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Fibrinogen-like protein 2 controls sepsis catabasis by
interacting with resolvin Dp5
Yu Zhou1,2*, Juan Lei1,2*, Qichao Xie3*, Lei Wu1,2*, Shengwei Jin4, Bo Guo5, Xiang Wang1,2,
Guifang Yan1,2, Qi Zhang1,2, Huakan Zhao1,2, Jiangang Zhang1,2, Xiao Zhang1,2, Jingchun Wang1,2,
Jiaqi Gu4, Xiaoli Liu6, Duyun Ye7, Hongming Miao8†, Charles N. Serhan9†, Yongsheng Li1,2†

The mechanisms that drive programmed resolution of inflammation remain elusive. Here, we report the temporal
regulation of soluble (s) and transmembrane (m) fibrinogen-like protein 2 (Fgl2) during inflammation and show that
both sFgl2 and mFgl2 correlate with the outcome. The expression and ectodomain shedding of Fgl2 are respectively
promoted bymiR-466l andmetalloproteinases (ADAM10 and ADAM17) during inflammation resolution. Deficiency
of Fgl2 enhances polymorphonuclear neutrophil (PMN) infiltration but impairs macrophage (MF) maturation and
phagocytosis and inhibits the production of n-3 docosapentaenoic acid–derived resolvin 5 (RvDp5). In contrast,
administration of sFgl2 blunts PMN infiltration as well as promotes PMN apoptosis and RvDp5 biosynthesis. By
activating ALX/FPR2, RvDp5 enhances sFgl2 secretion via ADAM17 and synergistically accelerates resolution of
inflammation. These results uncover a previously unknown endogenous programmedmechanism by which Fgl2 reg-
ulates resolution of inflammation and shed new light on clinical sepsis treatments.
INTRODUCTION
The ideal outcome of acute inflammation is timely resolution to restore
homeostasis, while persistent or uncontrolled stimuli lead to nonre-
solving inflammation (1). The resolution of acute inflammation is ac-
tively driven by a superfamily of essential polyunsaturated fatty acid
(PUFA)–derived mediators that include the lipoxins, resolvins, protec-
tins, and maresins, collectively termed specialized proresolving media-
tors (SPMs), based on their unique structures and potent stereoselective
anti-inflammatory [i.e., limiting polymorphonuclear neutrophil (PMN)
infiltration] and proresolving [enhancing macrophage (MФ) clearance
of microbial particles and apoptotic PMNs] actions (2). The underlying
mechanisms by which homeostasis is timely restored remain to be
established and are critical for developing new therapeutic strategies
to counteract excessive inflammation.

Inflammation and coagulation coexist and closely interact during
the development of multitudinous diseases (3, 4). Inflammatory factors
can promote the activation of prothrombin, causing severe micro-
vascular thrombosis or disseminated intravascular coagulation, while
on the other hand, the process of coagulation itself is closely involved
in promoting inflammation. For example, thrombin mediates the
adhesion of leukocytes and increases the vascular permeability of endo-
thelial cells and the release of proinflammatory cytokines (3). Hence,
anticoagulation is an effective approach to limit inflammation. An
essential step for coagulation is the activation of thrombin from pro-
thrombin (5), which depends on the catalysis of prothrombinase, i.e.,
the transmembrane form of fibrinogen-like protein 2 (mFgl2). The
other form of Fgl2 is soluble (sFgl2), which is primarily secreted by
regulatory T cells and negatively regulates antigen presentation of
dendritic cells and proliferation of effector T cells by binding to
the inhibitory Fc receptor FcgRIIB (6). Fgl2 is up-regulated in viral
hepatitis, ischemia-reperfusion injury, fulminant hepatitis, and other
inflammatory models and plays an important role in the initiation
and progression of these inflammatory diseases (7, 8). However, its
role in the resolution of inflammation is not currently known.

Here, we report the temporal expression and regulation of sFgl2
and mFgl2 during self-limited (SL) versus delayed-resolving (DR)
inflammation. We found that both sFgl2 and mFgl2 correlate with the
magnitude and outcome of sepsis and that sFgl2 promotes production
of SPM that accelerates resolution of inflammation. These findings
reveal a fundamental mechanism that sFgl2 and mFgl2 differentially
regulate the resolution of inflammation.
RESULTS
Fgl2 is temporally and differentially regulated during
inflammation resolution
To determine the relationship between Fgl2 with sepsis outcome, we
collected peripheral blood from patients with or without sepsis upon
intensive care unit (ICU) admission within 24 hours. Sepsis patients
were divided into resolved (survivors) and in-hospital mortality
(nonsurvivors) (Fig. 1, A to C, and table S1). Compared to healthy
subjects, the peripheral leukocytes and sFgl2 were increased in sepsis
patients, while the sepsis nonsurvivors versus survivors had decreased
plasma sFgl2 and up-regulated mFgl2. Together, these findings suggest
that Fgl2 may be involved in clinical sepsis outcome.

To explore this involvement, we assessed Fgl2 expression in the cecal
ligation and puncture (CLP) mouse sepsis model (9). With increasing
extent of CLP, sepsis mice showed increased mortality, hypothermia,
blood aerobic bacteria, and peritoneal leukocyte infiltration (Fig. 1D
and fig. S1, A to C). The expression of plasma sFgl2 increased, while
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mFgl2 significantly decreased at 6 hours after CLP. The amplitude
correlated with the extent of CLP (Fig. 1, E and F). Of interest, mFgl2
rebounded at 24 hours in the severe versus intermediate CLP group
(Fig. 1F), consistent with results from clinical samples (Fig. 1, A to C).

