RAW264.7 macrophages, which lack endogenous
CD73 (Figure 4b), reduced TNF production only on co-
expression of the high-affinity adenosine receptor A2a
(Figure 5b). These results show that CD73 has a central role
in converting extracellular AMP from apoptotic cells into
adenosine to stimulate A2a activation and TNF suppression
during efferocytosis.

Low-dose endotoxin conditioning enhances the adeno-
sine responsiveness of macrophages. We next sought
to understand the molecular mechanisms underlying the
effects of LEC conditioning on macrophage responses to
apoptotic cell-derived adenosine. As shown in Figure 6a,
LEC treatment enhanced the sensitivity of macrophages
to exogenous adenosine by ~28-fold compared with
unconditioned macrophages (IC50: MФ, 8.3 μM and

Figure 3 Inhibition of LEC-MФ TNF production by a soluble factor from apoptotic cells. (a) LEC-MФ were stimulated with 100 ng/ml LPS in the presence of increasing
numbers of live or apoptotic Jurkat cells (left) or cell-free supernatants from the same cultures (right) for 4 h and TNF levels determined by ELISA. (b) LEC-MФ were stimulated
with 100 ng/ml LPS± live or apoptotic supernatants from parental Jurkat cells or Jurkat cells stably transfected with a caspase-insensitive, dominant-negative mutant of
pannexin-1 (PANX1DN) for 4 h and TNF levels determined by ELISA. Apoptosis was induced for 2 h with either anti-Fas or UV irradiation treatment. (c) LEC-MФ were stimulated
with 100 ng/ml LPS for 4 h in the presence of medium alone, apoptotic supernatants, or 300 nM adenosine pretreated with active or denatured (95 °C, 5 min) adenosine
deaminase (ADA, 2 U/ml). TNF levels in supernatants were determined by ELISA. (d) LEC-MФ were pretreated with inhibitors of A2a (0.1 μM SCH442416) or A2b (0.5 μM
PSB603) before stimulation with 100 ng/ml LPS for 4 h in the presence of adenosine (300 nM) or apoptotic supernatants. TNF levels were determined by ELISA. Data presented
in (a–d) are mean± S.E.M. of two to three independent experiments. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)
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LEC-MФ, 0.3 μM). Previous studies have shown that TLR
activation of macrophages can increase expression of the
A2a and A2b-encoding genes Adora2a and Adora2b.31,32,35

We found that Adora2a, but not Adora2b, was significantly
increased by the LEC regimen (Figure 6b), with Adora2a
levels peaking 2–4 h after LEC treatment and remaining
elevated above MФ for 24 h (Figure 6c). Importantly, LEC-
induced upregulation of Adora2a and adenosine responsive-
ness was similar in RPMФ from WT and CD73− /− mice
(Supplementary Figures 4c and d). In addition, we found that
LEC treatment did not affect TNF suppression caused by
forskolin, a direct activator of cAMP, or by adenosine or
apoptotic cell supernatants in the presence of addition of two
different ADA inhibitors, erythro-9-(2-hydroxy-3-nonyl)ade-
nine (EHNA) and pentostatin (Figures 6d and e;
Supplementary Figure 4e). These results indicate that the
increased sensitivity of LEC-MФ to adenosine was not due to
LEC-induced changes in cAMP signaling or differences in
adenosine deaminase activity between MФ and LEC-MФ.36

Therefore, our findings show that increased expression of the
high-affinity adenosine receptor A2a, either ectopically
(Figure 5b) or via LEC treatment (Figures 6a–c), is sufficient
to sensitize macrophages to the sub-micromolar levels of
adenosine produced during efferocytosis (Figure 4g).
We next asked whether a similar increase in Adora2a levels

occurs in tissue-resident macrophages in the lung and
peritoneum during self-limiting inflammation in vivo. Following
i.p. injection of 1 × 106 heat-killed E. coli particles, we found
that Adora2a levels were significantly increased in FACS-
sorted F4/80+ tissue-resident macrophages as early as 4 h
and remained elevated above macrophages from untreated
mice up to 72 h (Figure 6f). Interestingly, Adora3, which
encodes the Gi/Gq-coupled A3 adenosine receptor, was
significantly increased over peritoneal macrophages from
untreated mice at 48 h after stimulation (Figure 6f). Similarly,
gene expression analysis of sorted alveolar macrophages
from mice following i.t. administration of LPS (20 μg) also
showed strikingly elevated levels of Adora2a and Adora2b

