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Abstract

β2 integrins mediate neutrophil-endothelial adhesion and recruitment of neutrophils to sites of 

inflammation. The diminished expression of β2 integrins in patients with mutations in the ITGB2 
(CD18) gene (leukocyte adhesion deficiency-Type 1; LAD1) results in few or no neutrophils in 

peripheral tissues. In the periodontium, neutrophil paucity is associated with upregulation of 

interleukin (IL)-23 and IL-17, which drive inflammatory bone loss. Using a relevant mouse model, 

we investigated whether diminished efferocytosis (owing to neutrophil scarcity) is associated with 

LAD1 periodontitis pathogenesis and aimed to develop approaches to restore the missing 

efferocytosis signals. We first showed that CD18−/− mice phenocopied human LAD1 in terms of 

IL-23/IL-17-driven inflammatory bone loss. Antibody-mediated blockade of c-Mer tyrosine kinase 

(Mer), a major efferocytic receptor, mimicked LAD1-associated upregulation of gingival IL-23 

and IL-17 mRNA expression in wild-type (WT) mice. Consistently, soluble Mer-Fc reversed the 

inhibitory effect of efferocytosis on IL-23 expression in LPS-activated macrophages. Adoptive 

transfer of WT neutrophils to CD18−/− mice downregulated IL-23 and IL-17 expression to normal 

levels, but not when CD18−/− mice were treated with blocking anti-Mer antibody. Synthetic 

agonist-induced activation of liver X receptors (LXR) and peroxisome proliferator-activated 

receptors (PPAR), which link efferocytosis to generation of homeostatic signals, inhibited the 

expression of IL-23 and IL-17 and favorably affected the bone levels of CD18−/− mice. Therefore, 

our data link diminished efferocytosis-associated signaling due to impaired neutrophil recruitment 
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to dysregulation of the IL-23–IL-17 axis and, moreover, suggest LXR and PPAR as potential 

therapeutic targets for treating LAD1 periodontitis.

Summary sentence:

Synthetic agonist-induced activation of metabolic nuclear receptors mimicking efferocytosis-

related signaling restored periodontal tissue homeostasis in a mouse model of leukocyte adhesion 

deficiency type 1.
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1. INTRODUCTION

Neutrophils are terminally differentiated white blood cells forming the first line of defense 

against pathogenic insults, although they have also been implicated in the pathogenesis of 

inflammatory diseases [1–4]. Huge numbers of neutrophils (about 109 cells per kg 

bodyweight) are produced daily in the bone marrow (BM) but they are relatively short-lived, 
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undergoing programmed cell death by apoptosis in peripheral tissues or the BM [5]. As there 

is a delicate balance between the protective and potentially destructive effects of neutrophils, 

their production, trafficking, and clearance are tightly regulated by several homeostatic 

mechanisms operating in the BM or the periphery [2, 5]. In mice and humans, the 

granulocyte colony-stimulating factor (G-CSF) is the primary regulator of both 

granulopoiesis and neutrophil release from the BM [6, 7]. Interleukin (IL)-17 (also known as 

IL-17A) promotes granulopoiesis and induces the recruitment, activation, and survival of 

neutrophils by acting mainly through the upregulation of G-CSF and neutrophil-related 

chemokines [5, 8].

Upon their mobilization from the BM, neutrophils circulate in the blood and can migrate to 

extravascular sites (e.g., in the skin, gut, lungs, or gingiva) in response to infection or 

inflammation. The process of neutrophil extravasation involves a cascade of low- and high-

affinity adhesive interactions between the neutrophils and the endothelium [1, 2, 9, 10]. The 

first step involves transient rolling interactions, mediated by the binding of endothelial cell 

surface molecules (P- or E-selectin) to their glycoprotein ligands on neutrophils. This 

rolling-dependent deceleration of neutrophils is followed by their firm adhesion and 

subsequent crawling on the endothelium, during which neutrophils seek appropriate sites for 

transmigration. Firm adhesion and crawling are primarily mediated by heterodimeric β2-

integrins, each with a distinct CD11 subunit and a common CD18 subunit. The LFA-1 

integrin (CD11a/CD18) plays a crucial role in firm adhesion, which involves interactions 

with endothelial counter-receptors (e.g., intercellular adhesion molecule-1). The LFA-1–

dependent firm adhesion to the endothelium is required for extravasation of the neutrophils 

to peripheral tissues [1, 2, 11]

Neutrophil homeostasis is important for periodontal health as evident from human clinical 

observations and the phenotype of relevant mouse models. Indeed, neutrophil disorders 

affecting their numbers or function can readily precipitate periodontitis [12–18]. 