The murine SL [1 mg of zymosan (Zym) intraperitoneally] and DR
(10mg of Zym intraperitoneally) peritonitismodels (10) were also used.
In SL peritonitis, the infiltration of leukocytes (CD45+) and PMNs
(Ly6G+) peaked at ~7 hours followed by a steady decline. Mononuclear
cells (monocytes/MFs; CD11b+Ly6G−) reduced to minimum at
~4 hours but gradually increased subsequently (Fig. 1G and fig. S1D).
At 48 hours after injection, the majority (~70%) of SL exudate leuko-
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
cytes were monocytes andMFs. In contrast and as expected, DR exu-
dates showed steadily increased PMNs and higher cytokines [e.g.,
interleukin-10 (IL-10), chemokine (C-X-C motif) ligand 1 (CXCL1),
and tumornecrosis factor (TNF)] at 4 hours (fig. S1,D andE).Although
the mononuclear cells reduced to baseline levels and started to rebound
until ~10 hours, they reached a higher amount at 48 hours than in the
SL group (fig. S1D). Of interest, at this juncture, the F4/80+ MF per-
centage in mononuclear cells of the DR group was markedly reduced
compared with the SL group (fig. S1F), suggesting that the monocyte-
derived mature MF proportion was higher in the SL model at the res-
olution interval.
Fig. 1. Temporal Fgl2 expression in SL versus DR inflammation. (A to C) Leukocyte numbers (A), plasma sFgl2 (B), and peripheral blood mononuclear cell (PBMC)
mFgl2 levels (C) in the peripheral blood of healthy control, sepsis survivors, and nonsurvivors (n = 12 in each group). (D to F) Mice were induced different severity
grades of sepsis by CLP as indicated in Materials and Methods (n = 10 in each group). Survival rates (D), plasma sFgl2 (E), and mFgl2 expression in PBMC (F) at indicated
intervals. Inte, intermediate; Seve, severe. (G to I) Zym was injected (intraperitoneally) for acute peritonitis into male C57BL/6 mice: SL (1 mg per mouse) and DR (10 mg
per mouse). Exudates were collected at indicated intervals. PMNs were enumerated (G). sFgl2 in the supernatant (H) and mFgl2 expression in the peritoneal leukocytes
(I) were determined. Error bars represent mean ± SEM. For the survival rates, Mantel-Cox test was applied for the P values.
2 of 12
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We next monitored Fgl2 expression in these peritoneal exudates.
The sFgl2 levels in the SL group were dramatically up-regulated at
4 hours after Zym injection, but at 12 hours, it decreased close to the
level at 0 hour. Afterward, it increased again despite its lower level than
that at 4 hours (Fig. 1H). The sFgl2 expression in DR exudates had
similar trend during 0 to 24 hours and was higher at 4 hours, but was
much lower at 48 hours, as compared with the SL group (Fig. 1H).
The leukocytic mFgl2 reduced at 4 hours after both high and low
doses of Zym challenge. However, mFgl2 in theDR group rebounded
earlier than in the SL group. The leukocytic FGL2 mRNA levels in
DR exudates were not higher than those in the SL group (fig. S1G).
Nonetheless, leukocytic mFgl2 in DRmice had a lower trend at 4 hours
but was significantly higher at 48 hours than in the SL group (Fig. 1I).
Together, these results indicated that both sFgl2 and mFgl2 were tem-
porally and differentially regulated during inflammation resolution.
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
Fgl2 expression is regulated by miR-466l
and metalloproteinases
Because the expression pattern of sFgl2 (increased at 4 hours and
decreased subsequently sharply at 12 hours and then increased again
at the later stage) was similar to that of miR-466l, a key miRNA we
identified earlier that promotes both the initiation and resolution of
inflammation (10), we wondered whether Fgl2 was regulated by this
miRNA. In silico analysis and cotransfection experiments indicated
that miR-466l could bind the 3′-untranslated region (3′UTR) of
FGL2. Overexpression of miR-466l promoted both sFgl2 secretion
and mFgl2 expression in humanMFs (Fig. 2, A to D). However, this
posttranscriptional regulatory mechanism could not completely elu-
cidate the differential protein expression of sFgl2 and mFgl2 during
the inflammation resolution time course because they were both
increased.
Fig. 2. Fgl2 expression is regulated by miR-466l and metalloproteinases. (A) In silico analysis of human and murine Fgl2 binding sites for miR-466l. (B) Mock or
miR-466l was co-transfected with 3′UTR-luciferase reporter vector of vehicle control or Fgl2 3′UTR-mutant into mouse peritoneal macrophages (n = 4 independent
experiments). Relative increased luciferase activity of respective 3′UTR reporters was normalized against control 3′UTR. (C) After mouse peritoneal MFs were transfected
with mock, miR-466l, shNC, or shmiR-466l, the expressions of miR-466l and FGL2 mRNA were determined with qPCR. Results (n = 4 independent experiments) were
expressed as fold change against mock (miR-466l OE) or against shNC (miR-466l KD). (D) sFgl2 in supernatants and mFgl2 expression were determined. (E) After
transfection with mock or miR-466l, human MFs were treated with phosphate-buffered saline (PBS), GI254023X (10 mM), or TMI-1 (10 mM) for 24 hours, and the sFgl2
and mFgl2 expression was determined by enzyme-linked immunosorbent assay (ELISA). (F and G) Mice were challenged intraperitoneally with PBS (vehicle), GI254023X
(40 mg/kg), or TMI-1 (40 mg/kg), plus Zym (1 mg per mouse); the peritoneal leukocytes were assessed (F); and the exudate sFgl2 and peritoneal leukocytic mFgl2 were
determined with ELISA (G) at 4 and 24 hours. (H) Mice were challenged with/without moderate CLP, and the peritoneal leukocytes were collected for miR-466l de-
termination at indicated time points. Error bars represent mean ± SEM.
3 of 12
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Ectodomain shedding refers to extracellular domain proteolytic
release from cell membrane molecules, which is mediated mainly
by several a disintegrin and metalloproteinases (ADAMs) (11).
Among them, ADAM10 and ADAM17 are critical for endothelial
permeability, trans-endothelial leukocyte migration, and inflammatory
mediator production (12). We found that treatment of metallopro-
teinase inhibitors GI254023X (ADAM10 inhibitor), TMI-1 (ADAM17
inhibitor), and GW280264X (dual ADAM10 and ADAM17 inhibitor)
inhibited sFgl2 secretion and recovered mFgl2 expression in MFs
but not in PMNs (fig. S2, A and B). In addition, TMI-1 decreased
sFgl2 but increased mFgl2 in both mock and miR-466l–overexpressing
MFs (Fig. 2E).

Because miR-466l was significantly increased at 4 hours and then
decreased at 24 hours in themice peritonitismodel (10), we administered
GI254023X and TMI-1 to assess their regulation on Fgl2 in vivo.We ob-
served the leukocyte infiltration with a decreased trend at 4 hours and a
promotion at 24 hours in the exudates of SL peritonitis (Fig. 2F). The
ADAM-related pro-inflammatory TNF and CXCL1 were both inhibited
by GI254023X and TMI-1 at 4 hours. GI254023X enhanced anti-
inflammatory IL-10 at 4 hours, while TMI-1 suppressed both TNF and
CXCL1 at 24 hours (fig. S2, C and D). GI254023X reduced sFgl2 at
4 hours but increased mFgl2 at 4 and 24 hours after Zym injection.
TMI-1 significantly up-regulated mFgl2 at 24 hours (Fig. 2G). More-
over, miR-466l expression was enhanced in the peritoneal leukocytes
of CLP mice compared with sham at 24 hours (Fig. 2H). These results
demonstrated that the expressions of sFgl2 andmFgl2 upon inflamma-
tory challenge were differentially regulated by miR-466l and ADAMs.