Figure 4 CD73 regulates apoptotic cell-mediated TNF suppression in macrophages. (a) Flow cytometry analysis of CD45+ cells obtained from bronchoalveolar lavage (BAL)
and peritoneal lavage of C57BL/6J mice. CD39 and CD73 surface levels on alveolar macrophages (red gate in upper left plot) and peritoneal macrophages (blue gate in lower left
plot) are shown in corresponding plots to the right. Numbers in plots indicate the percentage of each gated population. Results are representative at least five independent
experiments. (b) Flow cytometry analysis of CD39 and CD73 on four mouse macrophage types: bone marrow-derived macrophages (BMDM), RAW264.7, J774A.1, and BV-2.
Results are representative of at least three independent experiments. (c) WT LEC-MФ were treated with inhibitors of CD39 (10 μM POM-1) or CD73 (20 μM AMPCP) and
stimulated with 100 ng/ml LPS± live or apoptotic supernatants for 4 h and TNF levels determined by ELISA. Mean± S.E.M. of three independent experiments shown.
(d) LEC-MФ prepared from WTor CD73− /− mice were stimulated with 100 ng/ml LPS± apoptotic supernatants for the indicated times and TNF levels determined by ELISA.
Mean± S.E.M. of three independent experiments shown. (e) Total peritoneal cells harvested from WTand CD73− /− mice were analyzed for surface expression of CD39 and
CD73 by flow cytometry. Results are representative at least five independent experiments. (f) Above, flow cytometry analysis of CD39 surface expression on RPMФ from WTand
CD39− /−mice. Below, LEC-MФ prepared fromWTor CD39− /−mice were stimulated with 100 ng/ml LPS± apoptotic supernatants for 4 h and TNF levels determined by ELISA.
Mean± S.E.M. three mice per genotype. (g) Jurkat cells at 5 × 106/ml were treated with 250 ng/ml anti-Fas in serum-free medium for 2 h and nucleotide concentrations
determined by HPLC/MS. Results are representative of two independent experiments. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)
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in lung-resident macrophages (Figure 6g). These results
indicate that, like LEC-conditioned macrophages, elevated
adenosine receptor levels are a common response by tissue-
resident macrophages early after the onset of inflammation
in vivo.

CD73 regulation of macrophage responses to apoptotic
cell and inflammation in vivo. Although mouse peritoneal
and alveolar macrophages have previously been shown to

express CD73,18,19 presently very little is known about the
functional significance of CD73 on these macrophage
populations. To extend our investigation of CD73 beyond
TNF regulation, we tested whether CD73 has a role in
regulating other acute-phase, pro-inflammatory factors by
macrophages during efferocytosis as described in Figure 1d.
For this, we measured levels of MCP-1, MCP-3, MIP-1β
and CXCL10 produced by WT and CD73− /− peritoneal
macrophages following stimulation with LPS in the absence
or presence of apoptotic cells. Compared with WT LEC-MФ,
CD73− /− LEC-MФ produced significantly higher levels of
these four cytokines on stimulation with LPS+apoptotic cells
(Figure 7a). Because efferocytosis can skew macrophages
toward a pro-resolution or ‘M2-like’ phenotype,2 we compared
the expression of several genes associated with either M1- or
M2-like macrophage states in WTand CD73− /− LEC-MФ. As
shown in Figure 7b, CD73-deficient macrophages expressed
higher levels of Nos2 and lower levels of Tgfb in response to
treatment with LPS+apoptotic cells compared with WT LEC-
MФ. Although other genes implicated in M1/M2 polarization,
including Nr4a1, Vegf, and Timp1, did not reach statistical
significance in these experiments (Figure 7b), the expression
pattern of the five genes tested supports a potential role for
CD73 in efferocytosis-mediated programming of macrophage
toward a pro-resolution phenotype.
We then asked whether CD73 had a similar anti-