Periodontitis, a dysbiotic inflammatory disease that affects the tissues that surround and 

support the dentition (‘periodontium’, e.g., gingiva and alveolar bone), typically affects 

adults [19, 20]. However, individuals with disorders affecting neutrophil recruitment to the 

periodontium (and other peripheral tissues), such as Type 1 leukocyte adhesion deficiency 

(LAD1) rapidly develop severe periodontitis early in life [14, 15, 18, 21, 22]. LAD1 is an 

autosomal recessive primary immunodeficiency caused by mutations in the CD18-encoding 

ITGB2 gene that result in defective neutrophil adhesion to the endothelium (since β2-

integrins such as LFA-1 are critical for this function) and hence impaired extravasation [15, 

17, 23]. LAD1 patients thus have few or no neutrophils in the periodontium and other 

peripheral tissues and typically have recurrent bacterial infections and pathological 

inflammation in the skin and mucosal surfaces, as well as display profound alveolar bone 

loss early in life, followed by premature loss of primary and permanent teeth [14, 15, 18, 21, 

22]. Rare diseases, such as LAD1, constitute an important medical burden cumulatively 

affecting 25 million patients in North America alone [24]. Moreover, rare monogenic 

diseases represent real-life models to gain insights into human biology and 

(patho)physiological mechanisms, thereby contributing to a better understanding of the 

pathogenesis of common diseases [16, 25].
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LAD1–associated periodontitis (hereafter ‘LAD1 periodontitis’) has been historically 

attributed to lack of neutrophil surveillance of the periodontal infection; yet, this form of 

periodontitis has proven unresponsive to antibiotics and/or mechanical removal of the tooth-

associated biofilm [14, 22, 26]. We have recently challenged this notion, however, by 

showing that the underlying etiology of LAD1 periodontitis involves a dysregulated host 

response that leads to overexpression of the proinflammatory and bone-resorptive cytokines 

IL-23 and IL-17 [21]. Local antibody-mediated neutralization of IL-23 or IL-17 in LFA-1-

deficient mice that mimic the LAD1 phenotype inhibited periodontal inflammation and bone 

loss [21]. Consistently and importantly, systemic administration of an antibody that blocks 

the common p40 subunit of IL-23 and IL-12 (ustekinumab) in a human LAD1 patient 

resulted in inhibition of gingival expression of IL-17 and resolved inflammatory periodontal 

lesions [27].

Although the precise mechanism(s) for the dysregulated IL-23–IL-17 axis in LAD1 

periodontitis is uncertain, one possibility that, in part, may explain the phenotype is related 

to the disruption of ‘neutrostat’, a homeostatic mechanism that coordinates the recruitment 

and efferocytosis of neutrophils with their production [28]: Transmigrated neutrophils 

become apoptotic and undergo phagocytosis (efferocytosis) by tissue phagocytes, primarily 

macrophages [29]. The efferocytosis of apoptotic neutrophils fulfils more than a mechanism 

of ‘waste disposal’ that can prevent secondary necrosis and the leakage of cytotoxic or pro-

inflammatory molecules [28, 30–33]. Indeed, upon efferocytosis, macrophages are 

transcriptionally re-programmed to downregulate the expression of IL-23 and other 

proinflammatory cytokines and up-regulate the expression of pro-resolving cytokines or 

lipid mediators, such as TGFβ and resolvins, respectively [28, 30–33]. Liver X receptors 

(LXR; comprising two isoforms, LXRα and LXRβ) and peroxisome proliferator-activated 

receptors (PPAR; present in distinct isoforms α, β/δ, and γ) are ligand-activated 

transcription factors of the nuclear receptor superfamily that link efferocytosis to 

inflammation resolution [33–35]. In addition to its immunomodulatory effects, LXR 

signaling during efferocytosis also enhances the expression of a major efferocytic receptor, 

c-Mer tyrosine kinase (Mer), thereby further potentiating efferocytosis [30, 35, 36]. LXRs 

appear to be activated by sterol lipids and PPARs by polyunsaturated fatty acids, derived 

from the apoptotic cell plasma membrane [37].