Fgl2 orchestrates inflammation resolution
We next assessed the role of Fgl2 in inflammation resolution. Fgl2
deficiency resulted in decreased survival and thrombosis, but exacer-
bated abscess formation, hypothermia, bacteremia, inflammatory cell
infiltration, and cytokine production in cecal and peritoneum of CLP
mice (Fig. 3, A to C, and fig. S3, A to D). The deletion of Fgl2 also
consistently increased PMN infiltration and pro-inflammatory cyto-
kines in the peritonitis model (Fig. 3D and fig. S3E). We calculated
the resolution indices according to our earlier reports and the introduc-
tion of this quantitative evaluation of tissue resolution (10, 13, 14). Fgl2
deficiency prolonged the resolution interval (Ri ~ 17.9 hours) for
4.4 hours (Fig. 3D). Mononuclear cell numbers were also higher in
the Fgl2KO exudates; however, monocyte-derived mature MFs were
lower in Fgl2KO exudates, as compared with those in wild-type
(WT) exudates (fig. S3, F and G).

Using ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS), we assessed the metabololipidome
of mediators (i.e., eicosanoids and proresolving mediators) using the
exudates and found that Fgl2 deficiency resulted in elevated pro-
inflammatory mediators TXB2, 5-HETE, and LTB4 but specifically
lowered several SPMs that included the recently identified resolvins
produced from the precursor n-3 docosapentaenoic acid (DPA),
namely, RvDp5 (Fig. 3, D and E, and fig. S4, A to D) (15). Because ef-
ferocytosis increases SPMproduction (10), in our study, comparedwith
the WT group, the production of RvDp5 and LXA4 was significantly
lower in the Fgl2KO group duringMF efferocytosis of apoptotic PMNs
(fig. S4E). These results indicated that Fgl2 deficiency promoted inflam-
mation initiation and delayed resolution by reducing the production of
proresolving mediators.

To investigate the regulatory mechanism of Fgl2 in resolution, we
administrated recombinant sFgl2 into the peritoneum of Fgl2KO mice
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
withZym.Comparedwith vehicle, reducedPMN infiltration, shortened
Ri (~10.6 hours), and acceleratedDK50 (~0.22 × 10

6 cells per hour) were
observed (Fig. 3F). In addition, sFgl2 administration at 12 hours after
Zym challenge decreased Ri to ~10.8 hours (fig. S5A), illustrating the
dual anti-inflammatory and proresolving actions of sFgl2.

After recruitment into tissues triggered by inflammatory stimuli,
PMNs subsequently undergo programmed death, release “find-me”
signals including adenosine 5′-triphosphate (ATP), and are removed
byMFs (efferocytosis) for resolution (14, 16). We next isolated murine
peripheral PMNs and peritoneal MFs and prepared ultraviolet (UV)–
induced apoptotic PMNs (AP-PMNs). We found that both PMNs and
MFs express sFgl2 and mFgl2 and that PMNs showed the lowest ex-
pression (fig. S5, B to D). Deficiency of Fgl2 blunted PMN apoptosis
and promoted MF TNF secretion in vitro, which were reversed by
sFgl2 via its receptor FcgRIIB (Fig. 3G and fig. S5, E to G). We also
collected the peritoneal exudates at 12 hours after Zym administration
with or without sFgl2 treatment and observed that sFgl2 promoted
PMN apoptosis in Fgl2KOmice (Fig. 3H). In addition, sFgl2 enhanced
MF phagocytosis of AP-PMNs and opsonized Zym (Fig. 3I and fig.
S5H). Of interest, the peritoneal Fgl2KO MFs showed lower M2
marker arginase 1 (Arg-1) and higherM1marker inducible nitric oxide
synthase (iNOS), which could be reversed by sFgl2 treatment (fig. S5I).
RKO mice phenocopied the Fgl2KO mice that showed shortened sur-
vival in theCLPmodel. Although sFgl2 only showed an improved trend
of CLP survival inWTmice, it significantly improved sepsis survival in
Fgl2KO mice but not in RKO mice (Fig. 3J). These findings indicated
that sFgl2 promoted resolution of inflammation.

sFgl2 promotes RvDp5 biosynthesis
As noted above, both RvDp5 and LXA4 were significantly reduced in
Fgl2KO peritoneal exudates during resolution. RvDp5 is a novel SPM
derived from n-3 DPA via the catalysis of 12/15-lipoxygenase (12/15-
LOX in mice) and 5-LOX (Fig. 4A) (2). We next determined key en-
zymes involved in the biosynthesis of SPM and pro-inflammatory
lipid mediators. Fgl2 deficiency in MF inhibited 12/15-LOX, but
not 5-LOX, and increased cyclooxygenase-2 (COX-2) and prostaglan-
din dehydrogenase/eicosanoid oxidoreductase (PGDH/EOR), which
were inversely regulated by sFgl2 (Fig. 4B). Consistently, the reduced
12/15-LOX–derived mediators (e.g., RvDp5 and LXA4) in Fgl2KO
MF were significantly reversed by sFgl2 administration (Fig. 4C).
Moreover, a 12/15-LOX inhibitor blunted the sFgl2-induced up-
regulation of RvDp5 and LXA4 (Fig. 4D). These results suggested that
sFgl2 promoted SPM production by up-regulating 12/15-LOX.

