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Introduction
Macrolides have well-established antimicrobial and antivirulence effects that can be used to treat infectious 
diseases (1, 2). For instance, we previously demonstrated that, in the context of  macrolide-resistant Strepto-
coccus pneumoniae (S. pneumoniae) infection, subminimum inhibitory concentrations of  macrolides inhibit 
the release of  pneumococcal autolysin, thereby preventing cell lysis and pneumolysin release (3). However, 
macrolides are also applied to treat noninfectious diseases, such as cystic fibrosis (4), chronic obstructive 
pulmonary disease (COPD) (5, 6), acute respiratory distress syndrome (7), and certain forms of  asthma (8). 
Intriguingly, according to systematic reviews, macrolides exert a broad range of  immunomodulatory actions 
in a manner distinct from their bactericidal activity (9). Thus, macrolides may affect not only bacteria but 
also components of  the human immune system. Although the concept of  using macrolides for immune 
modulation was reported 40 years ago (10), the exact mechanism(s) underlying the immunomodulatory 
effects of  macrolides remains uncertain. The frequent usage of  macrolides as antibiotics (which requires 
higher dose concentrations than when used for immunomodulation, ref. 11) is problematic due to the poten-
tial development of  drug-resistant bacteria. Indeed, we have recently reported that 82% of  S. pneumoniae 

Macrolide antibiotics exert antiinflammatory effects; however, little is known regarding their 
immunomodulatory mechanisms. In this study, using 2 distinct mouse models of mucosal 
inflammatory disease (LPS-induced acute lung injury and ligature-induced periodontitis), we 
demonstrated that the antiinflammatory action of erythromycin (ERM) is mediated through 
upregulation of the secreted homeostatic protein developmental endothelial locus-1 (DEL-1). 
Consistent with the anti–neutrophil recruitment action of endothelial cell–derived DEL-1, ERM 
inhibited neutrophil infiltration in the lungs and the periodontium in a DEL-1–dependent manner. 
Whereas ERM (but not other antibiotics, such as josamycin and penicillin) protected against lethal 
pulmonary inflammation and inflammatory periodontal bone loss, these protective effects of 
ERM were abolished in Del1-deficient mice. By interacting with the growth hormone secretagogue 
receptor and activating JAK2 in human lung microvascular endothelial cells, ERM induced DEL-
1 transcription that was mediated by MAPK p38 and was CCAAT/enhancer binding protein–β 
dependent. Moreover, ERM reversed IL-17–induced inhibition of DEL-1 transcription, in a manner 
that was dependent not only on JAK2 but also on PI3K/AKT signaling. Because DEL-1 levels are 
severely reduced in inflammatory conditions and with aging, the ability of ERM to upregulate DEL-1 
may lead to a novel approach for the treatment of inflammatory and aging-related diseases.
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isolates were nonsusceptible to azithromycin, a 14-membered macrolide (12). Therefore, it is important to 
identify and mechanistically understand the immunomodulatory effects of  macrolides, distinct from their 
antimicrobial action, and exploit them therapeutically in the context of  inflammatory disorders.

The immunomodulatory effects of  macrolides include the regulation of  inflammation, whereby the 
most frequent and consistent observation is inhibition of  neutrophilic inflammation (1, 9), an activity shared 
with the integrin-binding secreted protein developmental endothelial locus-1 (DEL-1). DEL-1 has emerged 
as an important factor in neutrophil homeostasis in the context of  both the initiation and the resolution of  
inflammation (13–15). Specifically, DEL-1 modulates the production and recruitment of  neutrophils and 
also the clearance of  apoptotic neutrophils by tissue macrophages, which are thereby reprogrammed to 
acquire a proresolving phenotype (14–16). DEL-1 deficiency in mice is associated with increased pulmo-
nary inflammation as well as susceptibility to periodontitis and experimental autoimmune encephalomyeli-
tis (model for multiple sclerosis), accompanied by excessive neutrophil infiltration and IL-17–driven tissue 
destruction (13, 15, 17, 18). Moreover, humans with acute respiratory distress syndrome display increased 
circulating and alveolar levels of  IL-17 (19). Intriguingly, the expression levels of  DEL-1 and IL-17 are 
inversely correlated in inflammatory disorders (such as periodontitis, airway inflammation, and multiple 
sclerosis), and IL-17 inhibits endothelial cell expression of  DEL-1 (13, 17, 18, 20, 21).

In the present study, therefore, we investigated whether and how the antiinflammatory effects of  mac-
rolides are dependent on DEL-1 as well as the underlying mechanisms. We demonstrated that erythromy-
cin (ERM), a 14-membered macrolide, ameliorates neutrophilic inflammation in the lungs and the peri-
odontal tissue and protects against lethal pulmonary inflammation and periodontal bone loss, respectively, 
by upregulating DEL-1 expression and reversing the inhibitory effect of  IL-17 on DEL-1 expression. We 
also dissected the underlying signaling pathways. By interacting with the growth hormone secretagogue 
receptor (GHSR), ERM activates JAK2 signaling, which leads to DEL-1 transcription that is MAPK p38 
mediated and CCAAT/enhancer binding protein–β (C/EBPβ) dependent, as well as to PI3K/AKT-medi-
ated reversal of  the glycogen synthase kinase 3β–dependent (GSK3β-dependent) inhibitory effect of  IL-17 
on DEL-1 expression. Given that DEL-1 expression is diminished in inflammatory conditions and with 
advanced age (13), the ability of  ERM to upregulate DEL-1 paves the way to new approaches for treating 
inflammatory and aging-related disorders.

Results
ERM upregulates DEL-1 mRNA and protein levels in vitro and in vivo. To determine whether ERM can regulate 
neutrophil infiltration by regulating DEL-1 production (13), we first tested whether ERM could induce 
DEL-1 mRNA and protein in human lung microvascular endothelial cells (HMVECs). As comparative 
controls, we used the macrolide antibiotics josamycin (JSM) and penicillin (PC). Whereas the 14-mem-
bered ring macrolide ERM upregulated DEL1 mRNA expression, JSM, a 16-membered macrolide, and 
PC, a β-lactam antibiotic, failed to do so (Figure 1A). In Figure 1 and throughout the in vitro experiments, 
ERM, JSM, and PC were used at 10 μg/mL, which was the minimum concentration of  ERM yielding 
maximum induction of  DEL-1 expression (Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.136706DS1). The DEL-1 protein levels in HMVEC 
culture supernatants were measured by ELISA. Consistent with the mRNA data, ERM, but not JSM or 
PC, induced the production of  DEL-1 protein (Figure 1B). Additionally, we evaluated whether administra-
tion of  ERM induced Del1 mRNA expression in the lung tissue. To this end, mice were administered with 
ERM, JSM, or PC daily for 1 week. The mRNA levels of  Del1 in the lung were upregulated only in the 
ERM-treated group (Figure 1C). These findings suggest that ERM, but not JSM or PC, has the ability to 
induce DEL-1 expression both in vitro and in vivo.