inflammatory role in vivo by comparing neutrophil recruitment
in WT and CD73− /− mice in the E. coli peritonitis model
described in Figure 6f. Compared with WT mice, the total
number of peritoneal neutrophils in CD73− /− mice was
significantly increased at 4 h post-treatment, whereas other
leukocyte populations were not different between these
groups (Figure 7c). Importantly, the total numbers of other
peritoneal leukocyte populations in untreated WT and
CD73− /− mice were comparable except for a modest
decrease in T cells (CD5hi) in CD73− /− mice (Supplemen-
tary Figure 4f). Thus CD73 has an important role in limiting
neutrophil recruitment in the context of mild, self-limiting
inflammation in vivo. This finding, together with our observa-
tion that CD73+ peritoneal macrophages express relatively
high levels of Adora2a and Adora2b under these conditions,
supports a role for CD73 in generating adenosine necessary
for the anti-inflammatory effects of A2 receptor activation.

Discussion

The precise role of apoptotic cell clearance by tissue
macrophages in the resolution of tissue inflammation remains
an open question.37,38 Here, we show that the 5′-ecto-
nucleotidase CD73 has a key role in regulating macrophage
immune responses during efferocytosis by converting AMP
released from apoptotic cells into adenosine to suppress
multiple pro-inflammatory cytokines. We specifically investi-
gated the role of CD73 in regulating TNF during efferocytosis
because suppression of TNF by apoptotic cells is one of
the most widely observed yet poorly understood conse-
quences of efferocytosis on macrophages.9,10 Although
numerous studies have shown that A2a and A2b activation
in macrophages can inhibit NFkB activity and Tnf transcription
downstream of TLR4 signaling, to our knowledge our study

Figure 5 CD73 on macrophages or apoptotic cells can mediate TNF suppression
during efferocytosis. (a) Above, flow cytometry analysis of CD39 and CD73
expression on surface of parental Jurkat cells or stable Jurkat cell lines expressing
CD39 or CD73. Below, CD73− /− LEC-MФ were stimulated with 100 ng/ml
LPS± live or apoptotic Jurkat cells for 4 h in the absence or presence of 20 μM
AMPCP and TNF levels determined by ELISA. Mean±S.E.M. of three independent
experiments shown. (b) RAW264.7 cells were transfected with plasmids encoding
YFPor A2a-YFP and subsequently FACS-sorted by YFPexpression. YFP+ cells were
plated and stimulated with LPS± apoptotic parental Jurkat cells or CD73-expressing
Jurkat cells and TNF levels measured by ELISA. Mean± S.E.M. of three independent
experiments shown. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)
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is the first to show an essential role for CD73 in mediating
adenosine receptor activation and immune regulation of
macrophages in response to dying cells.30,31,33 Interestingly,
CD73 on either the macrophage or apoptotic cell is sufficient
to mediate suppression of TNF during efferocytosis. This is an
important observation given that the expression of CD73
varies widely between different macrophage populations
and that most macrophage populations in fact do not
express CD73.39 These findings suggest that in tissues where
the resident macrophage populations are low or negative
for CD73, it is possible that recruited CD73+ leukocytes
(e.g., granulocytes, monocytes) could supply the nucleotidase

activity necessary to convert apoptotic cell-derived AMP to
adenosine and modulate macrophage inflammatory
responses.
Another important finding from our study is that suboptimal

TLR activation in macrophages potentiates the immunosup-
pressive effects of apoptotic cell-derived adenosine during
efferocytosis. The concentrations of AMP present in our
apoptotic cell cultures (o1 μM) were far below that required to
cause significant inhibition of TNF in resting macrophages.
However, we show that under conditions where A2a levels
were upregulated in macrophages, either due to LEC treat-
ment or ectopic expression of A2a, the CD73-dependent
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conversion of AMP from apoptotic cells effectively suppressed
TNF production. Similarly, Adora2a expression was signifi-
cantly upregulated in lung and peritoneal macrophages 4–6 h
after inducing mild inflammation in vivo. Notably, Adora2b
levels were also increased in macrophages under these
conditions, although A2b inhibition had only modest effects on
TNF production by LEC-MФ in efferocytosis cultures. Thus our
mechanistic studies reveal that the capacity of apoptotic cell-
derived AMP to suppress macrophages during efferocytosis
requires both CD73 (to convert AMP→ adenosine) and high
levels of A2a (to generate cAMP in response to low levels of
apoptotic cell-derived adenosine) to suppress TNF production
during efferocytosis. Because the upregulation of A2a in tissue