RvDp5 accelerates inflammation resolution by
activating ALX/FPR2
Wenext investigated the actions of the novel resolvin RvDp5 in inflam-
mation. With the Zym-induced SL peritonitis model, we found that
RvDp5 significantly reduced PMN infiltration, shortened Ri for
~4 hours, and increased K50 by ~1.2-fold (Fig. 5A). ALX/FPR2 was
identified as the mutual G protein–coupled receptor (GPCR) for LXA4

and RvD1 (13, 17). To identify the receptor for RvDp5, the potential
binding affinity was analyzed by amber scoring function in DOCK6.5
(18). Intriguingly, we found that RvDp5 and LXA4 shared similar
docking modes and were predicted to bind the extracellular domain
of ALX/FPR2 (Fig. 5, B and C, and fig. S6A). Compared with the
ALX/FPR2-LXA4 system, the ALX/FPR2-RvDp5 complex had lower
root mean square deviation values, which suggested that the ALX/
FPR2-RvDp5 complex was slightly more stable. These complexes shared
4 of 12
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Fig. 3. Fgl2 orchestrates inflammation resolution. (A to C) Survival rate (A), abscess formation (B), and histological staining for hematoxylin and eosin (H&E), CD45,
and F4/80 (C) in WT and Fgl2KO mice challenged with moderate CLP. Mantel-Cox test was applied for the P values of the survival data (n = 10 each group). (D and E) WT
and Fgl2KO mice were challenged with Zym (1 mg per mouse; intraperitoneal). Peritoneal PMN numbers at indicated intervals were counted, and resolution indices
were calculated (D). Tmax, time point when PMN was infiltrated to maximum; Ѱmax, PMN maximum number; T50, time point when PMNs were reduced to half of Ѱmax;
Ѱ50, 50% of Ѱmax; Ri, resolution interval (time interval from Tmax to T50); K50, rate of PMN reduction from Tmax to T50. Quantification of RvDp5 was obtained with a
calibration curve (E). (F) Fgl2KO mice were injected intraperitoneally with Zym (1 mg) using PBS (Veh) or sFgl2 (200 ng). Peritoneal PMN numbers at indicated intervals
were counted, and resolution indices were calculated as indicated in (B). (G) PMNs from WT, Fgl2KO, and FcgRIIBKO (RKO) mice induced apoptosis by UV for 2 hours
with or without sFgl2 treatment (10 mg/ml). Apoptotic PMN (ANXAV+) percentages were analyzed. (H) Fgl2KO mice were challenged intraperitoneally with Zym (1 mg) ±
sFgl2 (200 ng) for 12 hours, and the peritoneal apoptotic PMN (ANXAV+Ly6G+) was determined. (I) Murine peritoneal MFs were isolated from WT, Fgl2KO (red and green),
and FcgRIIBKO (RKO) mice. After treatment with or without sFgl2 (10 mg/ml) for 2 hours, MFs were incubated with carboxyfluorescein diacetate (CFDA)–labeled apoptotic
PMNs (1:3) for 1 hour, and fluorescence intensities were determined. Error bars represent mean ± SEM. ns, no significant difference. (J) Sepsis survival of WT, Fgl2KO, and RKO
mice with or without sFgl2 administration (400 ng). n = 16 in WT and WT + sFgl2 group; n = 10 in other groups. Mantel-Cox test was applied for the P values. Photo credit:
Yongsheng Li, Yu Zhou, and Juan Lei, Clinical Medicine Research Center, Xinqiao Hospital, Third Military Medical University, Chongqing 400037, China.
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019 5 of 12
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similar rootmean square fluctuation profiles (fig. S6B). In addition, ALX/
FPR2-LXA4 complexes exhibited higher flexibility compared with ALX/
FPR2-RvDp5 complexes (fig. S6B). The energy contributions from each
residue duringmolecular dynamics (MD) simulation of ALX/FPR2were
also evaluated (fig. S6C). We found that the electrostatic interactions
(Eele) and van der Waals interactions (Evdw) promoted ligand binding,
while the polar solvation free energy (EGB) was unfavorable for ligand
binding (table S2). The results fromGPCR–b-arrestin (17) alsodelineated
that both RvDp5 and LXA4 bound ALX/FPR2 (Fig. 5, D and E). How-
ever, LXA4 and RvDp5 did not show additive actions at 10 nM (Fig. 5E,
inset). Consistently, both RvDp5 and LXA4 reduced pro-inflammatory
IL-1b, MCP-1, and TNF but increased anti-inflammatory IL-10 in peri-
toneal exudates (Fig. 5F). These results identified that RvDp5 displayed
proresolving functions via ALX/FPR2 activation.

RvDp5 and sFgl2 promote sepsis catabasis
We next determined the temporal Fgl2 expression in peritoneal exu-
dates upon Zym challenge with or without the treatment of RvDp5.
We found that RvDp5 significantly increased sFgl2 secretion and re-
duced leukocytic mFgl2 expression (Fig. 6A and fig. S7, A and B). In
PMNs and MFs, sFgl2 secretion was up-regulated by RvDp5 and
RvD1, which was impaired by the ALX/FPR2-selective antagonist
WRW4 (Fig. 6B). The ligation of ALX/FPR2 was known to couple pro-
tein kinase A (PKA) activation and cyclic adenosine monophosphate
(cAMP) production (19). Because ADAM17 could be up-regulated
by PKA (20), we speculated whether RvDp5 promoted sFgl2 secretion
byADAMs.Using the PKA inhibitorH89 and selectivemetalloproteinase
inhibitors, we found that the cleavage and secretion of sFgl2 enhanced
by RvDp5 were dependent on the PKA-mediated up-regulation of AD-
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
AM17, but not on ADAM10 (Fig. 6C and fig. S7C). Because sFgl2
production was found primarily in regulatory T cells (Tregs), we
tested Tregs with RvDp5 and found that RvDp5 significantly pro-
moted sFgl2 secretion from Tregs (fig. S7D). Because we showed that
sFgl2 promoted PMN apoptosis, we questioned whether this action
was dependent on RvDp5. However, RvDp5 did not significantly alter
bonemarrow–derived PMNapoptosis (fig. S7E). sFgl2 and RvDp5 syn-
ergistically enhanced MF efferocytosis and IL-10 production, acceler-
ating the resolution of inflammation (Fig. 6, D and E, and fig. S7F), and
improved sepsis survival (fig. S7G). As mentioned previously, RvDp5
stimulation of ALX/FPR2 through PKA activates ADAM17 and thus
promotes sFgl2 shedding. We wondered whether RvDp5 can also act
in an Fgl2 shedding–independent pathway. CLP sepsis experiments
showed that RvDp5 improved sepsis survival of RKO mice (fig. S7H),
indicating that RvDp5 can also protect sepsis independent of sFgl2.
Moreover, inhibition of ALX/FPR2 or 12/15-LOX worsened the sepsis
outcome (fig. S7I). Together, these results demonstrated that both Fgl2
andRvDp5were potent regulators in inflammation resolution (Fig. 6F).
DISCUSSION
Sepsis is amajor clinical challenge. Despite intensive research, its patho-
physiology remains incompletely understood. Here, we provide a key
mechanistic insight on novel links between sFgl2 and resolvins. The
temporal and differential expression of sFgl2 andmFgl2 during the ini-
tiation and resolution of inflammation correlates with sepsis survival.
Scilicet, the extent and duration of sFgl2 cleavage and mFgl2 reduction
upon inflammatory challenge, determines the magnitude and conse-
quence of sepsis.
Fig. 4. sFgl2 induces RvDp5 biosynthesis. (A) Biosynthesis of RvDp5. (B) mRNA expression of key enzymes in PUFA metabolism. (C) Murine peritoneal MFs were
isolated from WT and Fgl2KO mice. Fgl2KO MFs were treated with PBS or sFgl2 (10 mg/ml) for 4 hours. Quantification of RvDp5, LXA4, and LTB4 was obtained with
UPLC-MS/MS. Results are presented as mean ± SEM (n = 4 to 6). (D) Murine peritoneal MFs were treated with PBS, baicalein (10 mM), and/or sFgl2 (10 mg/ml) for 4 hours,
and the levels of RvDp5 and LXA4 were obtained with UPLC-MS/MS. Error bars represent mean ± SEM. Two-tailed Student’s t test was applied for the P values.
6 of 12
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Our previous results indicated that compared to nonseptic control,
both sepsis survivors and nonsurvivors showed a significant increase in
both whole blood and plasma miR-466l, a pro-inflammatory and pro-
resolvingmiRNA that stabilizes downstream targets, upon admission in
ICU. Moreover, the sepsis nonsurvivors exhibited a higher miR-466l
level than did sepsis survivors (10). Our present results indicated that
the expression of Fgl2 was up-regulated by miR-466l, while the ec-
todomain shedding and secretion of sFgl2 from the cell membrane
during the initiation of inflammation were triggered by ADAM10 and
ADAM17. Subsequently, sFgl2 promoted PMN apoptosis and clear-
ance by MFs by activating its receptor FcgRIIB, during which SPMs
including LXA4 and RvDp5 were biosynthesized. The novel proresol-
ving RvDp5, in turn, promoted secondary sFgl2 accumulation and re-
duced leukocytic mFgl2 during the resolution stage by activating the
receptor signaling pathway ALX/FPR2-PKA-ADAM17. Conversely,
the prothrombinase mFgl2 was sharply reduced upon inflammatory
challenge but rebounded subsequently. The earlier increase of mFgl2
and lower sFgl2 indicated theworse outcomes of inflammation.Of note,
we demonstrated that RvDp5 per se protects mice against sepsis
independent of sFgl2 and the receptor FcgRIIB. Therefore, sFgl2 and
RvDp5 synergistically accelerated inflammation resolution and tissue
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
homeostasis. Controlling the temporal expression of sFgl2 and mFgl2
may contribute to the regulation of sepsis catabasis.