ERM suppresses neutrophil infiltration and inflammation in the lungs. DEL-1 binds to the lymphocyte func-
tion-associated antigen-1 integrin on neutrophils and suppresses their adhesion to intercellular adhesion 
molecule 1 on vascular endothelial cells, thereby restraining neutrophil recruitment to the lungs (15). Given 
that ERM can induce DEL-1 expression in the lungs, we next examined whether ERM could suppress 
neutrophil infiltration in the bronchoalveolar lavage fluid (BALF). To this end, mice were administered with 
ERM, JSM, PC, or vehicle control (ethanol) intraperitoneally 3 hours before and 24 hours after intratracheal 
challenge with a sublethal dose (2.5 mg/kg body weight) of  LPS (Figure 2A). The mice were euthanized 48 
hours after LPS challenge for analysis. The number of  neutrophils in the BALF was significantly decreased 
in the ERM treatment group, whereas there were no differences in neutrophil numbers in the JSM- and 
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PC-treated mice as compared with ethanol-treated control mice (Figure 2B). Consistent with these data, 
the activity of  myeloperoxidase (MPO) in the BALF was significantly decreased by ERM but not by JSM 
or PC (Figure 2C). Next, we analyzed mRNA expression levels of  proinflammatory and antiinflammatory 
cytokines in harvested mouse lung tissue. ERM treatment suppressed Il6, Il17, and Tnf mRNA expression 
and upregulated Del1 and Il10 mRNA expression, whereas JSM and PC had no significant effects in this 
regard (Figure 2D). Mean linear intercept (representing mean free distance in airspaces) was increased in the 
lung compartments in the group of  mice administered LPS and ethanol control, but this effect was reversed 
in mice administered LPS and ERM (Figure 2E). In contrast, the LPS-induced increase of  mean linear 
intercept was not affected by JSM or PC (Figure 2E). H&E staining of  lung tissue showed that LPS admin-
istration resulted in an increase in airspace size and rupture of  alveolar septa, but this effect was prevented 
by ERM (albeit not by JSM or PC) (Figure 2F). Immunohistochemistry analysis was performed in DEL-
1– and neutrophil elastase–stained sections to evaluate the antiinflammatory effect of  ERM at 48 hours. 
DEL-1–expressing cells were observed in the ethanol control–treated group, but DEL-1 staining was essen-
tially absent in the LPS-treated group (Figure 2G), consistent with the reported strong inhibition of  DEL-1 
expression under inflammatory conditions in the lung (15). Immunofluorescence analysis of  sections from 
the group treated with both LPS and ERM revealed ample staining for DEL-1, suggesting that the paucity of  
DEL-1 expression due to LPS treatment was reversed by ERM, although not by the other antibiotics tested 
(Figure 2G). The intensity of  DEL-1 staining in the lungs appeared to be inversely associated with elastase 
staining (marker of  neutrophil infiltration); indeed, elastase was readily stained in sections from the group 
treated with LPS and ethanol, but elastase staining was reduced in the group treated with LPS and ERM 
(Figure 2G). To examine whether the antiinflammatory effects of  ERM in the lungs required the presence of  
DEL-1, we used Del1–/– mice generated by Setsuro Tech through gene editing by electroporation of  Cas9 pro-
tein (GEEP) methods (22, 23). In contrast to WT mice, in which ERM treatment resulted in reduced stain-
ing for neutrophil elastase (Figure 2G), Del1–/– mice displayed similar elastase staining in the lungs regardless 
of  whether they were treated with ERM or ethanol control (Figure 2H). As expected, Del1–/– mice did not 
show any staining for DEL-1 (Figure 2H), thus supporting the specificity of  DEL-1 staining in WT mice 
(Figure 2G). These data indicate that ERM induces DEL-1 expression in the lungs and, consistent with the 
anti–neutrophil recruitment activity of  DEL-1 (15), inhibits neutrophil-associated pulmonary inflammation. 
These data also suggested that ERM may depend on DEL-1 for its antiinflammatory effect, a possibility that 
was rigorously addressed using a lethal challenge model.

ERM improves mouse survival after LPS-induced acute lung injury in a DEL-1–dependent manner. To further 
characterize the biological relevance of  the ERM-induced upregulation of  DEL-1 expression in vivo, we 
engaged an LPS acute lung injury model in mice using a lethal dose (25 mg LPS/kg body weight) (Fig-
ure 3A) (24). In this model, lung injury caused by bacterial LPS administration exhibits microvascular 
injury and diffuse alveolar damage with pulmonary hemorrhage edema and fibrin deposition (25, 26).  

Figure 1. ERM upregulates DEL-1 mRNA and protein levels. (A) DEL1 mRNA transcription was analyzed by quantitative PCR (qPCR) in HMVECs incubated for 
the indicated time periods with or without ERM (10 μg/mL), JSM (10 μg/mL), or PC (10 μg/mL). Data were normalized against GAPDH mRNA and expressed 
as fold induction relative to treatment with ethanol (vehicle control), which was assigned an average value of 1. (B) DEL-1 protein levels in the cell culture 
supernatants after 6-hour incubation were measured by ELISA. (C) Del1 mRNA transcription in the lung tissue was analyzed by qPCR 24 hours after i.p. 
injection of ethanol (vehicle control), ERM (20 mg/kg), JSM (20 mg/kg), or PC (20 mg/kg). Data were normalized against Gapdh mRNA and expressed as fold 
induction relative to treatment with ethanol (vehicle control), which was assigned an average value of 1. Data are presented as the mean ± SD; (A and B: n = 
6 sets of HMVECs cultures; and C: n = 6 mice/group); (A) 2-way ANOVA followed by Holm-Šidák multiple comparisons test; (B and C) 1-way ANOVA followed 
by Tukey’s multiple comparisons test; *P < 0.01, ***P < 0.0001 between indicated groups.
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Treatment with ERM, but not with JSM or PC, significantly reduced mortality in mice subjected to LPS-in-
duced acute lung injury (Figure 3B). Moreover, ERM, but not JSM or PC, caused a significant reduction in 
IL-17 and TNF serum levels (Figure 3 C and D, respectively) and a significant increase in the serum levels 
of  the antiinflammatory IL-10 (Figure 3E), as compared with ethanol control. In side-by-side experiments, 
DEL-1–Fc and ERM caused comparable improvement in the survival of  mice subjected to LPS-induced 
acute lung injury (Figure 3F). Similar to ERM, DEL-1–Fc (but not Fc control) reduced the levels of  proin-
flammatory IL-17 and TNF and increased the levels of  antiinflammatory IL-10 in the serum (Figure 3, 
C–E). The improved mouse survival in the ERM– or the DEL-1–Fc –treated mice was accompanied by 
a significant increase in the oxygen saturation (SpO2) levels, as compared with treatments with JSM, PC, 
or ethanol control (Figure 3G). Notably, ERM treatment failed to inhibit neutrophil recruitment to the 
lungs (Figure 3H) or to improve the survival of  Del1–/– mice in the LPS-induced lung injury model (Figure 
3I). Consistent with the survival results, the serum levels of  TNF (Figure 3J) and IL-17 (Figure 3K) were 
decreased in ERM-treated WT mice but not in ERM-treated Del1–/– mice, as compared with their respective 
ethanol-treated controls. Conversely, the serum levels of  IL-10 were increased in ERM-treated WT mice 
but not in ERM-treated Del1–/– mice (Figure 3L). In contrast to ERM, DEL-1–Fc protein administration 
improved the survival of  Del1–/– mice subjected to LPS-induced lung injury (Figure 3M). Taken together, 
these data suggest that DEL-1 is a required effector of  the protective effect of  ERM treatment of  mice 
exposed to LPS-induced lung injury. In other words, ERM exerts protective effects in vivo through DEL-1–
dependent antiinflammatory properties.