macrophages occurs in the first few hours of inflammation,
it is possible that AMP released by apoptotic cells during
inflammation could provide a key anti-inflammatory signal to
macrophages that promotes the transition from inflammation
to resolution. In agreement with this idea, we observed
significantly higher numbers of recruited neutrophils in the
peritonea of CD73-deficient mice compared with WT at 4 h
after inducing mild peritonitis.
Our findings also indicate that the outcomes of macrophage

encounters with apoptotic cells are not uniformly immunosup-
pressive, but instead are highly dependent on the physiologic
state of the macrophage.4,40 We found that the combination of
apoptotic cells and high-dose LPS stimulation on naive/resting

Figure 6 Low-dose endotoxin conditioning increases macrophage Adora expression and adenosine responsiveness. (a) WT MФ and LEC-MФ were stimulated with 100 ng/ml
LPS in the presence of the indicated concentrations of adenosine for 4 h and supernatant TNF levels were determined by ELISA. Data are expressed as the percentage of LPS-only
response for each condition, with the 50% maximum indicated by a dashed line. IC50 values are shown for MФ (right) and LEC-MФ (left). Mean±S.E.M. of three independent
experiments shown. (b) F4/80+ peritoneal macrophages sorted from WT mice were plated and left untreated (open bars) or given LEC treatment (filled bars) for 4 h. Adora2a and
Adora2b levels were quantified by qRT-PCR and normalized to Bactin.Mean±S.E.M. of three independent experiments shown. (c) F4/80+ peritoneal macrophages sorted fromWT
mice were LEC-treated for the indicated times and Adora2a expression normalized to Bactin at each point was determined by qRT-PCR and plotted as fold change in Adora2a relative
to time zero (untreated) macrophages. Mean±S.E.M. of two independent experiments shown. (d) WT MФ and LEC-MФ were pretreated with indicated concentrations of forskolin
and stimulated with 100 ng/ml LPS for 4 h. TNF levels were determined by ELISA and expressed as a percentage of LPS-only treated macrophages. Mean±S.E.M. of three
independent experiments shown. (e) WT LEC-MФ were pretreated or not with inhibitors of adenosine deaminase (10 μM EHNA or 10 μM pentostatin) and stimulated with 100 ng/ml
LPS± indicated concentration of adenosine for 4 h. TNF levels were determined by ELISA and expressed as percentage of LPS-only treated macrophages. Mean±S.E.M. of three
independent experiments shown. (f) WT mice were treated with 1x106 heat-killed E. coli particles i.p. for the indicated times and peritoneal macrophages isolated by FACS-sorting (
CD45+/7-AAD−/Siglec-F−/Ly6g−/CD19−/CD11b+/F480hi) into RNA extraction buffer. Adora expression normalized to Hprt at each point was determined by qRT-PCR and plotted as
fold change in Adora relative to macrophages from untreated mice. Mean±S.E.M. of two independent experiments with five total mice per time point are shown. (g) WT mice were
instilled i.t. with 20 μg LPS for the indicated times and alveolar macrophages in BAL were FACS-sorted (CD45+/7-AAD-/Siglec-F+) directly into RNA extraction buffer. Adora expression
normalized to Hprt at each point was determined by qRT-PCR and plotted as fold change in Adora relative to macrophages from untreated mice. Mean±S.E.M. of two independent
experiments with five total mice per time point are shown. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)

