1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2019 July 15.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2019 January 15; 202(2): 527-538. doi:10.4049/jimmunol.1700783.

G2A Protects Mice against Sepsis by Modulating Kupffer Cell
Activation: Cooperativity with Adenosine Receptor 2b

Hong-Mei Li**, Ji Hye Jang®", Jun-Sub Jung®, Jiseon Shin**, Chul O. ParkT, Yeon-Ja Kim",
Won-Gyun Ahn*, Ju-Suk Nam”, Chang-Won Hong"2, Jongho Lee", Yu-Jin Jung*, Jiang-Fan
Chen8, Katya Ravid', H. Thomas Lee, Won-Ki Huh', Janusz H. Kabarowski#, and Dong-
Keun Song"

*Department of Pharmacology, Institute of Natural Medicine, College of Medicine, Hallym
University, Chuncheon, Gangwon-do 24252, Republic of Korea

TDepartment of Biological Sciences, Seoul National University, Gwanak-ro, Gwanak-gu, Seoul
08826, Korea

*Department of Biological Sciences, Kangwon National University, Chuncheon, Gangwon-do
24341, Republic of Korea

SDepartment of Neurology, Boston University School of Medicine, Boston, MA 02118

Departments of Medicine and Biochemistry, Boston University School of Medicine, Boston, MA
02118

'Department of Anesthesiology, College of Physicians and Surgeons of Columbia University, New
York, NY 10032

#Department of Microbiology, University of Alabama at Birmingham, Birmingham, AL 35294

# These authors contributed equally to this work.

Abstract

G2A is a GPCR abundantly expressed in immune cells. G2A~/~ mice showed higher lethality,
higher plasma cytokines, and an impaired bacterial clearance in response to a murine model of
sepsis (cecal ligation and puncture), which were blocked by GdCls, an inhibitor of Kupffer cells.
Anti-1L-10 Ab reversed the impaired bacterial clearance in G2A™'~ mice. Indomethacin effectively
blocked both the increased i.p. IL-10 levels and the impaired bacterial clearance, indicating that
disturbed PG system is the proximal cause of these phenomena. Stimulation with LPS/C5a
induced an increase in Escherichia coli phagocytosis and intracellular cCAMP levels in G2A**
peritoneal macrophages but not G2A~'~ cells, which showed more PGE/nitrite release and
intracellular reactive oxygen species levels. Heterologous coexpression of G2A and adenosine
receptor type 2b (A2bAR) induced a synergistic increase in cCAMP signaling in a ligand-
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independent manner, with the evidence of physical interaction of G2A with A2bAR. BAY 60—
6583, a specific agonist for A2bAR, increased intracellular cAMP levels in Kupffer cells from
G2A*"* but not from G2A~'~ mice. Both G2A and A2bAR were required for antiseptic action of
lysophosphatidylcholine. These results show inappropriate activation of G2A~/~ Kupffer cells to
septic insults due to an impaired cAMP signaling possibly by lack of interaction with A2bAR.

Sepsis remains a serious threat to human health, accounting for more than 250,000 deaths
per year for the US alone (1), with no current specific therapeutic agent. For the
development of therapeutic strategy for sepsis, the understanding of the pathophysiology of
sepsis needs to be improved.

G2A (from G2 accumulation) is a G protein-coupled receptor (GPCR) abundantly expressed
in various innate and adaptive immune cells (2). G2A has been shown to couple with
multiple G proteins, including Gag, Gag, and Ga3 (3). G2A~"~ mice were shown to have
abnormal expansion of B and T cell population and to develop a late-onset autoimmune
disease w(4). Double knockout mice of G2A™~/low-density lipoprotein receptor (LDLR™")
and G2A~'~/ApoE ™~ were shown to promote macrophages accumulation/activation in
atherosclerotic lesions (5, 6). However, the mechanisms of G2A™~ cells to show altered
inflammatory signaling have not been fully addressed. Further, the response of G2A™'~ mice
to septic insults has not yet been studied.

Lysophosphatidylcholine (LPC), an endogenous immune modulator (7), is regarded as a
G2A activator (8), as many actions of LPC depends on G2A (9-12). Previously, we reported
that LPC has a protective effect against a murine model of sepsis (cecal ligation and
puncture [CLP]), which was blocked by administration of anti-G2A Ab, suggesting the
involvement of G2A in the antiseptic action of LPC (13). In the subsequent experiment,
interestingly, we observed that G2A~'~ mice had a higher lethality in CLP. Thus, we set out
to study the mechanisms for the increased CLP lethality in G2A™~ mice.

We found that absence of G2A induces aberrant activations of Kupffer cells and peritoneal
macrophages in response to septic insults (both in vivo and in vitro), resulting in impaired
bacterial clearance due to disturbed PG systems. Furthermore, absence of G2A induced an
impaired cAMP signaling, possibly due to lack of positive interaction with adenosine
receptor A2b (A2bAR).

Materials and Methods
Mice
Six- to eight-week-old male C57BL/6J and G2A ~~ (B6 background) mice were used in this

study. The experiments were approved by the Experimentation Committee (Hallym
University). All the mice were housed under specific pathogen-free conditions.

Sepsis models

CLP was performed as described previously (13). Mice were anesthetized with 50 mg/kg
pentobarbital i.p., a small abdominal midline incision was made, and the cecum was
exposed. The cecum was mobilized and ligated below the ileocecal valve, punctured through
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both surfaces once with a 22-gauge needle, and the abdomen was closed (13). For another
sepsis model, 5 x 108 Escherichia coliwas i.p. injected to induce bacterial peritonitis.
Survival was monitored once daily for 10 d.

Splenectomy

Splenectomy was performed under deep anesthesia using pentobarbital (50 mg/kg, i.p.). A
left-sided infracostal 0.5-cm incision was made, the peritoneum was opened, and the splenic
artery and vein were ligated with sterilized 4-0 silk sutures separately. Spleen was removed,
and the incised abdominal muscles and skin were closed using sterilized 4-0 silk sutures
(14).