Since efferocytosis inhibits IL-23 [28, 30–33], which is key to the induction and amplifies 

the expression of IL-17 in both innate and adaptive immune cells [38], the production of 

IL-17 is also suppressed, in turn leading to decreased production of G-CSF and thereby 

limiting the stimulus for neutrophil production to maintain steady-state neutrophil counts 

[28]. However, in LAD1, neutrophils cannot transmigrate to the periodontium. Therefore, 

the regulatory (inhibitory) signals for the expression of IL-23 and IL-17 are absent, or 

diminished, whereas the local microbial/inflammatory challenge remains; as a consequence, 

the local expression of IL-23 and IL-17 should be unrestrained. Consistent with this notion, 

in this paper we showed that antibody-mediated blockade of a major efferocytic receptor, c-

Mer tyrosine kinase (Mer), resulted in upregulation of gingival IL-23 and IL-17 mRNA 

expression in wild-type (WT) mice, thus mimicking the LAD1 phenotype of CD18−/− mice. 

Adoptive transfer of WT neutrophils to CD18−/− mice restored normal expression of IL-23 

and IL-17, although the expression of these cytokines remained at high levels if the CD18−/− 
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mice were additionally treated with blocking anti-Mer antibody. We then reasoned that, if 

defective efferocytosis in CD18−/− mice contributes to the upregulation of the IL-23–IL-17 

axis in the periodontium, then pharmacologic induction of signals that are normally 

produced by efferocytosis should restore homeostasis in the LAD1 periodontium. In line 

with this hypothesis, CD18−/− mice locally treated with a combination of synthetic agonists 

of LXRα/LXRβ and PPARβ/δ, which link efferocytosis to induction of homeostatic signals 

[33–35], exhibited decreased expression of IL-23 and IL-17 and improved bone levels. We 

conclude that the pharmacologic induction of signals that mimic the anti-inflammatory 

action of apoptotic neutrophil efferocytosis provides a novel and effective option to treat 

LAD1 periodontitis.

2. MATERIALS AND METHODS

2.1 Mice

Mice genetically deficient in all β2 integrins (CD18−/−; B6.129S7-Itgb2tm2Bay/J) [39] or 

only in the LFA-1 β2-integrin (LFA-1−/−; B6.129S7-Itgaltm1Bll/J) [40] were purchased from 

the Jackson Laboratories. These mice were crossed with wild-type C57BL/6J mice (Jackson 

Laboratories) to generate gene-deficient (homozygotes and heterozygotes) mice and wild-

type littermate controls for use in experiments. Groups of mice within the same experiment 

were sex- and age-matched. When euthanized, the mice were 18-week old, an age in which 

substantial periodontal bone loss has occurred associated with the LAD1 phenotype. As 

there were no significant differences in the results obtained with males and females (e.g., 

CD18 deficiency resulted in similar bone loss regardless of sex), their respective data were 

pooled per treatment group. In experiments comparing CD18−/− and LFA-1−/− mice, WT 

controls included both CD18+/+ and LFA-1+/+ mice at equal numbers; as the results obtained 

with CD18+/+ and LFA-1+/+ mice were indistinguishable, the data were pooled and 

presented as WT group data. Mice were used as early as 4 weeks of age for cytokine 

blocking experiments (section 2.3). Mice at 6 weeks of age were used for bone marrow 

transplantation studies. Chimeric mice were generated by adoptive transfer of donor bone 

marrow (BM) cells into lethally irradiated recipient mice (9.5 Gy of total-body irradiation). 

BM cells, harvested by flushing both femurs and tibias of donor mice, were injected at a 

dose of 5×106 into each recipient mouse. The following combinations (donor BM ➜lethally 

irradiated recipient) were generated: WT➜CD18−/−, CD18−/−➜CD18−/−, WT

+CD18−/−(1:1)➜CD18−/−, WT➜WT, CD18−/−➜WT and WT+CD18−/−(1:1)➜WT. 