Figure 7 CD73 regulates expression of macrophage inflammatory markers and peritoneal cavity inflammation. (a) WT and CD73− /− LEC-MФ were stimulated with 100
ng/ml LPS in the absence or presence of apoptotic cells for 8 h and the indicated cytokines in the supernatants were measured by Luminex assay as part of the same experiments
described in Figure 1d. (b) WTand CD73− /− LEC-MФ were stimulated with 100 ng/ml LPS in the absence or presence of apoptotic cells for 4 h and analyzed for expression of
the indicated genes by qRT-PCR normalized to Bactin. Mean±S.E.M. of three independent experiments shown. (c) C57BL/6J (B6) and CD73− /−mice were injected with 1 × 106

heat-killed E. coli particles i.p. for 4 h. The percentage (left) and absolute numbers (right) of peritoneal cell populations were determined by flow cytometry. Cells were gated on
single, live, CD45+ cells before determination of population values. LPM, Large peritoneal macrophages. Mean± S.E.M. of two independent experiments with eight mice total per
group shown. (*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001)
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peritoneal macrophages significantly increased the produc-
tion of the 18 cytokines we measured compared with LPS
stimulation alone, including many pro-inflammatory cytokines
like IL-1β, IL-6, IL-12 and TNF that have been shown to be
suppressed by apoptotic cells in other studies.9,10 By contrast,
when macrophages were pre-conditioned with a suboptimal,
non-tolerizing dose of LPS, the pro-inflammatory effects of
apoptotic cells were significantly blunted, suggesting that the
early exposure of tissue-resident macrophages to low levels of
PAMPs and DAMPs present in the early stages of inflamma-
tion could have an important role in determining the response
of macrophages to apoptotic cells later during inflammation.
Our study also shows that CD73 has an important role in this
blunting effect for multiple pro-inflammatory cytokines, includ-
ing TNF, MIP-1β, MCP-1, MCP-3, and CXCL10.
On the basis of the data presented here using a relatively

simple macrophage conditioning model, we believe it is likely
that the exposure of tissue macrophages to low levels of other
PAMP or DAMP signals before encountering apoptotic cells
could have pronounced qualitative and quantitative effects
on macrophage inflammatory responses. By developing
advanced in vitro efferocytosis models that better reflect the
complex immune environment of an inflamed tissue, it will be
possible to more precisely define the molecular links and
immunologic consequences of macrophage interactions with
apoptotic cells on the progression and resolution of inflamma-
tion in vivo.

Materials and Methods
Mice. Animal experiments were approved by the University of Rochester Animal
Care and Use Committee and mice were housed under specific-pathogen
free conditions. C57BL/6J, BALB/cJ, 129S1 and CD73− /− (Nt5e− /−) mice were
obtained from Jackson Labs (Bar Harbor, ME, USA); CD39− /− (Entpd1− /−) mice
have been previously described41 and were obtained from Amgen (Thousand Oaks,
CA, USA). CD73− /− mice were maintained on a C57BL/6 background. Female
mice between 8 and 12 weeks of age were used for experiments unless
otherwise noted.

Reagents and antibodies. Commercial reagents were obtained from the
following vendors: heat-inactivated FBS (HI-FBS, Atlanta Biologicals, Flowery
Branch, GA, USA); cell culture media and additives (Cellgro, Manassas, VA, USA);
SCH442416 (A2a antagonist), PSB603 (A2b antagonist) and POM-1 (CD39
inhibitor) were purchased from Tocris Biosciences; bovine adenosine deaminase
and puromycin (EMD Millipore, Billerica, MA, USA); apyrase (New England Biolabs,
Ipswich, MA, USA); Ultrapure LPS (E. coli O111:B4, for in vitro studies) and Z-VAD-
FMK (Enzo Life Sciences, Farmingdale, NY, USA); adenosine, AMP, AMPCP (CD73
inhibitor) and bulk LPS (E. coli O111:B4) and zymosan (Sigma-Aldrich, St. Louis,
MO, USA). Antibodies used in this study were CD16/32 (93), CD19 (eBio1D3) CD5
(53-7.3), CD39 (24DMS1), CD45 (30-F11), CD73 (eBioTY/11.8, eBioscience, San
Diego, CA, USA),Tim-4 (RMT4-54), Siglec-F (E50-2440, BD Biosciences, San Jose,
CA, USA), hCD73 (AD2), F4/80 (BM8), CD11b (M1/70, Biolegend, San Diego,
CA, USA).