In vivo macrophage inhibition or depletion

Kupffer cells were inhibited or depleted using gadolinium chloride (GdCl3) (20 mg/kg;
Sigma-Aldrich) administered via tail vein 24 h before £. coliinjection or CLP. Control mice
were treated with equivalent volume of saline injection.

Determination of bacterial burden

For determination of bacterial burden in vivo, mice were anesthetized at 24 h after CLP or
16 h after £. coliinjection. Peritoneal lavage fluid was collected aseptically and diluted in
sterile PBS, plated onto Lysogeny broth agar plates, incubated overnight at 37°C, and the

numbers of CFUs were counted.

Determination of phagocytosis and bacterial killing

Bactericidal activity was determined as described previously (13, 15). Thioglycolate-induced
macrophages (1 x 10%/ml) were seeded on a 24-well plate in a humidified incubator (37°C,
5% CO,). Macrophages were then incubated with 107 £. coli (macrophage: £. coli =1:10)
for 30 min. After 30 min of incubation for the uptake of £. coli, unengulfed E. coliwere
washed out twice with PBS containing gentamicin (12.5 pg/ml) and another twice with PBS.
For determination of phagocytosed £. coli number, the plate was lysed with 0.1% Triton
X-100 in PBS after 30 min of £. coli uptake. Then, E. coliwere plated onto Lysogeny broth
agar plates, incubated overnight at 37°C, and the numbers of CFUs were counted. For
measurement of bactericidal activity, cells were incubated for 2 h after 30-min incubation for
bacterial uptake. The percentage of killing was calculated as 100 x (1—CFUs after 2-h
incubation/CFUs before 30-min incubation). For determination of the effects of C5a (Sino
Biological), LPS (Sigma-Aldrich), or C5a/LPS, macrophages were incubated with each
stimulator for 5 h, and then phagocytosis assay was performed. For the determination of the
effects of inhibitors, protein kinase A (PKA) inhibitor (H-89, 10 mM; Tocris Bio-science),
exchange protein directly activated by cAMP (EPAC) inhibitor (ESI-09, 10 pM; Tocris
Bioscience), or mTOR inhibitor (rapamycin, 100 nM; Sigma-Aldrich) were applied before
the addition of C5a/LPS.

Isolation of Kupffer cells

Kupffer cells were isolated from mice liver. In brief, under deep anesthesia using
pentobarbital (50 mg/kg, i.p.), the liver was perfused in situ with 10 ml of PBS (37°C) in the
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nonrecirculating fashion to drive out RBCs and subsequently perfused with 10 ml of RPMI
1640 (Hyclone) containing 0.1% collagenase (type 1V; Sigma-Aldrich). The liver was
removed, minced, and filtered through the mesh. The samples were suspended in RPMI
1640 and centrifuged at 300 x g for 5 min at 4°C; the cell sediments were resuspended with
RPMI 1640 and centrifuged at 50 x g for 1 min. The top aqueous phase containing mainly
nonparenchymal cells was reserved. To further purify the cells, cells were seeded on the
culture plate and incubated for 2-3 h in a humidified incubator (37°C, 5% CO,).
Nonadherent cells were removed from the dish by washing with PBS, and the adherent cells
were Kupffer cells (16). For the experiment with BAY 60-6583 (Tocris Bioscience), the
isolated Kupffer cells from G2A*"* and G2A~'~mice were preincubated with LPS (1 pg/ml)
for 24 h, and then LPS was washed out, and the cells were exposed to BAY 60-6583 (1 uM)
for 10 min, and the intracellular cAMP levels were measured.

Assay of cytokines and other mediators

Cell culture

Plasma cytokines were measured for MCP-1, TNF-a, IL-6, and IL-10 using a Cytometric
Bead Array according to manufacturer’s instructions (BD Biosciences). Adenosine was
measured using HPLC with fluorescence detection (excitation: 280 nm, emission: 380 nm)
(17). Mobile phase consisted of 12% methanol and 88% 10mM KH,PO4 (pH = 3.5); flow
rate was 0.9 ml/min. Levels of prostaglandin D, (PGD5; Cusabio Biotech), PGE, (Cayman),
CAMP (Enzo Life Sciences), IL-6, IL-10 (BioLegend), TNF-a. (AbFrontier), IL-1p
(eBioscience), high mobility group box 1 (HMGBL1) (IBL international), and lactate
dehydrogenase (LDH) (Takara) were determined using ELISA Kits. Nitrate levels in the
medium were determined using Griess reagent.

Mice were injected with 1 ml of 3% thioglycolate medium into peritoneum. Four days later,
cells were collected by injecting sterile ice-cold PBS into the peritoneal cavity and plated in
RPMI supplemented with 10% FBS, 100 U of penicillin, and 100 pg/ml streptomycin.
Macrophages were incubated overnight (37°C, 5% CO,) and washed with fresh medium to
remove nonadherent cells. G2A-transfected HEK-293 cells were cultured in DMEM
supplemented with 10% FBS, 100 U of penicillin, and 100 pg/ml streptomycin at humidified
incubator (37°C, 5% CO,).

Western blot

Kupffer cells and thioglycolate-induced macrophages were lysed in RIPA buffer containing
protease inhibitor and phosphatase inhibitor for 30 min on ice. After that, protein
concentrations were determined using a Bio-Rad colorimetric protein assay Kit. Proteins
were separated on SDS-PAGE gels and transferred onto a nitrocellulose membrane.
Caspase-1 (eBio-science), Akt, mTOR, p70S6K, EKR, p38, Ikb-a (Cell Signaling
Technology), COX-2 (Cayman), p-actin (Santa Cruz Biotechnology) were used as the
primary Abs. The membrane was then incubated with the corresponding anti-mouse and
anti-rabbit HRP-conjugated secondary Ab. Proteins were detected using the ECL system.
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Flow cytometry

To determine the expression of Ly6G, CD11b, and F4/80, cells were isolated from peritoneal
lavage fluid at 24 h post-CLP and fixed with Cytofix for 30 min in 4°C. After washing, cells
were stained with various Abs for 30 min in 4°C and assayed by using a flow cytometer
(FACS Calibur). Data were analyzed by FlowJo software.