ERM suppresses periodontal inflammation and bone loss in a DEL-1–dependent manner. To examine whether 
the DEL-1–dependent effects of  ERM represent a more general principle in protection against inflamma-
tory disorders, we additionally investigated the biological effects of  ERM in mice subjected to ligature-in-
duced periodontitis (LIP). The LIP model is well established and mimics human periodontitis, an oral 
inflammatory disease that affects the integrity of  the tissues that surround and support the dentition (e.g., 
gingiva and alveolar bone) (27); indeed, LIP generates a subgingival biofilm-retentive milieu, leading to 
Th17- and IL-17–driven inflammation and bone loss, features that are shared by human periodontitis (14, 
28). Periodontal bone loss was induced for 9 days by ligating the maxillary second molar and leaving the 
contralateral tooth unligated (baseline control) (Figure 4A). Systemic treatment of  WT mice with ERM (20 
mg/kg body weight), as outlined in Figure 4A, substantially inhibited bone loss, as compared with ethanol 
control as well as relative to JSM and PC, which exhibited a modest protective effect in comparison with 
ethanol control (Figure 4B). In stark contrast, ERM failed to inhibit bone loss in Del1–/– mice (Figure 4C). 
Consistent with our findings in WT mice exposed to LPS-induced lung injury (Figure 2, B and D; and Fig-
ure 3, C–E and H), treatment of  WT mice with ERM (but not with the other antibiotics tested) suppressed 
neutrophil infiltration in the gingival tissue (Figure 4D) and inhibited gingival mRNA expression of  Il17 
and Il6, while upregulating the expression of  Del1 and Il10 mRNA (Figure 4E). In great contrast, in Del1–/– 
mice, ERM failed to suppress neutrophil infiltration (Figure 4F) or to regulate cytokine (IL-17, IL-6, IL-10) 
expression at the mRNA or protein level (Figure 4G). IHC analysis revealed that treatment with ERM (but 
not with JSM, PC, or ethanol control) rescued DEL-1 protein expression in the periodontal ligament of  
WT mice while causing a decrease in the numbers of  elastase-positive cells in the same area (Figure 4H). 
Taken together with our earlier data from this study, ERM exerts protective DEL-1–dependent immuno-
modulatory effects in at least 2 mucosal inflammatory disease models.

ERM regulates the C/EBPβ transcription factor and reverses IL-17–induced suppression of  DEL-1 expression. 
As shown in Figure 1, A and B, ERM upregulated DEL-1 expression in HMVECs. Moreover, ERM 

Figure 2. ERM suppresses neutrophil infiltration in BALF. (A) Experimental design. E. coli LPS (2.5 mg/kg) was administrated intratracheally. ERM (20 
mg/kg) or JSM (20 mg/kg), PC (20 mg/kg), or ethanol control (n = 10 mice/group) was administrated i.p. 3 hours before and 24 hours after LPS adminis-
tration. Samples were collected 48 hours after LPS administration. (B and C) Neutrophil counts (B) and myeloperoxidase (MPO) activity (C) in the BALF 48 
hours after LPS challenge (B: n = 10 mice/group; C: n = 6 mice/group). (D) The mRNA levels of proinflammatory cytokines (Il6, Il17, and Tnf), Del1, and Il10 
in the lung tissue were determined by qPCR 48 hours after LPS challenge (n = 6 mice/group). Data were normalized against Gapdh mRNA and expressed 
as fold induction relative to treatment with ethanol control, which was assigned an average value of 1. (E) Mean linear intercept measured in central and 
peripheral areas of the lungs 48 hours after LPS challenge (n = 10 mice/group). (F) Representative images of H&E-stained pulmonary parenchyma 48 
hours after LPS challenge. Upper panel: scale bars, 50 μm; lower panel: scale bars, 25 μm. (G) IHC of lung tissue in WT mice stained with DEL-1 and neu-
trophil elastase 48 hours after LPS challenge. Scale bars: 50 μm. (H) IHC of lung tissue in Del1–/– mice stained with DEL-1 and neutrophil elastase 48 hours 
after sublethal LPS (2.5 mg/kg) challenge as outlined in panel A. Scale bars: 100 μm. Data are presented as the mean ± SD. **P < 0.01, ***P < 0.001 by 
1-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 3. ERM improves mouse survival after LPS-induced acute lung injury in a manner comparable to that of DEL-1–Fc. (A) Experimental design.  
E. coli LPS (25 mg/kg; lethal dose) was administrated intratracheally. ERM, JSM, PC (all 3 antibiotics at 20 mg/kg), or ethanol control was administrated 
i.p., while DEL-1–Fc (10 μg) or Fc control (3.3 μg; equal molar amount with 10 μg DEL-1–Fc) was administered intravenously, at the indicated time points.  
(B) Survival rates for mice treated with ethanol control, ERM, JSM, or PC and subjected to acute lung injury by LPS (n = 14 mice/group). (C–E) Determina-
tion of TNF (C), IL-17 (D), and IL-10 (E) serum levels in LPS-challenged mice treated with ERM (or controls) or DEL-1–Fc (or Fc control); serum was collected 
24 hours after LPS administration (n = 6 mice/group). (F) Survival rates of mice treated with DEL-1–Fc or Fc-control and subjected to acute lung injury by 
LPS (n = 14 mice/group). (G) Dynamics of oxygen saturation (SpO2) levels in mice subjected to LPS-induced acute lung injury over the course of 24 hours 
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promoted DEL-1 expression under in vivo inflammatory conditions in the lungs (Figure 2, D and G) and 
the periodontium (Figure 4, E and H). Because DEL-1 expression is inhibited by certain inflammatory 
cytokines, such as IL-17 (20), we reasoned that ERM can also reverse the downregulation of  DEL-1 
expression by IL-17. To this end, we examined DEL1 gene expression in HMVECs stimulated with 
IL-17. ERM, but not JSM or PC, reversed the ability of  IL-17 to inhibit DEL-1 expression, and in fact, 
ERM elevated DEL1 expression over and above its constitutive levels (ethanol control treatment) (Figure 
5A). In further experiments, we transfected HMVECs with a hDEL1-promoter-Luc-plasmid and treated 
them with ERM, JSM, PC or ethanol control. Consistent with our data in Figure 1, the DEL1 promoter 
(luciferase) activity was significantly upregulated by ERM, but not by JSM or PC, relative to ethanol 
control (Figure 5B). Moreover, whereas IL-17 inhibited the DEL1 luciferase activity in HMVECs, ERM 
reversed this inhibitory effect (Figure 5C). The transcription factor C/EBPβ is involved in the regulation 
of  DEL1 transcription, and its ability to bind to the DEL1 (EDIL3) promoter is inhibited by IL-17 (20). 
We thus next investigated whether ERM promotes C/EBPβ binding to the DEL1 promoter using a quan-
titative chromatin immunoprecipitation assay (ChIP-qPCR) (29). Our ChIP assay revealed that ERM, 
but not JSM or PC, enhanced the binding of  C/EBPβ to the DEL1 promoter (Figure 5D). Additionally, 
ERM not only reversed the inhibitory effect of  IL-17 on C/EBPβ binding to the DEL1 promoter but also 
elevated C/EBPβ binding over and above its constitutive level (ethanol control treatment) (Figure 5E). 
Taken together, ERM not only counteracts the inhibitory effect of  IL-17 on the binding activity of  C/
EBPβ for the DEL1 promoter, as previously shown for resolvins (20) and DHEA (29), but also can direct-
ly enhance the binding of  C/EBPβ to the DEL1 promoter.

ERM activates the GHSR/JAK2 signaling pathway to regulate DEL-1 expression. It was previously shown 
that ERM interacts with the GHSR, which is necessary for the ability of  ERM to inhibit inflammatory 
responses in chondrocytes (30). To further explore the mechanism(s) whereby ERM upregulates DEL-1, 
we examined possible involvement of  GHSR in DEL-1 regulation using ERM-treated HMVECs. First, 
using immunoblotting and immunofluorescence analysis, we showed that HMVECs express GHSR (Sup-
plemental Figure 2). We next incubated HMVECs with ERM or ghrelin (a 28–amino acid peptide that 
functions as a natural endogenous ligand of  GHSR, refs. 31, 32) and investigated the role of  GHSR in 
DEL1 gene expression. Both ERM and ghrelin significantly upregulated DEL-1 mRNA and protein expres-
sion (Figure 6A), and siRNA-mediated knockdown of  GHSR (Supplemental Figure 2) abolished both 
ERM- and ghrelin-mediated DEL-1 upregulation (Figure 6A). These data show that the GHSR signaling 
pathway is involved in the induction of  DEL-1 expression. We next investigated whether ghrelin can also 
suppress neutrophil infiltration in the lungs upon intratracheal challenge with a sublethal dose (2.5 mg/kg 
body weight) of  LPS (Supplemental Figure 3A). First, in a dose-response study, we determined a dose of  
ghrelin capable of  significantly upregulating DEL1 mRNA expression in the lungs (Supplemental Figure 
3B). Using ghrelin at 100 μg/kg (minimum concentration yielding maximum induction of  DEL1; Supple-
mental Figure 3B), we showed that ghrelin suppressed neutrophil infiltration (Supplemental Figure 3C) and 
MPO activity in the BALF (Supplemental Figure 3D). Moreover, ghrelin inhibited the induction of  proin-
flammatory cytokine (Il6, Il17, Tnf) expression and promoted the induction of  Del1 and Il10 expression in 
the lungs (Supplemental Figure 3E). The antiinflammatory effects of  ghrelin at 100 μg/kg were comparable 
to those of  ERM at 20 mg/kg (Supplemental Figure 3, C–E). Taken together, GHSR signaling is required 
for ERM- and ghrelin-mediated DEL-1 upregulation; moreover, ghrelin-induced signaling reproduces the 
DEL-1–dependent antiinflammatory effects of  ERM. Subsequently, we investigated the GHSR-mediated 
intracellular pathway that drives DEL-1 expression.