Some earlier reports already suggested links between physiologic
and pathologic coagulation with the resolution of inflammation and in-
fections. Aspirin displays dual anti-inflammatory and anticoagulation
effect by reducing pro-inflammatory [prostaglandin E2 (PGE2)] and
procoagulant thromboxane A2 (TXA2) by acetylating COX-2 (21)
and promoting SPM production (22). Using both 2D proteomics and
lipidomics with self-resolving inflammatory exudates, we identified
coagulation factors such as fibrinogen, along with resolvins and pro-
tectins biosynthesized from essential fatty acids (13). Moreover, we re-
cently found that removal of adenosine from coagulating blood
markedly enhanced the biosynthesis of SPMs (23). RvD4 attenuates
the severity of pathological thrombosis (24). In our present study, in-
flammatory stimuli triggered the infiltration of PMNs that secreted
abundant sFgl2 to the exudates, while prothrombinase mFgl2 was tem-
porally down-regulated. Subsequently, sFgl2 promoted PMNapoptosis,
which exhibits “find me” signals for monocytes and MFs. In addition,
sFgl2 promoted MFmaturation and efferocytosis, during which SPMs
were biosynthesized. Inefficient shedding of sFgl2 may increase coagu-
lation bymembrane Fgl2, but our data showed that sFgl2 improved the
Fig. 5. RvDp5 activates ALX/FPR2 to display dual anti-inflammatory and proresolving actions. (A) Mice were injected intraperitoneally with Zym (1 mg) using PBS
or RvDp5 (200 ng). Infiltrated PMNs were enumerated (upper panel), and resolution indices were calculated as indicated in Fig. 3B (bottom panel). (B) Three-dimensional (3D)
chart of RvDp5 binding with ALX/FPR2. (C) Binding mode of RvDp5 structure ZINC35876755 in the binding pocket of ALX/FPR2. Important amino acid residues were shown,
and the red lines indicated that the hydrogen bonds formed in the corresponding residues. (D) Diagrammatic principle of b-arrestin system. (E) Ligand (RvDp5 or LXA4)–
receptor interaction was monitored in Chinese hamster ovary (CHO) cells using a b-arrestin system overexpressing ALX/FPR2. RLU, relative luminescence unit. (F) Mouse was
treated intraperitoneally with Zym (1 mg/mouse; vehicle) with or without 200 ng of RvD2, LXA4, or RvDp5 for 4 hours, and the exudate levels of IL-1b, IL-10, MCP-1, and TNF
were determined with ELISA. Error bars represent mean ± SEM. Two-tailed Student’s t test was applied for the P values.
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Fig. 6. RvDp5 and sFgl2 synergistically accelerate sepsis catabasis. (A) WT C57BL/6 mice were injected intraperitoneally with Zym (1 mg) using PBS or RvDp5 (200 ng),
and exudate sFgl2 and peritoneal leukocytic mFgl2 were assessed. (B) Murine MFs were treated with Zym (100 ng/ml), RvD1 (10 nM), RvDp5 (10 nM), andWRW4 (1 mM) as
indicated. The supernatant expression of sFgl2 was detected with ELISA. Error bars represent mean ± SEM. Numbers upon the groups were P values as compared with
vehicle. P1 represents the comparison between RvD1 and RvD1 + WRW4, while P2 represents the comparison between RvDp5 and RvDp5 + WRW4. (C) After human MFs
were treated with PBS (Veh), RvDp5 (10 nM) with or without GI254023X (10 mM), TMI-1 (10 mM), GW280264X (10 mM), or H89 (10 mM) for 24 hours, sFgl2 in the supernatant
was assessed with ELISA. (D) WT C57BL/6 murine MFs were treated with RvDp5 (0 to 10 nM) with or without sFgl2 (10 mg/ml) for 1 hour and then coincubated with CFDA-
labeled apoptotic PMNs (1:3) for another 1 hour. The percent increases of efferocytosis are shown. (E) Fgl2KOmice were injected intraperitoneally with Zym (1mg) using PBS,
RvDp5 (200 ng), and/or sFgl2 (200 ng). The exudate PMNswere enumerated. Error bars representmean ± SEM. P1 represents value comparedwith vehicle; P2 represents value
compared with RvDp5 alone. Error bars represent mean ± SEM. (F) Schematic mechanism of Fgl2 and RvDp5 programming inflammation resolution. Inflammatory stimuli
trigger the infiltration of PMN and ADAM10/17-mediated Fgl2 shedding. By binding to FcgRIIB, sFgl2 promotes the apoptosis of PMN, which recruit monocytes and MFs for
efferocytosis. The exudate sFgl2 enhances the expression of 12/15-LOX in MFs and the production of SPM, including RvDp5 and LXA4. RvDp5 and LXA4 activate ALX/FPR2 to
promote ADAM17-mediated sFgl2 shedding, thereby synergistically facilitating inflammation resolution.
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019 8 of 12
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resolution of inflammation in Fgl2 knockout mice, which did not ex-
press procoagulant membrane Fgl2. It is noteworthy that Fgl2 is also
constitutively expressed during embryogenesis (25). Therefore, it may
have potential effects in the development and maturation of immune
components. Our results suggest that the maturation and phagocytosis
activity ofmacrophages aswell as the spontaneous apoptosis of PMNwere
attenuated in Fgl2KO mice, which contributed to delayed resolution.