Real-time PCR

Total RNA from thioglycolate-induced macrophages was obtained by TRIzol method. cDNA
was generated with ReverTra Ace gPCR RT Master Mix with gDNA Remover (Toyobo).
MRNAs for G2A and A2b were quantified by Thunderbird SYBR qPCR Mix (Toyoho)
using the Rotor-Gene Real-Time PCR System (QIAGEN). Results were evaluated by
applying the cycle threshold (ACt) method and normalized to GAPDH.

Luciferase reporter assay

HEK-293 cells were cultured in DMEM supplemented with 10% FBS in a humidified
incubator (37°C, 5% CO,). Cells were transfected at 60-70% confluency in 48-well plates
for 24 h using X-tremeGENE HP DNA Transfection Reagent kit (Roche) according to the
manufacturer’s instructions. Cells were transfected with G2A, A2bAR, or G2A + A2bAR,
and cAMP luciferase reporter construct (Promega). Then, luciferase activity was evaluated
with luminometer (Glomax, Promega, Sunnyvale, CA) using a Bright-Glo Luciferase Assay
System (Promega) according to the manufacturer’s recommendations.

Bimolecular fluorescence complementation analysis of G2A-A2bAR interaction

Cos-7 cells were seeded at a density of 7 x 103 cells per well in a black 96-well clear-bottom
plate in 100 pl of DMEM supplemented with 10% FBS. G2A and A2bAR tagged with the
N-terminal fragment of Venus and C-terminal fragment of Venus, respectively, were cloned
into pcDNA3.1 vector (Invitrogen) and transfected into cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. At 48 h after transfection, cells were
fixed with 2% formaldehyde and stained with Hoechst 33342 (Invitrogen). Bimolecular
fluorescence complementation (BiFC) and nuclear images were captured using IN Cell
Analyzer 2000 (GE Healthcare) using 20 x objective and 350/455 nm (for Hoechst) and
500/535 nm (for BiFC) excitation/emission filters with a polychroic mirror (QUAD?2).

Statistical analysis

GraphPad Prism 5 software was used for statistical analysis of the data. Survival curves were
analyzed by the log-rank test. Other data were analyzed by either one-way ANOVA followed
by Bonferroni test or Student #test. All data were presented as mean + SEM. For all
analyses, p < 0.05 was considered statistically significant.
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G2A~~ mice show higher lethality in sepsis with changes, suggesting inappropriate
activation of Kupffer cells

About 80% G2A*"* mice survived up to 10 d after CLP (one-puncture model) (Fig. 1A).
Conversely, all the G2A~/~ mice died by 8 d after CLP (Fig. 1A), demonstrating a markedly
higher susceptibility to experimental sepsis. In the more severe (i.e., two-puncture CLP
model) G2A~'~ mice still tended to show the higher lethality; however, it did not reach
statistical significance (p = 0.13) (Supplemental Fig. 1A).

Next, we compared the plasma cytokines levels in the G2A** and G2A~'~ mice at 8 h post-
CLP. As shown in Fig. 1B, the plasma levels of IL-6, IL-10, and TNF-a were markedly
higher in the G2A™~ mice than those of G2A*/* mice. When HMGBL, a late mediator of
sepsis (18), was measured at 24 h after CLP, G2A™'~ mice also showed a significantly higher
level of plasma HMGBL (Fig. 1C).

Spleen and liver play important roles in pathogenesis of sepsis (19). Therefore, we examined
whether spleen is responsible for the higher susceptibility of G2A™~ mice to CLP. After
splenectomy, G2A~'~ mice still had a higher susceptibility to sepsis than G2A** mice,
indicating that spleen is not the responsible organ (Supplemental Fig. 1B).

Another important organ for innate immunity during sepsis is liver (20). As Kupffer cells are
the major source for plasma levels of IL-6 (21) and IL-10 (22) during early (i.e., 3-12 h)
post-CLP period, our results (Fig. 1B) suggest that Kupffer cells are overly activated in G2A
I~ mice after CLP.

LPS administration induces a prompt PG D, release from Kupffer cells in the liver (23),
which leads to an increased glucose output from the nearby hepatocytes via enhanced
glycogenolysis (LPS — Kupffer cells — PGD, — hepatocyte glycogenolysis), ultimately
resulting in hepatic glycogen depletion and transient hyperglycemia (24). Thus, we assessed
PGD,, level in the liver after CLP. As shown in Fig. 1D, PGD> level was significantly higher
at 1 hin G2A™~ mice than in G2A*"* mice; however, at a later time point (i.e., 9 h), it
tended to be lower (p = 0.052). At 3 h post-CLP, G2A™~ mice had hepatic glycogen more
depleted than G2A** mice (Fig. 1E) and accompanying transient hyperglycemia (Fig. 1F).
Taken together, these findings suggest that Kupffer cells are inappropriately activated in
G2A~"~ mice after CLP.

Kupffer cell inhibition blocks the enhanced susceptibility of G2A™~ mice to sepsis

GdCl3 depletes or inhibits Kupffer cells (25). Thus, we examined whether pretreatment with
GdCl3 blocks the enhanced CLP lethality accompanied with various exaggerated changes
observed in the G2A™"~ mice (Fig. 1). GACl; pretreatment (20 mg/kg, i.v.) did not affect
CLP lethality in G2A*"* mice (Fig. 2A). However, strikingly, GdCl; markedly rescued G2A
=/~ mice from CLP lethality (Fig. 2A), resulting in no significant difference in CLP lethality
between G2A*"* and G2A~~ mice. Similar findings of GdCl3 pretreatment were also
observed in sepsis induced by £. coliinfection in G2A™~ mice (Fig. 2B).
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G2A~~ mice showed a significantly lower rectal temperature (one of the in vivo parameters
for the severity of sepsis) than G2A™* mice at 24 h after CLP surgery, but the difference was
eliminated with GdCl3 pretreatment (Fig. 2C). All these results suggest that the higher CLP
lethality in the G2A™~ mice (Fig. 1A) is due to inappropriate activation of Kupffer cells.