Activation of  GHSR was shown to modulate JAK2-associated PI3K and AKT phosphorylation as 
well as MAPK signaling (33–36). Moreover, AKT signaling induces Ser9 phosphorylation of  GSK3β, 
which is involved in the regulation of  DEL1 transcription (20). Consistent with those reports, ERM 

following LPS administration and treatment with the indicated antibiotics (left panel), DEL-1–Fc (right panel), or controls (ethanol or Fc) (n = 10 mice/
group). (H and I) WT and Del1–/– mice were challenged with LPS and treated with ERM (or ethanol control) or DEL-1–Fc (or Fc control) as outlined in panel 
A. Neutrophil numbers were calculated in the BALF of WT and Del1–/– mice 24 hours after LPS administration (n = 10 mice/group) (H). Survival rate of WT 
and Del1–/– mice subjected to LPS-induced acute lung injury (n = 14 mice/group) (I). (J–L) Serum levels of TNF (J), IL-17 (K), and IL-10 (L) in LPS-challenged 
WT and Del1–/– mice treated with ERM (or ethanol control) or DEL-1–Fc (or Fc control); serum was collected 24 hours after LPS administration (n = 6 mice/
group). (M) Survival rate of LPS-challenged Del1–/– mice treated with ERM (or ethanol control) or DEL-1–Fc (or Fc control) (n = 14 mice/group). Data are pre-
sented as the mean ± SD. **P < 0.01 by the log-rank test (B, F, I, and M). **P < 0.01, ***P < 0.001 by 1-way ANOVA followed by Tukey’s multiple compari-
sons test (C, D, E, H, J, K, and L). ***P < 0.001 by 2-way ANOVA followed by Holm-Šidák multiple comparisons test (G).
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induced phosphorylation of  JAK2, AKT, GSK3β, and MAPK p38 in HMVECs, whereas GHSR knock-
down reduced these ERM-induced phosphorylation events (Figure 6B). To evaluate which of  these sig-
naling molecules are important for DEL-1 induction, HMVECs were pretreated with inhibitors of  JAK2, 
AKT, or MAPK p38. Inhibitors of  JAK2 and MAPK p38 (AG490 and SB203580, respectively), but not 
an inhibitor of  PI3K/AKT signaling (LY294002), blocked ERM-mediated upregulation of  DEL1 mRNA 
expression (Figure 6C), DEL1 promoter/luciferase activity (Figure 6D), as well as C/EBPβ binding to the 
DEL1 promoter (Figure 6E). Thus, JAK2 and MAPK p38, but not PI3K or AKT, mediate the direct effect 
of  ERM on DEL-1 upregulation in HMVECs.

We next examined whether ERM-induced activation (phosphorylation) of  AKT is required for the 
ability of  ERM to reverse the inhibitory effect of  IL-17 on DEL-1 expression. The rationale for this 
experiment was that the proresolving lipid mediator resolving D1 (RvD1) causes AKT-induced GSK3β 
phosphorylation on Ser9, which in turn antagonizes the GSK3β-dependent inhibitory effect of  IL-17 
on DEL1 transcription (20). Regardless of  the absence or presence of  IL-17, ERM upregulated DEL1 
mRNA expression (Figure 6, C and F), DEL1 promoter/luciferase activity (Figure 6, D and G), and the 
binding of  C/EBPβ to the DEL1 promoter (Figure 6, E and H), as compared with the constitutive levels 
of  these activities in the ethanol control group. All these activities were inhibited by AG490 (Figure 6, 
C–H), suggesting that JAK2 regulates both the induction of  DEL-1 expression by ERM as well as the 
ability of  ERM to reverse the inhibitory effect of  IL-17 on DEL-1 expression. In the absence of  IL-17, 
RvD1 did not upregulate any of  these activities as compared with the ethanol control treatment (Figure 
6, F–H); however, RvD1 reversed the inhibitory effects of  IL-17 on DEL1 mRNA expression (Figure 
6F), DEL1 promoter/luciferase activity (Figure 6G), and C/EBPβ binding to the DEL1 promoter (Fig-
ure 6H), thereby restoring these activities to levels similar to those seen in the ethanol control group. 
Inhibition of  AKT signaling by LY249002 suppressed the ability of  both ERM and RvD1 to counteract 
the inhibitory effect of  IL-17 on DEL1 expression (Figure 6F). In contrast to LY249002, AG490 (JAK2 
inhibitor) and SB203580 (MAPK p38 inhibitor) did not affect the ability of  RvD1 to reverse the IL-17–
inhibitory effect on DEL1 expression (Figure 6F), DEL1 promoter/luciferase activity (Figure 6G), or C/
EBPβ binding to the DEL1 promoter (Figure 6H).

These above-described data suggest that JAK2 and MAPK p38 are unique to the ERM-induced path-
way and are unlikely to be activated by RvD1 in HMVECs. To further substantiate this notion, we investi-
gated possible differences between the ERM- and RvD1-induced signaling pathways. Both ERM and RvD1 
induced Ser473 phosphorylation of  AKT and Ser9 phosphorylation of  GSK3β; however, ERM, but not 
RvD1, induced the phosphorylation of  JAK2 and MAPK p38 (Figure 6I). Importantly, the JAK2 inhibitor 
AG490 inhibited ERM-induced phosphorylation of  AKT and GSK3β (Figure 6I), suggesting that the latter 
2 signaling molecules are activated downstream of  JAK2 phosphorylation by ERM. These data suggest 
that ERM activates PI3K/AKT signaling via JAK2, whereas RvD1 activates PI3K/AKT in a JAK2-inde-
pendent manner. Taken together, these data in HMVECs show that ERM shares an AKT-GSK3β pathway 
with RvD1 responsible for reversing the inhibitory effect of  IL-17 on DEL-1 expression; however, ERM 
also activates another JAK2-dependent pathway, which is not shared by RvD1, which depends on MAPK 
p38 and can directly induce DEL-1 expression.