Recipient mice were analyzed 12 weeks after BM reconstitution, i.e. when they were 18 

weeks of age. All animal procedures were performed according to protocols reviewed and 

approved by the Institutional Animal Care and Use Committee of the University of 

Pennsylvania, in compliance with established federal and state policies.

2.2 Periodontal bone measurements

Periodontal bone heights (i.e., the distances from the cement–enamel junction [CEJ] to the 

alveolar bone crest [ABC]) were measured in defleshed maxillae under a Nikon SMZ800 

microscope using a 40x objective. Briefly, images of the maxillae were captured using a 

Nikon Digital Sight DS-U3 camera controller and CEJ–ABC distances were measured at 14 

predetermined sites [41] or, in the case of split-mouth experiments, at 6 predetermined sites 
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[42] using NIS-Elements software (Nikon Instruments). For calculating change in bone 

levels (e.g., relative bone loss in CD18−/− mice versus WT controls), the 14-site (or 6-site) 

total CEJ-ABC distance for each mouse was subtracted from the mean CEJ-ABC distance of 

control mice. The results are presented in mm; negative values indicate bone loss and 

positive values indicate bone gain relative to controls. In experiments involving split-mouth 

design (treatments with drug vs. control in opposite halves of the maxilla), the data shown 

involve measurements for each hemi-maxilla.

2.3 Cytokine-blocking experiments in mice

To determine cytokine involvement in naturally occurring bone loss in CD18−/− mice, anti-

cytokine blocking antibodies, or their controls, were microinjected locally into the palatal 

gingiva (5 μg per site), three times weekly from the age of 4 to 18 weeks, using a 28.5-gauge 

MicroFine needle (BD Biosciences). Microinjections were performed on the mesial of the 

first molar and in the papillae between first and second and third molars on both sides of the 

maxilla [43]. The following anti-mouse antibodies were used: anti-IL-17A (clone 17F3) and 

IgG1 isotype control, both from BioXcell; anti-IL-12p35 (clone C18.2; eBioscience) and 

IgG2a isotype control (R&D Systems); anti-IL-12/IL-23p40 (clone C17.8) and IgG2a 

isotype control, both from R&D Systems; polyclonal anti-IL-23p19 and non-immune IgG 

control, both from R&D Systems; anti-mouse IL-6 (clone MP5-20F3), anti-TNF (clone 

MP6-XT22) and IgG1 isotype control, all three reagents from R&D Systems.

2.4 Blocking of efferocytic receptors in vivo

Antibodies to the following mouse efferocytic receptors (or isotype controls) were locally 

microinjected (each at 5 μg) to the gingiva of WT mice, which were sacrificed 72h later to 

dissect gingival tissue for measuring cytokine mRNA expression by quantitative real-time 

PCR (section 2.6): TIM-1 (affinity-purified polyclonal IgG; R&D Systems); TIM-4 (clone 

RMT4-53) and IgG2b isotype control (BioXcell); CD11b (clone M1/70) and IgG2b isotype 

control (both from R&D Systems); CD14 (clone Sa14-2, IgG2a; eBioscience/Thermo-

Fisher); CD36 (clone MF3, IgG2a; eBioscience/Thermo-Fisher); Mer (clone 108921) and 

IgG1 isotype control (both from R&D Systems).

2.5 Split-mouth experiments with nuclear receptor agonists

18-week-old CD18+/− and CD18−/− mice were locally microinjected with a combination of 

GW3965 and GW0742 (both at 8.1 nmol; Selleckchem) or dimethyl sulfoxide (DMSO) 

vehicle control. GW3965 is a selective ligand for LXRs although it cannot distinguish 

between LXRα and LXRβ (EC50s of 190 and 30 nM, respectively) [44]. GW0742 is a 

selective agonist of PPARβ/δ with EC50 value of 2 nM; although it can exhibit agonistic 

activity also for PPARγ, the corresponding EC50 value is much higher (2.4 μM) [45]. These 

agonists were administered using a split-mouth experimental design; i.e., one side was 

locally injected in the palatal gingiva of the 2nd molar with the drug combination and the 

contralateral side with vehicle control. After 72h, the mice were euthanized. Dissected 

gingiva were processed for quantitative real-time PCR (section 2.6) and defleshed maxilla 

were used to measure bone heights (section 2.2).
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2.6 Quantitative real-time PCR

Total RNA was extracted from cultured cells or from gingival tissue using Trizol 

(ThermoFisher) or NucleoSpin RNA/Protein (Masherey-Nagel) and quantified by 

spectrometry at 260 and 280 nm. The RNA was reverse-transcribed using the High Capacity 

RNA-to-cDNA Kit (ThermoFisher) and real-time PCR with cDNA was performed using the 

Applied Biosystems 7500 Fast Real-Time PCR System, according to the manufacturer’s 

protocol (ThermoFisher). Data were analyzed using the comparative (ΔΔCt) method. 