HMGBL is released from activated macrophages via inflammasome NLRP3 along with
IL-1B and LDH (26). As shown in Fig. 2D, the plasma levels of HMGB1, IL-1p, and LDH
were significantly higher in G2A~/~ mice at 24 h post-CLP compared with G2A*"* mice. For
HMGBI, the difference between G2A** and G2A™'~ mice disappeared by GdCls
pretreatment. Post-CLP IL-1b and LDH levels in G2A / mice were significantly lessened by
GdClj pretreatment. Next, we directly tested inflamma- some NLRP3 activity in the Kupffer
cells isolated from G2A*"* and G2A~/~ mice. Kupffer cells isolated from G2A™~, not G2A
*I* 'mice showed an increased cytotoxicity (Fig. 2E) and more active caspase-1
(Supplemental Fig. 1C) in response to monosodium urate (MSU, 200 ug/ml) and ATP (5
mM). Furthermore, GdCl3 pretreatment eliminated or alleviated the difference between G2A
*I* and G2A~"~ mice in plasma IL-6, IL-10, and TNF-a levels (Fig. 2F).

Next, we directly measured IL-1p and IL-10 released from isolated Kupffer cells from G2A
*I* and G2A~'~ mice. Both basal and LPS-stimulated release of IL-1B (Supplemental Fig.
1D) and 1L-10 (Fig. 2G) were significantly more marked in G2A~/~ Kupffer cells compared
with G2A*"* Kupffer cells. Taken together, these results show that inappropriate activation
of G2A~/~ Kupffer cells in response to septic insults leads to the higher susceptibility of
G2A~"~ mice to sepsis.

Impaired bacterial clearance in G2A™~ mice is rescued by pretreatment with GdCl3 or anti
—IL-10 Ab

Sepsis is frequently accompanied with immunosuppression as manifested by impaired
bacterial clearance (27). To determine whether G2A affects bacterial clearance in CLP- and
E. coli-in- duced peritonitis, we evaluated the number of viable bacteria in peritoneal lavage
fluid from G2A*"* and G2A™~ mice at 19-24 h post-CLP or 18 h postinoculation of £. coli
(Fig. 3A). G2A™~ mice had an impaired bacterial clearance as shown by a significantly
higher number of viable bacteria in peritoneal cavity compared with G2A** mice (Fig. 3A).
Impaired bacterial clearance can be resulted from impaired immune cell infiltration into the
peritoneal cavity. However, there was no difference between G2A** and G2A™'~ mice in the
peritoneal infiltration of macrophages and neutrophils (Supplemental Fig. 2A-C).

Next, we evaluated the intracellular number of bacteria in peritoneal exudate cells at 17 h
after £. coli infection. G2A™'~ mice had significantly fewer intracellular numbers of bacteria
in peritoneal exudate cells compared with G2A*"* mice, implying impaired phagocytosis
ability (Fig. 3B, left panel). However, isolated peritoneal exudate cells as well as Kupffer
cells and bone marrow-derived macrophages from G2A*"* and G2A™~ cells had similar
phagocytosis ability when measured in in vitro condition (Supplemental Fig. 2D-F).

Thus, we hypothesized that a humoral factor in the peritoneal cavity inhibits phagocytosis of
peritoneal exudate cells in G2A~'~ mice. IL-10 is known to inhibit phagocytosis (28). As
plasma IL-10 level was markedly increased in G2A™~ mice (Figs. 1B, 2F), we hypothesized
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that i.p. IL-10 level could also be increased in G2A~'~ mice, leading to inhibition of
phagocytosis of peritoneal exudate cells. Thus, we examined IL-10 levels in peritoneal
lavage fluid at 17 h after £. coliinfection. G2A~/~ mice showed markedly higher IL-10
levels in peritoneal lavage fluid compared with G2A** mice (Fig. 3B, right panel).

Next, we examined whether neutralizing IL-10 with anti-1L-10 Ab rescues the impaired
bacterial clearance in G2A™~ mice. The result shows that this was the case (Fig. 3C),
indicating that the impaired i.p. bacterial clearance was due to the increased i.p. I1L-10 levels.
Taken together, these results suggest that G2A plays an important role in bacterial clearance
via modulation of IL-10 levels.

Next, we examined whether GdClI3 pretreatment restores the impaired bacterial clearance
and the increased i.p. IL-10 levels in G2A™~ mice. GdCl5 pretreatment markedly decreased
the number of viable bacteria in peritoneal lavage fluid in G2A™~ mice, whereas it tended to
increase it in G2A*"* mice, resulting in a reversed significant difference between G2A**
and G2A~'~ mice (Fig. 3D, left panel). The increased IL-10 level in peritoneal lavage fluid in
G2A~~ mice was effectively lowered by GdCls pretreatment (Fig. 3D, right panel). Taken
together, these results suggest that inappropriately activated Kupffer cells overly produce
IL-10, resulting in impaired bacterial clearance in G2A™'~ mice.

Next, as PGE, induces IL-10 release in the macrophages (29), to examine whether the
higher 1L-10 levels in peritoneal lavage fluid from the G2A™/~ mice is induced by PGEj, we
measured PGE; levels in the peritoneal lavage fluid. As shown in Fig. 3E, in an intriguing
similarity to the PGD> levels in the liver shown in Fig. 1D, PGE; levels were significantly
increased at the early time point (4 h); however, it was significantly decreased at the later
time point (15 h).

Next, to examine the causal relationship between levels of PGE; and IL-10, we examined
the effect of indomethacin (a cyclooxygenase inhibitor) treatment on the peritoneal lavage
fluid I1L-10 levels. Indomethacin (5 mg/kg, i.p.) was injected 1 h before £. coliinjection. As
shown in Fig. 3F, indomethacin treatment effectively blocked the increased IL-10 levels (left
panel) and the impaired bacterial clearance (right panel) in the G2A~/~ mice. Taken together,
these results suggest that the overly produced PGE; in the early time point results in
increased 1L-10 levels, which subsequently induces impaired bacterial clearance in G2A™~
mice.