Figure 4. ERM suppresses ligature-induced inflammatory bone loss in a DEL-1–dependent manner. (A) Experimental design. Periodontal bone loss was 
induced in WT or Del1–/– mice for 9 days by ligating a maxillary second molar and leaving the contralateral tooth unligated (baseline control). Groups of 
mice were given ERM (20 mg/kg), JSM (20 mg/kg), PC (20 mg/kg), or ethanol control i.p. every day until the day before sacrifice (day 8). (B) Measurements 
of bone loss in the indicated groups of LIP-subjected mice (left panel; n = 10 mice/group) and representative images of maxillae from each group (right 
panel). (C) Bone loss was measured in littermate WT or Del1–/– mice that were subjected to LIP and treated with ERM (20 mg/kg) or ethanol control as 
shown in panel A (n = 10 mice/group). (D) Numbers of neutrophils in the gingiva of LIP-subjected WT mice treated with ethanol control, ERM (20 mg/kg), 
JSM (20 mg/kg), or PC (20 mg/kg) as described above (n = 6 mice/group). (E) Relative mRNA expression of the indicated molecules in the gingival tissue 
from LIP-subjected WT mice treated with ERM, JSM, PC, or ethanol control as above. Data were normalized to Gapdh mRNA and are presented as fold 
change relative to baseline (unligated control), which was set as 1 (n = 6 mice/group). (F) Numbers of neutrophils in the gingival tissue of LIP-subjected WT 
or Del1–/– mice treated with ERM (20 mg/kg) or ethanol control (n = 6 mice/group). (G) Determination of the protein and mRNA levels of IL-17, IL-6, and IL-10 
in the gingival tissue of LIP-subjected WT or Del1–/– mice, which were treated (or not; ethanol control) with 20 mg/kg ERM as outlined in panel A. Protein 
concentrations (pg cytokines/mg total protein in tissue lysates are shown) and mRNA expression were determined by ELISA and qPCR, respectively. The 
mRNA data were normalized to Gapdh mRNA and are presented as fold change relative to vehicle-treated WT mice, which was set as 1 (n = 6 mice/group). 
(H) Tissue sections from LIP-subjected WT mice were stained for DEL-1, neutrophil elastase and nuclei using DAPI. Scale bars, 100 μm. Data are presented 
as the mean ± SD. *P < 0.01, ***P < 0.0001 by 1-way ANOVA followed by Tukey’s multiple comparisons test (B–G).
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Discussion
Macrolides are frequently used as antibiotics to treat respiratory infections and noninfectious pulmonary 
disease. Macrolides have strong tissue penetration ability compared with other antibiotics, leading to tissue 
concentrations that often exceed the serum concentrations (37). In addition to their antibiotic activities, mac-
rolides have immunomodulatory properties that are useful for the treatment of  chronic inflammatory diseases 
at mucosal barrier sites, including the lungs (2, 9, 38–40). However, little is known on the immunomodulatory 
mechanisms of  macrolides. In this study, we focused on the 14-membered ring macrolide ERM and obtained 
important insights on its immunomodulatory action and its underlying mechanisms. ERM upregulated DEL-
1 mRNA and protein levels in cultured HMVECs, as well as in vivo, at 2 mucosal sites, the lungs and the 
periodontium. Consistent with the anti–neutrophil recruitment action of  endothelial cell–derived DEL-1 (14, 
15), ERM suppressed neutrophil infiltration in BALF and the periodontium in a DEL-1–dependent manner. 
The biological significance of  this mechanism was demonstrated by the protective actions of  ERM against 
lethal pulmonary inflammation and inflammatory bone loss in models of  LPS-induced acute lung injury and 
LIP, respectively. ERM failed to confer protection in the absence of  endogenous DEL-1. We have moreover 
demonstrated that ERM modulates DEL-1 expression by activating GHSR/JAK2 signaling, which is a novel 
pathway for the regulation of  C/EBPβ, a critical transcription factor for DEL1 gene transcription (20).

We have previously shown that DEL-1 expression is severely reduced under inflammatory conditions 
(15, 20, 29). Specifically, both IL-17 and TNF diminish DEL-1 expression by targeting C/EBPβ, although 
their effects are reversed by the proresolving lipid mediator RvD1 and steroid hormone dehydroepiandros-
terone (DHEA) (20, 29). Although RvD1 and DHEA use different receptors (GPR32 and/or ALX/FPR2 
vs. TrkA, respectively), they both activate PI3K/AKT signaling to restore C/EBPβ binding to the DEL1 pro-
moter region, thereby counteracting the inhibitory effect of  inflammatory cytokines on DEL-1 production. 

Figure 5. ERM reverses IL-17–mediated suppression of DEL-1 by regulating the C/EBPβ transcription factor. (A) HMVECs were stimulated as indicated for 
4 hours in the absence or presence of IL-17 (5 ng/mL). Prior to IL-17 stimulation, the cells were pretreated for 30 minutes with ERM (10 μg/mL), JSM (10 μg/
mL), or PC (10 μg/mL). DEL1 mRNA expression was determined by qPCR, and data were normalized against GAPDH mRNA and expressed as fold induction 
relative to ethanol treatment (vehicle control), which was assigned an average value of 1 (n = 6 sets of cultures/group). (B and C) HMVECs were transiently 
transfected with hEDIL3-promoter-Luc reporter plasmid, pretreated for 30 minutes with or without ERM (10 μg/mL), JSM (10 μg/mL), or PC (10 μg/mL), 
followed by 8-hour stimulation with or without IL-17 (5 ng/mL), and analyzed for luciferase activity. A Renilla luciferase construct was cotransfected as 
an internal control for normalization. Data are presented as fold change relative to ethanol control treatment, which was set as 1 (n = 6 sets of cultures/
group). (D) ChIP analysis of C/EBPβ occupancy at the DEL1 promoter in HMVECs treated for 4 hours with ethanol control, ERM (10 μg/m), JSM (10 μg/m), or 
PC (10 μg/m) (n = 4 sets of cultures/group). (E) Same experimental setup as in panel D, with included stimulation with IL-17 (5 ng/mL) for 4 hours following 
30 minutes’ pretreatment with ERM and controls (n = 4 sets of cultures/group). Nonimmunoprecipitated cell extracts were used as input samples. In the 
experiments whose results are shown in A, C, and E, sequential treatments were performed without intermediate washing steps. Data are expressed as 
percentage of input. Data are presented as the mean ± SD. **P < 0.001, ***P < 0.0001 by 1-way ANOVA followed by Tukey’s multiple comparisons test.
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ERM shares a similar function with RvD1 and DHEA, in that ERM can also reverse inflammation-induced 
downregulation of  DEL-1 transcription in a PI3K/AKT-dependent manner. However, what is unique and 
novel about ERM is that it can directly upregulate DEL-1 expression even under normal homeostatic (non-
inflammatory) conditions; RvD1 and DHEA cannot directly induce DEL-1 expression (20, 29). Thus, ERM 
not only counteracts the inhibitory effect of  inflammation on the promoter binding activity of  C/EBPβ 
(“reversal effect”), as we showed earlier for RvD1 (20) and DHEA (29), but also can directly enhance the 
binding of  C/EBPβ to the DEL1 promoter.

Besides activating GHSR/JAK2-dependent PI3K/AKT signaling, which drives the reversal effect, 
ERM activates a pathway that is not shared by RvD1 but that can directly induce DEL-1 expression. This 
unique pathway depends on MAPK p38 because this kinase is activated by ERM in a JAK2-dependent 
manner, and importantly, pharmacological inhibition of  MAPK p38 completely inhibited the ability of  
ERM to (a) promote the binding of  C/EBPβ to the DEL1 promoter region, (b) stimulate DEL1 promot-
er/luciferase activity, and (c) induce DEL1 mRNA expression. Thus, JAK2 is an essential component 
of  ERM-induced signaling, which bifurcates and leads to MAPK p38-dependent DEL-1 expression and 
AKT-dependent reversal of  the IL-17/GSK3β inhibitory effect on DEL-1 expression.

In line with the finding that GHSR was required for the ability of  ERM to upregulate DEL-1, ghrelin 
also enhanced DEL-1 expression and exerted a similar antiinflammatory effect as ERM in the lungs after 
intratracheal challenge with a sublethal dose of  LPS. Similar to DEL-1, which is a potent antagonist of  
IL-17 induction (13, 17, 18, 20, 21), ghrelin was earlier shown to inhibit IL-17 responses (41, 42). Future 
studies are warranted for a better understanding of  the potential relationship between DEL-1 and ghrelin 
in regulating IL-17 responses and how they might antagonize leptin, which promotes Th17 differentia-
tion and IL-17 production (42, 43).