In summary, our present results uncovered a new programmed pro-
resolving mechanism involving endogenous Fgl2 and RvDp5 and the
identification of differential roles of sFgl2 and mFgl2 in inflammation
resolution. Upon the onset of inflammation, shedding and secretion of
sFgl2 program the subsequent resolution that requires the reduction
and delayed restoration of mFgl2. In future sepsis treatments, timely
resolution should be considered, which suggests temporal regulation
of Fgl2 given this previously unknown link between Fgl2 and SPM.
MATERIALS AND METHODS
Human subjects and mice
According to 45th Critical Care Congress of the Society of Critical Care
Medicine (SCCM) in 2016, sepsis was diagnosed as “life-threatening
organ dysfunction caused by dysregulated host response to infection.”
The exclusion criteria included the following: age <18 or >65 years, preg-
nant or lactating women, those who received chemotherapy within
the recent 6 months, those who received corticosteroids or other im-
munosuppressive agents or immunomodulators within the preceding
3 months, those with immune system diseases, HIV-positive patients,
those with end-stage liver or renal failure, and those who stayed in the
ICU for less than 48 hours. The plasma of survivors and nonsurvivors
diagnosed as sepsis and nonseptic patients was obtainedwithin 24-hour
ICU admission at the Second Affiliated Hospital of Wenzhou Medical
University. All healthy donors and patients gave written consents. The
nonseptic controls were healthy volunteers andmatched by age and sex
with the sepsis patients. Fgl2KO and FcgRIIBKOmicewere respectively
providedbyS. Smiley (TheTrudeau Institute,NY,USA) and J. S.Verbeek
(Leiden University Medical Center, The Netherlands). C57BL/6 mice
were obtained from the Animal Institute of the Academy ofMedical Sci-
ence (Beijing, China). The mice were kept under specific pathogen–free
conditions at theAnimalCenter of theThirdMilitaryMedicalUniversity.
All human and animal experimentsmet the ethical principles and require-
ments of our committee and comply with the Declaration ofHelsinki. The
institutional review board and/or Institutional Animal Care and Use
Committee guidelines were followed with human or animal subjects.

Cecal ligation and puncture
CLP was performed in maleWT and Fgl2KO C57BL/6 mice according
to the protocol reported (9). Ligation of the cecum at designated
positionswas themajor determinant of sepsis severity. The intermediate
sepsis was ligated at half the distance between distal pole and the base of
cecum (moderate CLP), while severe CLP sepsis comprised ligation of
75% of the cecum. A through-and-through cecal puncture was per-
formed with a 21-gauge needle followed by an additional puncture in
the distal tip of the cecum.At indicated intervals, rectal temperaturewas
measured. Peritoneal exudates and blood were collected for respective
experiments. Blood bacteria levels were determined by growth on tryp-
tic soy agar plates. Immunohistochemical staining for H&E, CD45
(1:100, catalog no. sc-53665, Santa Cruz Biotechnologies), and F4/80
(1:100, catalog no. 123105, BioLegend) was performed with the cecal
tissues from WT and Fgl2KO mice after being challenged with CLP
Zhou et al., Sci. Adv. 2019;5 : eaax0629 13 November 2019
for 24 hours. For the abscess formation experiments, mice were sacri-
ficed at day 7 after CLP.

Murine peritonitis
The SL and DR murine peritonitis models and resolution interval (Ri)
were carried out as described (10). Briefly, mice were injected intra-
peritoneally with 1 ml of Zym at 1 mg per mouse or 10mg per mouse.
For the indicated experiments, 200 ng of RvDp5 (7S,17S-diHDPA,
catalog no. 10546, Cayman Chemical Co., Ann Arbor, MI) or 400 ng
of recombinant sFgl2 (catalog no. 5257-FL; R&DSystems,Minneapolis,
MN, USA) was also injected intraperitoneally. The peritoneum was
lavaged at 0, 4, 12, 24, and 48 hours after injection, and the total
number of infiltrated cells was assessed using trypan blue. PMNs
(CD11b+Ly6G+), monocytes, and macrophage (CD11b+Ly6G−)
were enumerated by lightmicroscopy and immunofluorescent staining.

Enzyme-linked immunosorbent assay
Human plasma sFgl2 was determined with a human Fgl2 ELISA kit
(catalog no. 436907, BioLegend) according to the manufacturer’s in-
structions. Mouse peritoneal exudates, plasma, and cell supernatants
were used for detecting sFgl2 (catalog no. 437808, BioLegend) and
other cytokines [IL-1b, IL-10, MCP-1, CXCL1, IL-6, IL-12p40, TNF,
and interferon-g (IFN-g); ELISA kits from R&D Systems, Minneapolis,
MN,USA]. In some indicated experiments, 10 mMGI254023X (ADAM10
inhibitor; catalog no. SM20789, Sigma-Aldrich), 10 mMTMI-1 (ADAM17
inhibitor; catalog no. 287403-39-8, TOCRIS), 10 mMGW280264X (dual
ADAM10 and ADAM17 inhibitor; catalog no. AOB3632, Aobious,
Gloucester, MA), 10 mM H89 (PKA inhibitor; catalog no. S1582,
SelleckChem, Houston, TX), 10 nM LXA4 (5S,6R,15S-TriHETE;
catalog no. 90410, Cayman Chemical), 10 nM RvD1 (7S,8R,17S-
TriHETE; catalog no. 10012554, Cayman Chemical), 10 nM RvD2
(7S,16R,17S-TriHETE; catalog no. 10007279, Cayman Chemical),
1 mMbaicalein (catalog no. 491-67-8, Adamas), and 1 mMWRW4 (cat-
alog no.344220, Calbiochem) were administrated. For the experiments
of mFgl2 determination, cell proteins were collected with a Membrane
and Cytoplasmic Protein Extraction kit (catalog no. C510005, Sangon
Biotech, Shanghai, China) and assessed with ELISA (catalog no. 436907
for human and catalog no. 437808 for mouse; BioLegend) and were
normalized with b-actin (PathScan Total b-Actin Sandwich ELISA
Kit, #7880, Cell Signaling Technology).