TaqMan probes, sense primers, and antisense primers for detection and quantification of 

genes investigated in this paper were purchased from ThermoFisher. Gapdh was included as 

an internal control.

2.7 Immunoblotting

Excised gingival tissue was used to extract total protein using NucleoSpin RNA/Protein. The 

concentration of protein was quantified using Protein Quantification Assay (Masherey-

Nagel). Samples with equal protein content were separated by NuPAGE Bis-Tris Protein 

Gels (Invitrogen) and transferred to polyvinylidene difluoride membrane (Bio-Rad) by 

electroblotting. The membranes were incubated in Blotting-Grade Blocker (Bio-Rad) 

followed by probing with rabbit anti-phospho-Stat3 (Tyr705) or rabbit anti-Stat3 antibody 

(Cell Signaling Technology) and visualization with HRP-conjugated anti-rabbit IgG (Cell 

Signaling Technology) and chemiluminescence using Immobilon Crescendo Western HRP 

substrate (MilliporeSigma). The immunoblots were stripped and reprobed with HRP-

conjugated anti-β-actin antibody (Cell Signaling Technology) as control for sample loading. 

Images were captured using a FluorChem M imaging system (ProteinSimple). The density 

of bands was analyzed using AlphaView analysis software (ProteinSimple).

2.8 Neutrophil detection by flow cytometry

Periodontal tissue was harvested from CD18+/− and CD18−/− and single-cell suspensions 

were prepared as previously described [46]. The cells were stained with LIVE/DEAD™ 

Fixable Aqua Dead Cell Stain Kit (Invitrogen) to gate out dead cells and then with anti-

CD45 (Clone 30-F11; Biolegend) and anti-Ly6G (Clone 1A8, Biolegend) antibodies to 

detect neutrophils [47]. Flow cytometry data were acquired on a NovoCyte flow cytometer 

(ACEA Biosciences) and analyzed with NovoExpress software (ACEA Biosciences).

2.9 Mouse BM-derived macrophages and neutrophils

BM cells were obtained after flushing femurs and tibiae of wild-type and CD18−/− mice with 

RPMI 1640 containing 10% FBS. Upon lysis of erythrocytes using red blood cell lysis 

buffer (eBioscience), the cells were plated and cultured in the presence of recombinant 

mouse granulocyte macrophage colony-stimulating factor (20 ng/ml; eBioscience). Culture 

medium was replaced every 2 days, and on day 7 differentiated BM-derived macrophages 

were used in experiments [33]. To isolate neutrophils from the BM, upon erythrocyte lysis as 

described above, BM cells were resuspended in 45% Percoll. The cell suspension was then 

overlaid onto a four-layer Percoll gradient (50%, 55%, 62% and 81%) and centrifuged at 

1,200 g for 30 min at 4°C. Mature neutrophils were collected at the 81% interface and 

washed twice in PBS [48]. To induce apoptosis, the neutrophils were cultured overnight in 
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Hank’s balanced salt solution containing 1% FBS. Apoptosis was confirmed by annexin V 

staining [33].

2.10 Adoptive transfer of neutrophils

Purified neutrophils (5×106 cells) from the BM of WT or CD18−/− mice were i.v. injected 

into CD18−/− mice. In some experiments, just prior to adoptive neutrophil transfer, CD18−/− 

mice were microinjected once in the gingiva with 5 μg anti-Mer antibody (clone 108921) or 

IgG1 isotype control (both from R&D Systems). 72h after neutrophil adoptive transfer, the 

mice were euthanized and cytokine mRNA expression in the gingival tissue was measured 

by quantitative real-time PCR (section 2.6).