Severe periodontitis affects approximately 10% of adults, is associated with increased risk of certain sys-
temic disorders (e.g., atherosclerosis and rheumatoid arthritis), and remains a serious public health and eco-
nomic burden (27, 44–46). This oral disease is driven by IL-17 in both mice and humans (17, 28), and DEL-1 is 
a strong inhibitor of IL-17–driven immunopathology in periodontitis and other disease models in mice as well 
as nonhuman primates (17, 18, 21, 47). Our potentially novel discovery that ERM both upregulates DEL-1 and 
prevents its downregulation by inflammatory stimuli offers a new approach to the treatment of periodontitis in 
humans. Although the protective effect of ERM against ligature-induced periodontal bone loss might, in part, 
be contributed by its antibiotic activity, such contribution should be minimal, as shown by the weak protective 
effects of either JSM or PC in the same model. Moreover, if  the protective effect of ERM against bone loss 
were substantially dependent on its antibiotic action, then ERM should have exhibited a measurable protective 
effect against bone loss in Del1-deficient mice. We therefore conclude that ERM protects against experimental 
periodontitis predominantly through its DEL-1–dependent antiinflammatory action. In addition to its antiin-
flammatory effects, DEL-1 was recently shown to have osteogenic activity and to promote periodontal bone 
regeneration (48), suggesting that ERM may also find an application in regenerative medicine.

The pathogenesis of  acute lung injury is characterized by lung epithelial integrity disruption and infil-
tration of  neutrophils into the lungs, leading to interstitial edema and alveolar collapse (49). By secreting 

Figure 6. ERM activates GHSR/JAK2 signaling for regulating DEL-1 expression. (A) DEL1 mRNA expression determined by qPCR and DEL-1 protein levels 
determined by ELISA in control or GHSR siRNA-transfected HMVECs treated with ERM (10 μg/mL) or ghrelin (5 μg/mL) 3 hours (mRNA) or 6 hours (protein) 
(n = 6 culture sets/group). Data normalized against GAPDH mRNA are expressed as fold induction relative to ethanol (set as 1). (B) HMVECs, pretreated for 
24 hours with control or GHSR siRNA (20 nM), were incubated with ERM and assayed for phosphorylation at indicated points. (C) After 1-hour pretreat-
ment with AG490 (10 μM), LY294002 (20 μM), or SB203580 (10 μM), HMVECs were incubated 3 hours with ERM and assayed for DEL1 expression (n = 6 
culture sets/group). Data normalized against GAPDH mRNA were expressed as fold induction relative to ethanol control (set as 1). (D) HMVECs were tran-
siently transfected with hEDIL3-promoter-Luc reporter plasmid, pretreated 1 hour with inhibitors, and subsequently incubated 8 hours with ERM or control 
followed by luciferase assay. Data are presented as fold change relative to ethanol control, set as 1 (n = 6 culture sets/group). (E) HMVECs, pretreated as 
above with inhibitors, were incubated 4 hours with ERM and subjected to ChIP analysis of C/EBPβ occupancy at the EDIL3 promoter (n = 4 culture sets/
group). (F) After 30-minute pretreatment with ERM or RvD1 (100 nM), HMVECs were stimulated (3 hours), or not, with IL-17 (5 ng/mL). DEL1 mRNA expres-
sion was assayed and presented as above (n = 6 HMVEC culture sets/group). (G) HMVECs were transiently transfected with hEDIL3-promoter-Luc reporter 
plasmid and pretreated with inhibitors. After 1 hour, the cells were treated with ERM, RvD1, or control for 30 minutes, followed by 8-hour stimulation with 
IL-17 and luciferase activity assay (n = 6 culture sets/group). Data are presented as fold change relative to ethanol (set as 1). (H) After 1-hour pretreatment 
with inhibitors, HMVECs were treated with ERM, RvD1, or ethanol for 30 minutes, followed by 4-hour stimulation with IL-17. Chromatin was immunoprecip-
itated with anti–C/EBPβ IgG and subjected to qPCR of the DEL1 promoter. Nonimmunoprecipitated cell extracts served as input samples. (I) After 1-hour 
pretreatment with inhibitors, HMVECs were incubated with RvD1 or ERM for 30 minutes and assayed for phosphorylation. In experiments shown in A–I, 
sequential treatments were performed without intermediate washing steps. Each compound was used at the same concentration in all experiments. Data 
are shown as means ± SD. **P < 0.001, ***P < 0.0001 by 1-way ANOVA with Tukey’s multiple comparisons test (A and C–H).
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cytokines and other inflammatory mediators, neutrophils may be important effectors in acute lung injury 
(50). Recently, clarithromycin (CAM), also a 14-membered macrolide, was found to modulate the immu-
nosuppressive CD11b+Gr-1+ cell population, thereby ameliorating lethal endotoxic shock and postinfluenza 
bacterial pneumonia (51). In that study, the authors showed that clarithromycin-induced CD11b+Gr-1+ cells 
protected mice against LPS-induced lethality by increasing IL-10 expression. Whether CAM can mediate any 
of  its immunomodulatory action through regulatory effects on DEL-1 expression in the lungs is currently 
uncertain. However, the immunomodulatory effects may vary between different macrolides. For instance, in 
vitro studies have suggested that CAM has lower immunomodulatory activity as compared with the 14-mem-
bered macrolide roxithromycin (52). Moreover, CAM displayed a significantly weaker effect in reducing IL-6 
production by human macrophages as compared with ERM (53). Previous studies have suggested that 14- 
and 15-membered, but not 16-membered macrolides, can inhibit the production of  proinflammatory cyto-
kines and chemokines in vivo and in vitro in isolated cells, including innate immune, epithelial, and endo-
thelial cells (1, 54–56). Consistently, 16-membered JSM did not induce DEL-1 expression in vivo or in vitro.

Interestingly, in the sputum of  patients with COPD, ERM led to a significant decrease in the total 
cell and neutrophil counts, inhibited neutrophil chemotaxis, and decreased the concentration of  neutro-
phil elastase (57, 58). Our study showed that ERM, albeit not JSM or PC, induced IL-10 and decreased 
TNF and IL-17. Importantly, a recent study showed that anti–IL-17 pretreatment protects mice from the 
acute lung injury (59). These antiinflammatory effects of  ERM are dependent on DEL-1 and, at least in 
part, on its anti–neutrophil recruitment action. In this regard, we have recently linked DEL-1’s anti–leu-
kocyte recruitment function to endothelial cell–derived DEL-1 and its ability to resolve tissue inflamma-
tion to macrophage-derived DEL-1 (14). Specifically, macrophage-derived DEL-1 regulates efferocytosis 
and the plastic reprogramming of  macrophages to a proresolving phenotype with enhanced expression 
of  antiinflammatory factors, such as TGF-β and resolvins, both of  which can inhibit IL-17 and other 
proinflammatory cytokines (14).

Ghrelin has close structural identity with motilin (60, 61). ERM was shown to activate the motilin 
receptor, which has 52% overall amino acid identity with GHSR, suggesting that ERM could also act as 
a ghrelin receptor agonist (62). A subsequent study showed that ERM indeed acts through GHSR (30). 
Moreover, several studies have shown that certain immunomodulatory activities of  ERM are mediated 
by GHSR (30, 63). GHSR is known as the ghrelin receptor involved in mediating growth hormone 
release and body weight increase, regulating gastrointestinal motility and secretion (60, 64, 65). The 
functions of  GHSR also include attenuation of  proinflammatory responses and regulation of  immune 
functions related to aging and homeostasis (66) as well as cell protection in the cardiovascular system 
(67). Beneficial effects of  ERM and ghrelin on local inflammation have also been reported (30). Our 
study is consistent with the findings linking ERM to GHSR-dependent antiinflammatory effects but 
additionally has provided novel insights into the immunomodulatory mechanisms of  ERM. We demon-
strated for the first time to our knowledge that the antiinflammatory effect of  ERM depends on DEL-1, 
which is regulated downstream of  GHSR signaling. We established an ERM-JAK2-MAPK p38 axis, 
which upregulates the constitutive expression of  DEL-1, and an ERM-JAK2-PI3K-AKT-GSK3β axis, 
which reverses the inhibitory effect of  IL-17 on DEL-1 expression. In contrast to ERM, JSM and PC 
had no protective role in the LPS-induced acute lung injury model but displayed a modest protective 
effect in the experimental periodontitis model; this is perhaps due to antibiotic action against periodon-
tal bacterial species contributing to the induction of  the host inflammatory response. Although we 
cannot formally exclude the possibility that the antibiotic action of  ERM contributed to its protective 
effects in experimental periodontitis, such contribution is likely minimal (if  any), since ERM failed to 
protect Del1–/– mice from inflammatory bone loss.