Abnormal responses of G2A™~ macrophages to the in vitro condition of sepsis

G2A is abundantly expressed in the macrophages (30). Thus, we examined whether G2A
affects macrophage activation in vitro, using thioglycolate-induced peritoneal macrophages.
To mimic septic conditions more relevantly, we stimulated thioglycolate-induced
macrophages with C5a (1 ug/ml) and LPS (1 pg/ml), two important endogenous and
exogenous mediators of sepsis, respectively (31), and monitored levels of PGEy, nitrite in
the medium, and intracellular levels of reactive oxygen species (ROS) and cAMP. As shown
in Fig. 4A-C, C5a had no effect in levels of PGE,, nitrite, and ROS. Conversely, LPS
increased them, how-ever, with no difference between G2A*"* and G2A~'~ macro-phages,
except in the case of PGE,, where G2A™'~ macrophages released significantly more PGE;.
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Interestingly, C5a/LPS cotreatment induced a marked difference between G2A** and G2A
I~ macrophages in the increase in the levels of PGEy, nitrite, and intracellular ROS (Fig.
4A-C). Particularly, for nitrite, the addition of C5a to LPS significantly decreased nitrite
levels in the G2A** macrophages; however, it significantly increased nitrite levels in the
G2A~"~ macrophages (Fig. 4B).

One of the intracellular signaling effectors of G2A is CAMP (3). Intracellular cCAMP level is
an important regulating factor for macrophage activation (32); particularly, high intracellular
cAMP levels inhibit the synthesis/release of macrophage NO/nitrite (33) and ROS
production (34). Thus, we hypothesized that G2A™~ macrophages may have an impaired
ability for cAMP increase after C5a/LPS stimulation. Remarkably, C5a/LPS significantly
increased intracellular cAMP levels in G2A**, but not G2A™~, macrophages (Fig. 4D).

Taken together, we found an in vitro sepsis-like condition that can differentiate G2A™'~ from
G2A*"* macrophages (i.e., C5a/ LPS costimulation). In this condition, G2A~/~ macrophages
showed features of inappropriate activation with the impaired ability of increasing
intracellular cAMP levels. These findings suggest that G2A is involved in elevating CAMP
levels in macrophages in response to C5a/LPS.

C5a/LPS markedly increases phagocytosis in G2A**, but not G2A™~, macrophages via
CAMP signaling

Next, we assessed £. coli phagocytosis in the thioglycolate-induced macrophages from G2A
*I* and G2A~'~ mice at 5 h after C5a/LPS stimulation. In the vehicle-treated group, there
was no difference in £. coli phagocytosis between G2A** and G2A~~ macrophages.
However, C5a/LPS stimulation for 5 h induced a marked increase (1.9-fold) in phagocytosis
in G2A*"*, but not G2A™/~, macrophages (Fig. 5A).

Next, we examined whether the increased phagocytosis in G2A** macrophages was
dependent on the cAMP signaling pathway. We treated macrophages with inhibitors for
PKA and EPAC, two direct effectors of cAMP. As shown in Fig. 5A, both PKA inhibitor
(H-89; 10 uM) and EPAC inhibitor (ESI-09; 10 uM) effectively blocked the C5a/LPS
stimulation-induced increase in phagocytosis in G2A*/* macrophages, with no effect on
G2A~~ macrophages. The inhibitory effect of H-89 on phagocytosis in macrophages has
been previously reported (35). These data suggest that PKA and EPAC are involved in C5a/
LPS-induced increase in phagocytosis of G2A** macrophages.

Next, we examined bactericidal activity of G2A** and G2A~/~ macrophages. Interestingly,
in contrast to phagocytosis, bactericidal activity of G2A™~ macrophages was markedly
depressed in the basal condition compared with G2A~/~ macrophages (Fig. 5B). C5a/LPS
stimulation induced a significant increase in bactericidal activity of G2A**, but not G2A™/~,
macrophages (Fig. 5B).

G2A enhances A2bAR-mediated cAMP signaling: direct physical interaction with A2bAR

A2bAR is a representative immune regulatory GPCR coupled to cAMP signaling (36). Its
expression is markedly induced in the activated macrophages (37). We assessed mRNA
expression of G2A and A2bAR in LPS-stimulated thioglycolate-induced G2A**
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macrophages using real-time quantitative PCR. mRNA levels of G2A (Fig. 6A) and A2bAR
(Fig. 6B) were markedly increased at 5 h after LPS stimulation by 3.5- and 127- fold,
respectively, consistent with the previous reports (38).

Next, we evaluated the effect of G2A on the cAMP-dependent signaling activity. After
HEK-293 cells were transfected with G2A + cAMP-luciferase reporter construct (luc),
A2bAR + cAMP-luc, and G2A + A2bAR + cAMP-luc reporter plasmids, luciferase activity
representing cAMP-dependent signaling activity was measured in the absence of specific
ligands for each GPCR (Fig. 6C). Overexpression of G2A and A2bAR elevated CAMP
reporter luciferase activity by 3- and 33-fold, respectively (Fig. 6C). Interestingly,
coexpression of G2A and A2bAR induced a synergistic increase in luciferase activity (i.e.,
nearly 30% increase compared with A2bAR-only expression).

Next, we examined whether G2A and A2bAR physically interact with each other using
BiFC assay. Cos-7 cells coexpressing N-terminal fragment of Venus-tagged G2A and C-
terminal fragment of Venus-tagged A2bAR exhibited a clear BiFC signal (Fig. 6D),
indicating the presence of direct physical interaction between G2A and A2bAR. Taken
together, these data suggest that G2A can significantly enhance A2bAR-mediated cAMP
signaling via direct interaction with A2bAR in a ligand-independent manner.

Because the enhanced susceptibility of G2A™~ mice to sepsis was due to the inappropriate
activation of Kupffer cells in response to septic stimuli (Fig. 2), we examined the
cooperativity between G2A and A2bAR in the isolated Kupffer cells. Remarkably, BAY- 60—
6583, a specific agonist for A2bR, markedly increased intracellular cAMP levels in the
isolated Kupffer cells from G2A*"*, but not G2A™'~ mice (Fig. 6E), suggesting the
cooperativity between G2A and A2bAR.