LC-MS/MS–based lipidomics
Mouse peritoneal exudates and humanmacrophages with supernatants
were extracted for LC-MS/MS–based mediator analysis. We used a
UPLC I-Class system (Waters, Milford, MA, USA) equipped with an
AB Sciex Instruments 6500 Q-TRAP mass spectrometer (Applied Bio-
systems, Foster City, CA, USA). Acquisition was carried out in a nega-
tive ionization mode. The mobile phase consisted of methanol/water/
acetic acid (60:40:0.01, v/v/v) andwas ramped to 85:15:0.01 over 30min
and to 100:0:0.01 over the next 5 min at a flow rate of 200 ml/min. In-
strument control anddata acquisitionwere performedusingAnalyst 1.6
software (Applied Biosystems). A minimum of six diagnostic ions and
retention timewere used for lipid identification (23). Quantificationwas
based on peak area of multiple reaction monitoring transitions and
linear calibration curve of each compound.

In silico analysis
ThemiRBase accession number formmu-miR-466l-3p isMIMAT0005830.
The binding sites of FGL2 3′UTR for miR-466l were obtained using
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TargetScan (http://www.targetscan.org/), miRDB (http://mirdb.org/
miRDB/), and miRanda (http://www.microrna.org/microrna/home.
do), with default parameters.

PMN preparation and nucleotide assay
Human and mouse PMNs were isolated from peripheral blood ac-
cording to the manufacturer’s instructions (TBD Science, Tianjin). To
prepare apoptotic PMNs, cells were induced byUV for 4 hours. The con-
centration of ATPwasmeasured as previously described (16). The super-
natants were prepared from apoptotic PMNs cultured in RPMI
containing 1% bovine serum albumin and 10 mM Hepes (pH 7.2).

MF isolation and transfection and luciferase assay
Human and murine MFs were prepared and transfected as previously
reported (10). For the luciferase assay of 3′UTR vectors of vehicle con-
trol and FGL2 (catalog nos. m012 and MT-h07957, Applied Biological
Materials Inc.), miR-466l or mock (catalog nos. mm40846 and m003,
Applied Biological Materials Inc.) was cotransfected. The luciferase ac-
tivity was assayed using SuperLight Luciferase reporter assay and
measured using a microplate reader (Varioskan Flash, Thermo Fisher
Scientific, Shanghai).

MF efferocytosis and phagocytosis
MFs were incubated with RvDp5 or recombinant sFgl2 (catalog no.
5257-FL, R&D Systems) at the indicated dose for 2 hours, followed
by incubation with fluorescein isothiocyanate (FITC)–labeled Zym
particles at 50:1 (Zym:MF) or with CFDA-labeled AP-PMNs at 3:1
(AP-PMNs:MFs) for 1 hour. Extracellular fluorescence was quenched
by trypan blue, and then phagocytosis and efferocytosis were
determined by flow cytometry (FCM) using FACSCanto II (BD) or
measuring total fluorescence (excitation, 493 nm/emission, 535 nm)
using a fluorescent plate reader (Varioskan Flash).

GPCR–b-arrestin system
The interactions between ligands (LXA4 and RvDp5) and ALX/FPR2
were determined with the Beta Arrestin Path Hunter eXpress System
(DiscoveRx), as indicated previously (with CHO cells stably transfected
with human ALX/FPR2) (16). Cells were plated in 96-well plates
48 hours before experiments. The compoundswere incubatedwith cells
for 1 hour at 37°C, and the activation of ALX/FPR2 was assessed by
measuring luminescence. The percentage of activity was calculated
using the following formula: percent activity = 100% × (mean RLU of
test sample −mean RLU of vehicle control)/(mean RLU of vehicle con-
trol).

Real-time PCR
Quantitative polymerase chain reaction (PCR)was performed using the
SYBRGreen System according to themanufacturer’s protocol (Applied
Biosystems, Foster City, CA). The expressions of target genes were ana-
lyzed using the DCt method. The primers for miR-466l (MQP-0101)
and 5S ribosomal RNA (rRNA) (MQP-0301) were obtained from
Guangzhou RiboBio Co. Ltd. (Guangdong, China). The forward and
reverse primers for other genes are as follows:

mFGL2-F GGTGCTCAAAGAAGTGCGGA and mFGL2-R GTT-
CCTGGACTCTACTGTCCTC; m5-LOX-F CCTATTCCTCCCT-
GTGTTTCC and m5-LOX-R CACGAGCAGTCCATCATCAC;
m12/15-LOX-F GGCTCCAACAACGAGGTCTAC and m12/15-
LOX-R CCCAAGGTATTCTGACACATCC; mCOX-2F
GGTGCCTGGTCTGATGATGT and mCOX-2-R TGCTGG-
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TTTGGAATAGTTGCT; mLTA4H-F GAGGTCGCGGA-
TACTTGCTC and mLTA4H-R CTCCTGTGACTGGACCGTG;
mPGDH-F GGACACACCCATCCTTGAAT and mPGDH-R
TCGATGCCGTGATCTTCATA; mb-ACTIN-F TGACAGGATG-
CAGAAGGAGA and mb-ACTIN-R GTACTTGCGCTCAGGAG-
GAG; hADAM10-F CAACCTACGAATGAAGAGGGACAC and
hADAM10-R CCACCACGAGTCTGGATGAATC; hADAM17-F
GAAGTGCCAGGAGGCGATTA and hADAM17-R CGGGCACT-
CACTGCTATTACC; and hb-ACTIN-F GCGCGGCTACAGCTTCA
and hb-ACTIN-R CTTAATGTCACGCACGATTTCC.