Importantly, DEL-1 production is progressively decreased with aging in both mice and humans, cor-
relating with increased periodontal disease activity (17, 47, 68), and perhaps other inflammatory disorders, 
such as multiple sclerosis, where DEL-1 plays a major role (18). Therefore, the ability of  ERM to upregu-
late DEL-1 expression may lead to a key novel approach for the treatment of  aging-related inflammatory 
disorders. In conclusion, in vivo and in vitro evidence suggested that ERM exerts its immunomodulatory 
effects by regulating the local homeostatic factor DEL-1. Because DEL-1 is a strong inhibitor of  IL-17–
driven immunopathology (13), our study supports the use of  ERM as an immunomodulatory agent for 
treating IL-17–driven inflammatory diseases at mucosal barrier sites.
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Methods
Mice. Male WT C57BL/6N mice (10–12 weeks old) were purchased from Nihon CLEA (Tokyo, Japan). 
C57BL/6N Del1–/– mice were generated by Setsuro Tech (Tokushima, Japan) using GEEP methods (22, 23). 
CRISPR RNA was designed (Del1 up CRISPR RNA [crRNA]: CTGGCTTTGGGCGCCCCCGG; proto-
spacer adjacent motif  [PAM]:CGG; Del1 down crRNA: GGGGTGCCCCAGTTCGGCAA; PAM:AGG) 
as described by Choi et al. (15). Mice were maintained in individually ventilated cages and provided sterile 
food and water ad libitum under specific pathogen–free conditions.

Reagents. Recombinant human or mouse IL-17A was purchased from R&D Systems, Bio-Techne (Min-
neapolis, Minnesota, USA). The D-series resolvin RvD1 was purchased from Cayman Chemical (Ann 
Arbor, Michigan, USA). LY294002 (PI3K/AKT inhibitor) and SB203580 (MAPK p38 inhibitor) were 
purchased from MilliporeSigma (St. Louis, Missouri, USA). AG490 (JAK2 inhibitor) was purchased from 
InvivoGen (San Diego, California, USA). Rabbit polyclonal antibody against DEL-1 was from Proteintech 
(12480-1–AP; Rosemont, Illinois, USA). Rabbit monoclonal antibody (mAb) against β-actin (4970; clone 
13E5), rabbit IgG antibodies against total AKT (9272; phosphorylation state independent), phospho-AKT 
(4060; clone D9E; Ser473), total JAK2 (3230; clone D2E12), phospho-JAK2 (3771; Tyr1007/1008), total 
GSK-3β (9315; clone 27C10), phospho-GSK3β (9336; Ser9), total MAPK p38 (9212), and phospho-MAPK 
p38 (9211) were purchased from Cell Signaling Technology (Danvers, Massachusetts, USA). Rabbit IgG 
antibodies against GHSR (H00002693-K) were from Abnova (Taipei City, Taiwan).

LPS-induced acute lung injury. LPS-induced acute lung injury was performed in Del1–/– mice and Del1+/+ 
(WT) littermate controls using both sublethal (2.5 mg/kg body weight) and lethal (25 mg/kg body weight) 
doses of  LPS in the presence or absence of  ERM and control treatments, according to the experimental 
designs shown in Figure 2A and Figure 3A. Mice were anesthetized and were administered LPS (from E. coli 
0111:B4; InvivoGen) intratracheally using MicroSprayer aerolizer (Penn-Centrury, Wyndmoor, Pennsylva-
nia, USA). For treatment, ERM (20 mg/kg; Thermo Fisher Scientific, Waltham, Massachusetts, USA), JSM 
(20 mg/kg; FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan), PC (20 mg/kg; FUJIFILM Wako 
Pure Chemical Corporation), or ghrelin (100 μg/kg; Phoenix Pharmaceuticals, Burlingame, California, USA) 
were intraperitoneally injected into the mice. The concentration of  ERM used was within the range of  human 
plasma concentrations achieved with typical therapeutic activity of  ERM (69). Ethanol served as vehicle con-
trol. The mice were sacrificed, and then bronchoalveolar lavage was collected as previously described (70, 71). 
MPO activity in BALF was measured based on the change in optical density at 450 nm resulting from oxida-
tion of  o-dianisidine dihydrochloride (72). Protein concentrations in tissue extracts were determined using the 
bicinchoninic acid microassay method (Thermo Fisher Scientific). Human DEL-1 was generated and purified 
as a fusion protein with the human IgG-Fc fragment as described previously (16, 47).

LIP model. A 5-0 silk ligature was tied around the maxillary left second molar, and the mice were euthanized 
9 days after placement of the ligatures (73). The contralateral molar tooth in each mouse was left unligated (base-
line control for bone loss measurements). Periodontal bone loss was assessed morphometrically in defleshed 
maxillae using a dissecting microscope (×40) fitted with a video image measurement system (Nikon Instru-
ments, Tokyo, Japan). Specifically, the cementoenamel junction to the alveolar bone crest (CEJ-ABC) distance 
was measured on 6 predetermined points on the ligated second molar and the affected adjacent regions (73). 
Bone loss was calculated by subtracting the 6-site total CEJ-ABC distance for the ligated side of each mouse 
from the 6-site total CEJ-ABC distance of the contralateral unligated side. Negative values (in millimeters) indi-
cated bone loss relative to the baseline (unligated control). LIP-subjected mice were intraperitoneally treated 
with ERM and control antibiotics using the doses mentioned above (LPS-induced acute lung injury) and according 
to the experimental design shown in Figure 4A.

Cell preparation, culture, and treatments. HMVECs (Lonza Japan, Chiba, Japan) were cultured on 2% gel-
atin-coated plates in Microvascular Endothelial Cell Growth Medium-2 (EGM-2MV; Lonza Japan) at 37°C 
and 5% CO2. In all experiments, sequential treatments were performed without intermediate washing steps.

ChIP assay followed by qPCR. ChIP analysis of  C/EBPβ binding to the DEL1 promoter was performed 
in HMVECs as previously reported (20, 29) using the SimpleChIP Plus Enzymatic Chromatin IP Kit with 
magnetic beads (Cell Signaling Technology) following the manufacturer’s instructions. Briefly, cross-linked 
chromatin was immunoprecipitated with nonimmune rabbit IgG (Cell Signaling Technology) or rabbit IgG 
mAb against anti–histone H3 (D2B12; Cell Signaling Technology) or rabbit IgG antibody against C/EBPβ 
(C19 sc-150; Santa Cruz Biotechnology, Dallas, Texas, USA). For PCR, primers 5′ CTTATAGCAGAAG-
GAGCTGAAAGAG 3′ and 5′ TGGAGAACAATGAAGGCGTGAG 3′ flanking 2 putative C/EBPβ 
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binding sites in the DEL1 promoter (−328 to −589 base pairs) were used. ChIP-qPCR data obtained with 
the C/EBPβ antibody or nonimmune IgG were normalized using the percentage input method that nor-
malizes to chromatin input based on following equation: % input = 100 × 2Ct[adjusted input] − Ct[IP] (29, 74).