Rapamycin blocks C5a/LPS-induced increase in phagocytosis of G2A** macrophages

Akt pathway has been shown to be a target of cAMP (39). To further elucidate the
differences in molecular signaling between G2A** and G2A~/~ macrophages, we examined
the protein levels of p-Akt, p-mTOR, and p-p70S6K after C5a/LPS stimulation. As shown in
Fig. 7A-D, C5a/LPS stimulation significantly decreased Akt phosphorylation at T308 (but
not at S473) and markedly increased p-mTOR and p-p70S6K in G2A**, but not G2A™,
macrophages. As mTOR regulates phagosome and vacuole fission (40), we examined
whether rapamycin, an inhibitor of mTOR, can inhibit the C5a/LPS-induced increase in
phagocytosis of G2A** macrophages. As shown in Fig. 7E, rapamycin (100 nM) effectively
inhibited the C5a/LPS-induced increase in phagocytosis in G2A*/* macrophages, consistent
with a previous study that showed that rapamycin inhibits phagocytosis in macrophages
(41). These data suggest that p-mTOR signaling is involved in C5a/LPS stimulation-induced
increase in phagocytosis in G2A** macrophages.

LPC has no protective effect on CLP-induced sepsis in either G2A~'~ or A2bAR™'~ mice and
in GdCls-pretreated mice

We previously reported that LPC (an effector for G2A) protection against CLP-induced
lethality is blocked by anti-G2A Ab (13). In this study, we tried to confirm the involvement
of G2A in the antiseptic effects of LPC using G2A*"* and G2A™~ mice. Sub-cutaneous
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administration of LPC (10 mg/kg, four times at 12-h interval beginning 2 h after CLP)
significantly increased survival in CLP in G2A** mice (Fig. 8A), as reported previously
(13), but not in G2A™~ mice (Fig. 8B). Next, based on our previous finding of interaction
between G2A and A2bAR (Fig. 6C-E), we investigated whether A2bAR is also involved in
the antiseptic effects of LPC. Remarkably, LPC protected ALAR™~, A2aAR™~, and A3AR
/= (Supplemental Fig. 3A-C) but not A2bAR™~ (Fig. 8C) mice from CLP-induced lethality.
Intriguingly, a s.c. injection of LPC (10 mg/kg) induced a significant increase in plasma
adenosine levels in G2A** but not in G2A™~ mice (Fig. 8D). These results suggest that the
protective effect of LPC against CLP-induced lethality depends on G2A and A2bAR, further
suggesting the interaction between G2A and A2bAR.

Previously, we reported that LPC administration inhibits experimental sepsis-induced
increase in plasma IL-1p levels (7). As we found in the current study that indomethacin
effectively blocked both the increased i.p. IL-10 levels and the impaired bacterial clearance
observed in G2A™~ mice (Fig. 3F), we became interested in examining the effect of in-
domethacin on the LPC inhibition of plasma IL-1p increase. Indomethacin pretreatment
blocked the LPC inhibition of plasma IL-1p increase in CLP mice (Supplemental Fig. 3D),
suggesting the involvement of PG systems in the antiseptic mechanisms of LPC.

Next, we examined whether thioglycolate-induced A2bAR™/~ macrophages show no
increase in phagocytosis in response to C5a/ LPS stimulation as in the case with G2A™~
macrophages (Fig. 5A). As shown in Fig. 8E, C5a/LPS stimulation could not increase
phagocytosis in A2bAR ™~ macrophages. These results suggest that C5a/LPS-induced
increase in phagocytosis of macrophages depends on G2A and A2bAR, giving other
evidence suggesting the interaction between G2A and A2bAR.

Finally, we examined whether pretreatment with GdClI3 blocks LPC’s antiseptic effects in
CLP model. As shown in Fig. 8F, GdCl3 pretreatment completely blocked the protective
effects of LPC against CLP lethality. This result suggests that the protective effect of LPC
against CLP-induced lethality depends on intact Kupffer cells.

Discussion

Kupffer cells, comprising up to 80% of tissue-resident macrophages in the body, are
critically involved in innate immunity processes by the phagocytosis of bacteria by secretion
of proinflammatory and anti-inflammatory cytokines and by the recruitment of other
immune cells to the liver (42). Activated Kupffer cells release inflammatory cytokines (43)
and are also a major source of 1L-10 during septic peritonitis (44).

We found in the current study the increased susceptibility of G2A KO mice to sepsis.
Remarkably, nearly all the differences between G2A*"* and G2A™~ mice in response to
septic insults were blocked or at least alleviated by pretreatment with GdCls, a well-known
specific inhibitor of Kupffer cells (25, 45) (Fig. 2), implicating G2A as an important
modulator of Kupffer cells activation in response to septic stimuli. In line with this
contention, the antiseptic actions of LPC, an activator of G2A, was lost by pretreatment with
GdCl3 (Fig. 8F), implicating the Kupffer cells as the target for the antiseptic actions of LPC.
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Immune suppression is regarded as an important pathogenetic factor for determination of
outcome of septic patients. Importantly, G2A~'~ mice showed defects in bacterial clearance
in sepsis (Fig. 3A). G2A™/~ septic mice had particularly higher IL-10 levels both in plasma
(Fig. 1B, middle panel) and in peritoneal fluid (Fig. 3B, right panel), and remarkably, anti-
IL-10 Ab pre-treatment clearly rescued the impaired bacterial clearance in G2A™~ septic
mice (Fig. 3C), displaying the link between G2A and IL-10 in the septic condition.

An additional important finding was that G2A~'~ septic mice had dysregulated PG responses
to septic insults (Figs. 1D, 3E). Furthermore, indomethacin, an inhibitor of PG synthesis,
effectively reversed both the increased IL-10 levels (Fig. 3F, left panel) and the impaired
bacterial clearance (Fig. 3F, right panel) in G2A™'~ septic mice, proposing PGs, an important
immune-modulating mediator, as an additional component of dysregulated immune
environments for G2A™'~ septic mice (G2A — PGs — 1L-10). Kupffer cells are known to
be the main source for PGD, and PGE, (23, 46, 47), which play important roles in the
modulation of the inflammatory response (48, 49).