Western blotting
The primary anti-mouse antibodies used were cleaved caspase 3
(Asp175, catalog no. 9661, Cell Signaling Technology, Danvers, MA),
ADAM10 (catalog no. AB19026,MerckMillipore,Darmstadt, Germany),
ADAM17 (catalog no. AB19027, Merck Millipore), and b-actin (clone
8H10D10, catalog no. 3700, Cell Signaling Technology). The secondary
antibody was a conjugated immunoglobulin G (IgG) (Jackson Immu-
noResearch Laboratories Inc.,West Grove, PA, USA). Quantification of
bands was achieved by densitometry using the ImageJ software.

Flow cytometry
The FCM was performed as previously reported (10). Peritoneal exu-
dates and cultured PMNs and MFs were used for determining indi-
cated antigens, including CD11b (clone M1/70, catalog no. 101206,
BioLegend, San Diego, CA), F4/80 (clone BM8, catalog nos. 123110 and
123116, BioLegend), Ly6G (clone 1A8, catalog no. 127618, BioLegend),
annexin V (catalog no. 640930, BioLegend), and mFgl2 (clone 6D9).
The cellular fluorescence was assessed using FACSCanto II (BD), and
data were analyzed with FlowJo v10 (Tree Star Inc., Ashland, OR). In
Treg experiments, spleen CD4+CD25+ Tregs were isolated by fluores-
cence-activated cell sorting (FACS) and then treated with or without
RvDp5 (10 nM) for 24 hours.

Immunohistochemistry
Mouse cecal tissues were fixed with formaldehyde. Paraffin sections
were stained with H&E or subjected to immunohistochemistry for
CD45 (30-F11, catalog no. sc-53665, Santa Cruz Biotechnology, Dallas,
TX) and F4/80 (catalog no. 123105, BioLegend).

Docking experiment
The 3D structure of ALX/FPR2 was constructed using SWISS-MODEL
server (http://swissmodel.expasy.org/), with the structure of the type
1 angiotensin II receptor (Protein Data Bank ID: 4YAY) as template.
The structures of RvDp5 (ZINC35876753, ZINC35876755,
ZINC35876757, and ZINC35876759) and LXA4 (ZINC03873139,
ZINC04556658, ZINC04556659, and ZINC04556660) were down-
loaded from the ZINC database (http://zinc.docking.org) by querying
their Chemical Abstracts Service (CAS) registry number and prepared
for dock by added charge with the University of California, San Fran-
cisco (UCSF) chimera program. These chemical structures were isomers
of RvDp5 and LXA4, respectively. Molecular docking calculations were
performed by using the UCSF DOCK6.5 program (18). The molecular
surface of the ALX/FPR2 complex was computed with a probe radius of
1.4Å, and sphereswere generated from themolecular surface,with amaxi-
mumandminimumradius of 4.0 and 1.4Å, respectively. The binding sites
of RvDp5 and LXA4 with ALX/FPR2 were identified automatically using
the largest binding cluster of ALX/FPR2 and located in extracellular
domain. The docking pose was ranked on the basis of grid score, and
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then the amber-based energy scoring function in DOCK6.5 program
was used to calculate molecular binding energies.

MD simulation
MD simulation has been widely used for investigating the interaction
properties betweenmolecules in a system. In this study, all MD simula-
tions were performed using GROMACS software (version 4.5.5) (26).
The ALX/FPR2 protein structure was processed by using tip3p water
mode and AMBER99SB force field to generate coordinates and
topology files (27). Then, the ligands were dealt with antechamber
and tleap tools from AmberTools9 (28), and the ligand’s topology
was created by using the ACPYPE tool (29). The simulations were
carried out under periodic boundary conditions, with a cubic periodic
box setting the minimal distance of 1.0 Å between the protein and edge
of the box. Toneutralize the system, ions (Na+ andCl−)were addedwith
a salt concentration of 0.15M. Then, the systemwas energy-minimized
using steepest descent minimization algorithm until the maximum
force under 1000 kcal mol−1 nm−1. Then, we equilibrated the protein-
ligand complex with 100-ps NVT equilibration (constant number of
particles, volume, and temperature) to stabilize the system at 300 K
and NPT (constant number of particles, pressure, and temperature)
equilibration within 100 ps. After the equilibration steps, the system
was well optimized, and a period of 20-ns MD simulations with a time
step of 2 fs at constant pressure (1 atm) and temperature (300 K) was
conducted. During the simulation process, energy and trajectory
information were collected every 2 ps, long-range electrostatics was in-
vestigated by the particlemesh Ewaldmethod (30), and all bond lengths
were limited by LINCS algorithm (31).

Binding free energy and energy decomposition analysis
Binding free energy calculation is a powerful tool in providing quanti-
tative measurement of protein-ligand interactions (32). The molecular
mechanics Poisson-Boltzmann surface area (MM/PBSA) approach was
used to compute binding free energies, as it is often used to study bio-
molecular complexes (33). In brief, the binding free energy (DG
binding) was calculated by the equation listed below using an open
source tool called g_mmpbsa

DGbind ¼ Gcomplex�Gprotein�Gligand ¼ DHþ DGsol � TDS
¼ DEMMþ DGsol � TDS ð1Þ

DEMM consists of the electrostatic and van der Waals energies and
is the gas-phase interaction energy between protein and ligand. DGsol

includes the polar solvation free energy and the nonpolar energy—
the former is calculatedwith the generalizedBorn approximationmodel
and the latter is obtained as a function of the solvent-accessible surface
area. TDS indicates the changing of conformational entropy upon lig-
and binding. It is acceptable to exclude the entropy contribution (TDS)
in practice if ligands have similar structures and binding modes (34).

Energy decomposition analysis was performed using the mm_pbsa.
pl. program (34). The residue-ligand interaction often contains four
parts: van der Waals contribution (DGvdw), electrostatic contribution
(DGele), the polar part of desolvation (DGGB), and the nonpolar part
of desolvation (DGSA)

DG ¼ DGvdw þ DGele þ DGsol ¼ DGvdw þ DGele þ DGGB þ DGSA

ð2Þ
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Statistical analysis
Statistical analysis was performed with Excel (Microsoft) and Prism
software (GraphPad Software). Error bars represent means ± SEM.
All representative experimental findings were verified in at least three
independent experiments. Data were verified to be in a normal
distribution. Results are expressed asmean±SEM.Two-tailed Student’s
t test was used to compare differences between groups. Analysis of var-
iance (ANOVA)was applied to performmultiple comparisons.Mantel-
Cox test was applied to compare survival rates between groups. P < 0.05
was considered statistically significant.
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