Cell isolation and culture. Resident peritoneal macrophages were
recovered from untreated mice via two serial lavages with 3 ml peritoneal lavage
media (cation-free HBSS, 0.5% heat-inactivated FBS, 2 mM EDTA). Cells were
washed once in RFHP10 media (RPMI 1640, 10% HI-FBS, 10 mM HEPES, 1%
penicillin–streptomycin–L-glutamine), resuspended in RFHP10 at a density of
2 × 105 cells per ml and plated at 5 × 104 cells per well in a 48-well tissue culture
plate. Elicited macrophages were harvested by peritoneal lavage from WT mice
4 days following i.p. injection with 1 ml 3% aged thioglycollate (BD, Spark, MD,
USA). For BMDM generation, bone marrow cells from C57BL/6J mice were
collected and red blood cells lysed using ACK lysis buffer (Sigma-Aldrich). Bone
marrow cells were washed and plated at 1 × 106 cells per ml on non-treated petri

dishes in RFHP10 containing 20 ng/ml M-CSF (eBioscience). Media was replaced
on days 3 and 6, and mature BMDM used on day 7. Jurkat human T cells (clone
E6.1) and RAW 264.7 murine macrophage-like cells were grown in RFHP10.
J774A.1 and BV-2 cells were cultured in DMEM containing 10% HI-FBS and 1%
penicillin–streptomycin–L-glutamine. Stable cell lines were grown in the absence of
selection antibiotic for at least 18 h before use in experiments.

Flow cytometry. Cells were treated with 1:100 anti-CD16/32 in cold FACS
buffer (cation-free PBS, 0.5% BSA, 0.05% NaN3) for 10 min on ice to block Fc
receptors before antibody staining. Surface staining was performed for 30 min on
ice, washed once with FACS buffer and analyzed on a LSR II or FACScalibur
cytometers (BD Bioscience). Flow cytometry data analysis was performed using
FlowJo 9.6.3 software (FlowJo LLC, Ashland, OR, USA). Cell sorting was performed
at the University of Rochester Flow Cytometry Core facility on a FACSAria-II cell-
sorter (BD Bioscience) or on a user-operated S3e cell-sorter (Bio-Rad, Hercules,
CA, USA) at the University of Rochester Center for Vaccine Biology and
Immunology (CVBI).

Plasmids and transfection. The pA-puro-CD73 expression construct was
generated by PCR cloning of human NT5E cDNA (Clone 6163101, Open
Biosystems, Huntsville, AL, USA) into the EcoRI/SalI sites of the pA-puro vector.42

Overall, 5 × 106 Jurkat cells were electroporated with 5 μg NotI linearized pA-puro
vector using a BTX830 electroporator (Harvard Apparatus, Cambridge, MA, USA)
and selection carried out using 400 ng/ml puromycin. Puromycin-resistant cells
were stained with anti-hCD73, and CD73+ cells FACS-sorted and single cell cloning
carried out by limiting dilution. hA2a-YFP was generated by PCR coning of
ADORA2a from a human reference cDNA pool (Clontech, Mountain View, CA, USA)
into EcoRI/BamHI sites of eYFP-N1 (Clontech). RAW 264.7 cells were transfected
with 2 μg hA2a-eYFP or eYFP-N1 by Amaxa Nucleofection, and allowed to grow for
24 h at which time cells were sorted to obtain 498% YFP+ cells and plated at
1 × 104 per well for experiments. Jurkat cells expressing hCD39 or site B mutant
pannexin-1 have been described elsewhere,25,26 and were maintained in 1 μg/ml
puromycin.

Apoptosis induction and supernatant preparation. Jurkat cells were
resuspended to 5 × 106/ml in RFHP2 and left untreated (‘live’), treated with 250 ng/
ml anti-Fas 2-3 hours (Clone CH11, EMD Millipore) or exposed to UV-C light for
5 min. Cells were cultured for 3 h at 37 °C/5% CO2 for apoptosis induction. Cell-free
supernatants were prepared by successive centrifugations: 5 min at 350 × g and
5 min at 2000 × g. For whole cell preparations, contents of wells were collected and
centrifuged 5 min at 350 × g and resuspended in RFHP2 before use in suppression
assays. ATP levels in supernatants were determined from Jurkat cells cultured in
RPMI 1640, 0.5% BSA, 10 mM HEPES, 1% penicillin–streptomycin–L-glutamine
and quantified as previously described.26