Because G2A is abundantly expressed in the macrophages (30), and sepsis is a systemic
disease, we extended our study to the peritoneal macrophages. We attempted to delineate the
differences between G2A** and G2A~/~ macrophages in activation in response to C5a/LPS
stimulation. We found significant differences in nitrite (NO) and intracellular ROS
production between G2A** and G2A™/~ macrophages (Fig. 4A, 4B). It is interesting that the
presence or absence of G2A did not affect LPS-induced effects both in in vivo (H.-M. Li, J.-
S. Jung, and D.-K. Song, unpublished observations) and in vitro conditions (Fig. 4),
implying that G2A does not affect LPS signaling. G2A only affected the macrophage
responses to C5a/LPS costimulation. Considering that C5aR is one of the GPCRs
abundantly expressed in macrophages (50), it would be possible that an interaction between
G2A and C5aR might also occur. These in vitro results suggest that G2A is required for
macrophages to increase phagocytosis and bactericidal activity in septic condition (i.e.,
C5a/LPS stimulation) on the one hand, and on the other hand, G2A is required for
macrophages not to be inappropriately activated, for example, in terms of release of PGE,
and nitrite and increase in intracellular ROS.

cAMP, an important intracellular second messenger, modulate macrophage function (51); it
inhibits macrophage activation (32, 52), NLRP3 inflammasome activation (53, 54), and ROS
production (34). In line with this contention, C5a/LPS-stimulated G2A~'~ macrophages
released significantly more nitrite (NO) and had higher intracellular ROS level accompanied
with a significantly low cAMP level compared with G2A*"* macrophages (Fig. 4). Further,
for the isolated Kupffer cells, stimulation with MSU and ATP after priming with LPS
induced cytotoxicity in G2A~'~ but not G2A*"* macrophages (Fig. 2E), in line with the
previous reports on the negative regulation of NLRP3 inflamma-some activation by cAMP
(53, 54).

A2bAR (via cCAMP signaling), the expression of which is markedly induced by LPS (Fig.
6B), a typical septic stimulus (55), is one of the major GPCRs involved in
immunomodulation (56). Particularly, A2bAR has many anti-inflammatory effects (57-59).
In line with these reports, the protective effect of A2bAR against CLP was reported (60).
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In the current study, a ligand-independent cooperativity between G2A and A2bAR in the
cAMP signaling was observed (Fig. 6C) with evidence of the direct physical interaction
between G2A and A2bAR in the heterologous overexpression systems (Fig. 6D).
Furthermore, the cooperativity between G2A and A2bAR in the specific A2bAR agonist
(BAY 60-6583)-induced cAMP signaling was also suggested in the isolated Kupffer cells
(Fig. 6E). Similar experiments using G2A agonists are needed to further support the
cooperativity between G2A and A2bAR in the cAMP signaling. Inhibition of A2aAR
signaling by heteromer formation with A2bAR was recently reported (61). However, the
evidence for the cooperative heteromer formation of A2bAR with other GPCRs has not been
reported.

Additionally, the increased phagocytosis in G2A** macro-phages after C5a/LPS treatment
was inhibited by H-89 and ESI-09 (Fig. 5A). In line with these data, defective phagocytosis
from C3H/HeJ peritoneal macrophages was reported to be corrected by cAMP-elevating
agents (62). Further, isoproterenol-induced increase in £. coli phagocytosis in macrophages
was reported to be prevented by H-89 (35). As cAMP-elevating agents promote resolution of
inflammation (63, 64) and induce macrophage polarization with a phenotype that enhances
the resolution of systemic inflammation (65), the lower levels of CAMP in stimulated
macrophages (Fig. 4D) may be linked to the more severe sepsis in G2A™~ mice (Fig. 1).

PI3K/Akt pathway is an important signaling pathway in in-flammatory cells (66). CAMP
elevation induces Akt inhibition via PKA and EPAC (67, 68). Akt signaling was evaluated to
understand the signaling downstream of cAMP in C5a/LPS-stimulated G2A ™/~
macrophages. Usually, Akt, mTOR, and p-p70S6K signaling change in the same direction.
However, some reports show opposite changes between Akt and mTOR/p-p70S6K signaling
(69-72). In line with the aforementioned studies, the data showed that a significant decrease
in Akt (T308) phosphorylation accompanied a significant increase in p-mTOR and p-
p70S6K in C5a/LPS-stimulated G2A**, but not G2A™~, macrophages (Fig. 7A-D). It is
well known that mTOR regulates phagosome, and rapamycin inhibits macrophage
phagocytosis (40, 41, 73, 74). In line with this contention, the increased phagocytosis in
C5a/ LPS-stimulated G2A** macrophages was effectively blocked by rapamycin (Fig. 7E),
implicating the involvement of mTOR signaling.

Quite intriguingly, we found several additional pieces of experimental evidence for the
intimate relationship between G2A and A2bAR in sepsis. Both G2A and A2bAR were
required for the antiseptic actions of LPC (Fig. 8A—C) and for C5a/LPS costimulation-
induced increase in phagocytosis in peritoneal macrophage (Fig. 8E). Additionally, for
another line of evidence for G2A and A2bAR interaction, we observed that G2A is required
for LPC administration-induced increase in plasma levels of adenosine, an endogenous
agonist for A2bAR (Fig. 8D). Detailed mechanistic studies remain to be done to fully
delineate the complex relationship among LPC, G2A, and A2bAR in the context of sepsis.

Collectively, our findings show the protective role of G2A during sepsis. It is suggested* that
G2A in macrophages functions as a ballast point in the context of sepsis, helping
macrophages to respond adequately but not inappropriately. G2A acts as a booster for cAMP
signaling possibly by interaction with A2bAR, resulting in restraining of excessive
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inflammatory responses and, at the same time, increasing phagocytosis. This action
mechanism of G2A could shed light on the previously unexplained proin-flammatory
characteristics of G2A™~ cells (5, 6, 75, 76) and make G2A act as a useful fine modulator
for macrophage activation in the pathologic conditions of sepsis.
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Refer to Web version on PubMed Central for supplementary material.
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Enhanced susceptibility to sepsis in G2A~/~ mice. (A) Survival of G2A** and G2A™~ mice
after CLP (one-puncture model; 7= 8). (B) Plasma cytokine levels in G2A** and G2A~/~
mice at 8 h after CLP (7= 8-17). (C) Plasma HMGB-1 levels in G2A*"* and G2A™~ mice
at 24 h after CLP (n=17). (D) PGD, level in liver at 1, 3, and 9 h post-CLP (7= 4). (E)
Glycogen level in liver at 3 h post-CLP (7=15). (F) Blood glucose level up to 6 h after CLP
(n=49-52) (for zero time point) and 8-10 (for other time points). Animal survival was
analyzed by log-rank (Mantel-Cox) test in (A), one-way ANOVA and post hoc Bonferroni
test were used in (B)—(D), and t test was used in (E) and (F). *p <0.05, **p <0.01, ***p
<0.001.
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FIGURE 2.