2.11 In vitro activation of macrophages in the presence of apoptotic neutrophils

Mouse BM-derived macrophages from WT or CD18−/− mice were allowed to adhere to 24-

well culture plates and then incubated for 2h with apoptotic neutrophils at a ratio of 3:1 

apoptotic neutrophils/macrophages [28]. The wells were then washed with media to remove 

non-phagocytosed neutrophils, and LPS (100 ng/ml; Invivogen) was added for an additional 

6-h incubation. In some experiments, the macrophages were pretreated for 30 min with Mer-

Fc or Fc control (both at 10 μg/ml; R&D Systems), or with cytochalasin D (5 μM; Sigma-

Aldrich), prior to exposure to apoptotic neutrophils. In other experiments, the macrophages 

were pretreated for 2h with 5 μM GSK2033 (Axon Medchem), or DMSO as vehicle control, 

before they were exposed to apoptotic neutrophils. GSK2033 is an antagonist of LXRα and 

LXRβ (IC50s of 52 nM and 11 nM, respectively); although GSK2033 may display off-target 

effects in in vivo models, it performs as expected in cell-based assays (as used in the current 

study) [49]. The inhibitors used and their controls remained for the entire incubation period, 

i.e., the cell cultures were not washed before adding the apoptotic neutrophils. In certain 

experiments, in lieu of apoptotic cells, the LXR agonist GW3965 (1 μM; Selleckchem) or 

DMSO vehicle control was used to pretreat BM-derived macrophages for 18h [36, 50, 51]. 

Without intermediate washing, the cell cultures were then challenged with LPS as above. In 

all experiments, cells were assayed for IL-23p19 mRNA by quantitative real-time PCR 

(section 2.6).

2.12 Statistical analysis

Data were evaluated by one-way analysis of variance (ANOVA) and the Dunnett’ or Tukey’s 

multiple-comparison test using the Prism Software (version 8.2.1; GraphPad). Where 

appropriate (comparison of two groups only from split-mouth experiments), paired Student 

t-tests were performed. P values < 0.05 were considered to be statistically significant.

3. RESULTS

3.1 CD18−/− mice phenocopy human LAD1 periodontitis

Mice deficient in CD18 or CD11a (LFA-1) display blood neutrophilia and defective 

neutrophil adhesion and thus reproduce important aspects of the human LAD1 phenotype 

[28, 40]. However, CD18-deficient (CD18−/−) mice, which are deficient in all β2-integrins as 

human LAD1 patients, exhibit more severe phenotypes than LFA-1-deficient (LFA-1−/−) 

mice, including susceptibility to colitis and skin ulcerations [28, 39, 40, 47] and may thus be 
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a more appropriate model of human LAD1. In the current study, therefore, we used CD18−/− 

mice. As these mice were not previously used in periodontitis studies, we first confirmed 

their expected periodontal phenotype. CD18−/− mice had very few neutrophils in the 

gingival tissue as compared to heterozygous (CD18+/−) littermate controls (Fig. 1A), which 

are periodontally healthy and indistinguishable from WT (CD18+/+) mice in terms of their 

bone levels (data not shown). Moreover, 18-week-old CD18−/− mice displayed significantly 

more alveolar bone loss than age-matched LFA-1−/− mice (Fig. 1B). Consistently, CD18−/− 

mice showed even higher mRNA expression of IL-23p19 and IL-12/IL-23p40 and of 

downstream cytokines of the granulopoietic cytokine cascade (IL-17 and G-CSF) than 

LFA-1−/− mice did (Fig. 1C). Interestingly, in contrast to IL-23p19 and the IL-12/IL-23-

shared p40 subunit, the IL-12p35 subunit– which is unique to IL-12– was not upregulated in 

CD18−/− or LFA-1−/− mice relative to WT controls (Fig. 1C). In our previous publication, 

LFA-1−/− mice treated locally in the gingiva with anti-IL-23p19 or anti-IL-17 antibody 

(three times weekly from the age of 4 to 18 weeks) were protected from bone loss [21]. 