Quantification of adenine nucleotides by HPLC–MS. Purine
concentrations in conditioned media were analyzed largely as previously
described.43 Two hundred and fifty μl of conditioned media were combined with
an equivalent amount of 100% methanol (50% MeOH final). Samples were
subsequently spun down at full speed for 5 min at 4 °C and the remaining
supernatant was transferred to HPLC sample vials. Ten μl were analyzed with a
reversed-phase liquid chromatography (LC) method using tributylamine as an ion
paring reagent. Chromatography was performed using a LC-20AD HPLC system
(Shimadzu) and a Synergi Hydro-RP column (150 × 2 mm with a 5 μm-particle size;
(Phenomenex) coupled to a mass spectrometer. The LC parameters were as
follows: autosampler temperature, 4 °C; column temperature 40 °C; flow rate,
0.5 ml/min. The LC solvents were: solvent A, 100% methanol; solvent B, 10 mM
tributylamine and 15 mM acetic acid in 97 : 3 water : methanol. The gradient
conditions were as follows: t= 0, 85% B; t= 4, 3% B; t= 5, 3% B; t= 5.1, 85% B.
Mass spectrometric analyses were performed on a TSQ Quantum Ultra triple-
quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA),
running in negative mode with the following selected-reaction-monitoring (SRM)
transitions and collision energies: AMP 346 to 79 m/z at 18 eV; ADP 426 to 159 m/z
at 25 eV; ATP 506 to 159 m/z at 28 eV. Peak heights for metabolite chromatograms
were analyzed using the Excalibur software (Thermo Fisher Scientific).

Efferocytosis and cytokine suppression assays. RPMФ were plated
at 5 × 104 per well in 48-well tissue culture plates for 2 h at 37 °C/5%CO2. Media
was then replaced with 250 μl RFHP10 or priming media (RFHP10+1 ng/ml
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Ultrapure LPS) and cultured for 18 h. Media was then replaced with stimulation
media (RFHP2+100 ng/ml Ultrapure LPS). All drug treatments were added
coincident with stimulation. At indicated times, cell-free supernatants were collected
and stored at − 80 °C.

ELISA and luminex assays. ELISAs were performed using cell-free culture
supernatants diluted 1 : 2–1 : 20 in assay diluent and analyzed for cytokine levels
using ELISA Ready-SET-Go kits from eBioscience according to manufacturer’s
instructions. For Luminex assays, cell-free tissue culture supernatants were
collected 8 h post-treatment and analyzed for cytokine/chemokine levels using
ProcartaPlex Mouse Cytokine & Chemokine Panel 1 (26 plex) from eBioscience
according to manufacturer’s instructions. Sensitivities for all cytokines tested were
o3.43 pg/ml with the exception of IL-18 which has a sensitivity of 9.95 pg/ml. All
data was collected on a Bio-Plex 200 (Bio-Rad) at the Human Immunology Core
Facility (University of Rochester, Rochester, NY, USA).

Real-time PCR. RNA was isolated via DNase I-treated RNeasy columns
(Qiagen, Hilden, Germany) and cDNA was synthesized from 50 to 500 ng of RNA
using iScript cDNA synthesis kit (Bio-Rad) and quantitative PCR analysis carried out
on an ABI 7300 thermocycler (Applied Biosystems, Foster City, CA, USA) using
TaqMan probes (Life Technologies, Carlsbad, CA, USA). Owing to the low abundance
of Adora mRNA in unstimulated macrophages, some experiments included a 14-cycle
pre-amplification step before qPCR analysis as previously described.44 The following
TaqMan probes were used: Bact (Mm00607939_s1), Adora2a (Mm00802075_m1),
Adora2b (Mm00839292_m1), Adora3 (Mm01296602_m1) Hprt (Mm0046968_m1),
Nos2 (Mm00440502_m1), Nr4a1 (Mm01300401_m1), TNF (Mm00443258_m1),
Tgfb1 (Mm01178820_m1), Timp1 (Mm00441818_m1) and Vegfa (Mm00437304_m1).

Statistical analysis. Statistical significance of data was analyzed by one-way
ANOVA with Tukey’s multiple comparisons post-test using Prism 6 (GraphPad, La
Jolla, CA, USA). Differences were considered significant if the P-value was o0.05
(*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001 for all tests).
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