GdCl5 rescues G2A™'~ mice from enhanced susceptibility to sepsis and blocks various
exaggerated responses to CLP. (A) Survival after CLP in the saline- or GdCls-pretreated
G2A** and G2A™~ mice (7=11-14). (B) Survival after £, coli-induced sepsis in the saline-
or GACls-pretreated G2A** and G2A~~ mice (7= 13-15). (C) Rectal temperature at 24 h
after CLP in the saline- or GdCls-treated G2A*"* and G2A™~ mice (7= 8-11). (D and F)
Post-CLP plasma levels of HMGB-1, IL-1p, LDH, IL-6, IL-10, and TNF-a in the saline- or
GdCls-pretreated G2A**and G2A™~ mice (n = 4-11). (E) NLRP3 inflammasome responses
in isolated Kupffer cells from G2A™~, but not G2A**, mice (7= 8-9). (G) Both basal and
LPS-stimulated IL-10 release from Kupffer cells isolated from G2A*"* and G2A~'~ mice
measured at 8 h after the addition of LPS (1 pg/ml). A ttest was used in (A), (B), and (E),
and one-way ANOVA and post hoc Bonferroni test were used in (C), (D), and (F). *p < 0.05,
**p<0.01, ***p<0.001.
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FIGURE 3.

Increases in peritoneal viable bacteria and IL-10 level in G2A™~ mice. (A) Number of
viable bacteria in the peritoneal lavage fluid at 19-24 h after CLP and at 18 h after E. coli
injection (n=7-13). (B) Number of viable bacteria in the peritoneal exudates cells at 17 h
after £. coliinjection and peritoneal lavage fluid IL-10 level from G2A*"* and G2A™~ mice
at 17 h after £. coliinjection (n=9-10). (C) Number of viable bacteria in the peritoneal
lavage fluid at 16 h after £. coliinjection in the isotype— or anti—IL-10 Ab-pretreated G2A
*1* and G2A™~ mice (7= 5). (D) Number of viable bacteria and I1L-10 level in the peritoneal
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lavage fluid at 17 h after £, coliinjection in the saline- or GdCls-pretreated G2A*'* and
G2A~~ mice (n= 10-12). (E) Peritoneal lavage fluid PGE level from G2A*"* and G2A™/~
mice at 4 and 15 h after CLP (n=8-12). (F) IL-10 level and the number of viable bacteria in
the peritoneal lavage fluid from G2A** and G2A~/~ in the saline- or indomethacin-
pretreated mice at 16 h after E. coliinjection (7= 8-9). Indomethacin (5 mg/kg, i.p.) was
injected 1 h before £. coliinjection. A ttest was used in (A), (B), and (E), and one-way
ANOVA and post hoc Bonferroni test were used in (C), (D), and (F). *p < 0.05, **p < 0.01,
***n<0.001.
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Aberrant responses of G2A™'~ macrophages to the in vitro condition of sepsis. Levels of
PGE; (A) and nitrite (B) in the medium were measured at 5 h after stimulation with C5a (1
ug/ml), LPS (1 ug/ml), or both (7= 8-9). (C) Intracellular ROS generation was measured
using DCF-DA at 22 h after stimulation with C5a, LPS, or both (n=12-14). (D)
Intracellular cAMP levels were measured at 30 min after stimulation with C5a, LPS, or both
(n=6-9). One-way ANOVA and post hoc Bonferroni test were used. *p < 0.05, **p < 0.01,
***n< 0.001.
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C5a/LPS stimulation increases phagocytosis in G2A*'*, but not G2A™/~, macrophages via

cAMP signaling. (A) Thioglycolate-induced macrophages were costimulated with C5a/LPS
for 5 h, and then E. coli phagocytosis was determined (7= 9-21). PKA inhibitor (H-89, 10

uM) or EPAC inhibitor (ESI-09, 10 pM) was applied just before the addition of C5a/LPS (n
= 9-12). (B) Thioglycolate-induced macrophages were costimulated with C5a/LPS for 5 h,
and then £. colibactericidal activity was determined (n7= 8-9). One-way ANOVA and post
hoc Bonferroni test were used. *p < 0.05, **p<, 0.01, ***p< 0.001.
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FIGURE 6.
Evidence suggesting cooperativity between G2A and A2bR in cAMP signaling. (A and B)

MRNA levels of G2A and A2bAR in thioglycolate-induced peritoneal macrophages at 5 h
after LPS (1 mg/ml) stimulation (7= 3). (C) HEK-293 cells were transfected for 24 h with
empty vector + cCAMP-luc, G2A + cAMP-luc, A2bAR + cAMP-luc, and G2A + A2bAR +
CAMP-luc reporter plasmids, and then luciferase activity was measured in cell lysates. These
data represent three independent experiments. (D) BiFC analysis of physical interaction
between G2A and A2bAR. Original magnification x200. (E) After the preincubation with
LPS (1 pg/ml) for 24 h, the isolated Kupffer cells from G2A** and G2A™~ mice were
incubated with BAY 60-6583 (1 uM), a specific agonist for A2bAR, for 10 min, and the
intracellular cAMP levels were measured. ftest was used. **p < 0.01, ***p < 0.001.
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C5a/LPS (n=19). A ttest was used in (A)—(D), and one-way ANOVA and post hoc
Bonferroni test were used in (E). *p < 0.05, **p < 0.01, ***p < 0.001.
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