Luciferase reporter assay. The luciferase reporter assay and construct of  hDEL1 promoter/luciferase 
reporter plasmid (hDEL1-promoter-Luc) has been described in detail elsewhere (20). HMVECs were seed-
ed into 96-well plates at a density of  1 × 104 cells per well and cotransfected with the hDEL1-promoter-Luc 
and pGL3 firefly luciferase reporter plasmid (Promega, Madison, Wisconsin, USA) as an internal trans-
fection control using the 4D-Nucleofector V4XC for SF cell line (Lonza). HMVECs were treated with 
ethanol, ERM, JSM, or PC in the presence of  IL-17 as described in the figure legends. Luciferase assay was 
performed using the Dual-Glo Luciferase Assay System and GloMax-Multi Detection System (Promega) 
according to the manufacturer’s instructions.

Pulse oximetry. A portable mouse pulse oximeter (MouseOx PLUS, STARR Life Sciences, Oakmont, 
Pennsylvania, USA) was used to monitor SpO2 and other physiological parameters (heart rate, breath 
rate, pulse distention) in free-roaming, nonanesthetized mice. The collars of  experimental animals were 
trimmed of  fur at least a day before the beginning of  pulse oximetry monitoring. At indicated experimental 
time points, mice were anesthetized with 3% isoflurane in 100% oxygen for 2 minutes, and an extra-small 
MouseOx collar clip was placed on the animal’s neck. Mice were allowed to recover from anesthesia (1–2 
minutes) and pulse oximetry readings were recorded.

ELISA. Detection of  human DEL-1 protein in the culture supernatants was performed by a sandwich 
ELISA as previously described (20) using serial dilutions of  recombinant human DEL-1 (R&D Systems, Bio-
Techne) for standard curve generation. TNF, IL-10, IL-6, and IL-17 levels in tissue lysates or serum were mea-
sured using a DuoSet ELISA Kit (R&D Systems, Bio-Techne) according to the manufacturer’s instructions.

Determination of  neutrophil numbers by flow cytometry. To obtain BALF, 1.0 mL PBS was instilled into 
mouse lungs and then slowly aspirated (3, 71). Single-cell suspensions from harvested gingival tissue were 
prepared according to a previously described method (75). The number of  recruited neutrophils present 
in the BALF or gingival tissue was determined by flow cytometric analysis using Ly6G-allophycocyan-
in (1A8; BD Pharmingen, Franklin Lakes, New Jersey, USA) and CD11b-Alexa Fluor 488 (M1/7; BD 
Pharmingen) antibodies (14). Flow cytometric analysis of  stained cells was performed on a NovoCyte flow 
cytometer (ACEA, San Diego, California, USA) and analyzed with NovoExpresss (ACEA).

Immunoblotting. Cell lysates were prepared using the RIPA Lysis Buffer System (Santa Cruz Biotech-
nology), and protein content concentrations were determined using the Bio-Rad Bradford protein assay. 
Proteins were separated by standard SDS with polyacrylamide gel electrophoresis on 10% acrylamide gels 
(Thermo Fisher Scientific) and transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, 
California, USA) by electroblotting. The membranes were incubated in blocking buffer (StartingBlock; 
Thermo Fisher Scientific) followed by probing with primary antibodies and visualization with horseradish 
peroxidase–conjugated secondary antibody and chemiluminescence using MilliporeSigma ECL system. 
Images were captured using a FluorChem M imaging system (ProteinSimple, San Jose, California, USA). 
The sources of  the various antibodies used are listed above under Reagents.

Quantitative real-time PCR. Total RNA was extracted from HMVECs and lung tissue using TRI 
Reagent (Molecular Research Center, Inc., Cincinnati, Ohio, USA) and quantified by spectrophotome-
try at 260 and 280 nm. The RNA was reverse-transcribed using SuperScript VILO Master Mix (Thermo 
Fisher Scientific), and qPCR with the cDNA was performed using the StepOnePlus real-time PCR sys-
tem (Thermo Fisher Scientific) according to the manufacturer’s protocol. Data were analyzed using the 
comparative CT (ΔΔCt) method. TaqMan probes, sense primers, and antisense primers for the expres-
sion of  a housekeeping gene (GAPDH; Mm99999915_g1, Gapdh; Hs02786624_g1), as well as investigat-
ed genes Edil3 (Del1) (Del1; Mm01291247_m1, DEL1; Hs00964112_m1), Il6 (Mm00446190_m1), Il1b 
(Mm00434228_m1), Tnf (Mm00443258_m1), Il10 (Mm01288386_m1), and Il17a (Mm00439618_m1), 
were purchased from Thermo Fisher Scientific.

Immunofluorescence and histological analysis. The lungs from mice subjected to LPS-induced lung inflam-
mation were collected 48 hours or 5 days after LPS challenge. For standard histological and subsequent 
quantitative histomorphometric analyses, the lungs were fixed in 4% paraformaldehyde phosphate buffer 
solution (FUJIFILM Wako Pure Chemical Corporation) for 24 hours, then embedded in O.C.T. compound 
(Sakura Finetek Japan, Tokyo, Japan), followed by freezing of  the samples in liquid nitrogen. Gingival biop-
sy specimens from mouse maxillae with intact surrounding tissue were fixed in 4% paraformaldehyde and 
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embedded in O.C.T. compound. Coronal sections were cut at 8 μm and mounted on glass slides. The sec-
tions were fixed in paraformaldehyde for 10 minutes and washed with a solution of  PBS and 0.1% Tween-20 
followed by PBS containing 0.1% Triton X-100, as well as PBS alone. Sections were stained using rab-
bit polyclonal antibody against DEL-1 (12480-1–AP; Proteintech) and rabbit polyclonal antibody against 
neutrophil elastase (ab68672; Abcam Japan, Tokyo, Japan), followed by Alexa Fluor 488–conjugated goat 
anti–rabbit IgG (A-11034; Thermo Fisher Scientific). The specificity of  staining was confirmed by using 
appropriate isotype control (02-6100; Thermo Fisher Scientific) or nonimmune rabbit IgG (10500C: Ther-
mo Fisher Scientific). Fluorescence images were captured using a confocal laser-scanning microscope (Carl 
Zeiss, Jena, Germany).

Immunofluorescence analysis of  GHSR was performed using 70% confluent log phase HMVECs. The 
cells were fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton X-100 for 15 
minutes, then blocked with 1% BSA for 1 hour at room temperature. The cells were labeled with GHSR 
polyclonal antibody (Thermo Fisher Scientific) at 5 μg/mL in 0.1% BSA, incubated overnight, and then 
labeled with goat anti–rabbit IgG (H+L) superclonal secondary antibody, Alexa Fluor 488 conjugate (Ther-
mo Fisher Scientific), at a dilution of  1:2000 for 45 minutes at room temperature. Nuclei were stained with 
ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). F-actin was stained with 
rhodamine phalloidin (Thermo Fisher Scientific).

Statistics. Data were statistically evaluated by 1- or 2-way ANOVA. Tukey’s multiple comparisons test 
was used for 1-way ANOVA. Holm-Šidák multiple comparisons test was used for 2-way ANOVA. Where 
appropriate (comparison of  2 groups only), unpaired 2-tailed t tests were conducted. The Kaplan-Meier 
survival curve was analyzed using the log-rank test equivalent to the Mantel-Haenszel test. All statistical 
analyses were performed using GraphPad Prism Software version 6.05 (GraphPad Software, Inc., La Jolla, 
California, USA). Values of  P < 0.05 were considered significant.

Study approval. Genetic recombination–related mouse procedures were approved by the Genetic 
Recombination Experiment Safety Committee of  Niigata University (SD00861). All animal experiments 
were approved by the Institutional Animal Care and Use Committee of  Niigata University (SA00181).
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