Using the same protocol, we have now shown that the same treatments inhibited bone loss in 

CD18−/− mice, while untreated or control-treated CD18−/− mice displayed progressive bone 

loss relative to WT mice (Fig. 1D). Importantly, moreover, treatments with antibodies 

against other proinflammatory cytokines (TNF, IL-6, and IL-12) had no significant effect 

(Fig. 1D). These data underscore the specificity of the IL-23–IL-17 axis in driving the LAD1 

periodontal phenotype.

In the absence of bone marrow transplantation, LAD1 patients invariably develop severe 

periodontitis; however, successful bone marrow transplantation reverses the periodontal 

disease phenotype in these patients [52]. Similarly, lethally irradiated six-week-old CD18−/− 

mice transplanted with either WT BM cells or a 1:1 mixture of WT and CD18−/− BM cells 

exhibited, 12 weeks later, normal bone heights (distance between the cementoenamel 

junction [CEJ] and alveolar bone crest [ABC]), i.e., similar to those of WT mice receiving 

WT BM cells (Fig. 1E, left panel). In stark contrast, mice receiving exclusively CD18−/− 

BM cells, regardless of whether the recipients were WT or CD18−/−, had significantly higher 

CEJ–ABC distance values (Fig. 1E, left panel). When the CEJ-ABC data from the 

transplanted mice were transformed to directly show bone loss relative to age-matched (18-

week-old) untreated WT mice (data from Fig. 1B), the following conclusion was made: 

Regardless of their genetic background (WT or CD18−/−), mice receiving exclusively 

CD18−/− BM cells developed bone loss similar to that of age-matched untreated CD18−/− 

mice; conversely, WT or CD18−/− mice receiving WT BM cells (even in a 1:1 mixture with 

CD18−/− cells) were protected from bone loss (Fig. 1E, right panel). Taken together, the 

findings from figure 1 underscore important similarities between the human LAD1 and 

mouse CD18−/− phenotypes, rendering the CD18−/− mice an ideal study model of LAD1 

periodontitis.

3.2 Reconstitution of CD18−/− mice with transmigration-competent neutrophils 
downregulates IL-23 and IL-17 expression to normal levels

Neutrophil apoptosis has been documented in gingival biopsies and the majority of apoptotic 

cells in gingival tissue sections are neutrophils [53, 54]. Thus, the lack or paucity of 

neutrophils in the LAD1 periodontium is likely associated with diminished efferocytic 
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activity, which is of paramount importance for inflammation resolution and maintenance of 

tissue homeostasis [32, 55, 56]. We hypothesized that the increased mRNA levels of IL-23 

and IL-17 in the gingiva of CD18−/− mice are due to diminished efferocytosis as a result of 

defective neutrophil recruitment. If the hypothesis is correct, then reconstitution of these 

mice with transmigration-competent neutrophils should lead to reduction of the gingival 

mRNA expression of IL-23 and IL-17 to normal levels (i.e., similar to those of WT mice). 

To test this notion, we i.v. injected transmigration-competent neutrophils (purified from the 

BM of WT mice) or transmigration-incompetent neutrophils (purified from the BM of 

CD18−/− mice) into CD18−/− mice. Adoptive transfer of WT (but not CD18−/−) neutrophils 

resulted, 72h later, in significantly decreased expression of IL-12/IL-23p40, IL-23p19, and 

IL-17A mRNA in the gingiva of recipient CD18−/− mice, indistinguishable from WT levels 

of expression (Fig. 2). These findings not only confirm the importance of neutrophils for 

periodontal tissue homeostasis, but also establish an adoptive transfer model for obtaining 

further mechanistic insights into the pathogenesis of LAD1 periodontitis.

3.3 Blockade of a major efferocytic receptor mimics the LAD1-associated upregulation of 
IL-23 and IL-17

The efferocytosis of apoptotic cells by tissue phagocytes involves a number of receptors that 

bind phosphatidylserine on the surface of apoptotic cells, often through the help of opsonins 

acting as bridging molecules [30, 55]. Apoptotic cell receptors include the T-cell 

immunoglobulin- and mucin-domain-containing molecule (TIM)-1 and TIM-4, CD14, 

CD36, complement receptor 3 (CR3; CD11b/CD18), and c-Mer tyrosine kinase receptor 

(MerTK; briefly known as Mer); however, not all receptors are expressed by a given 

phagocyte and the associated clearance mechanisms may occur in a tissue-specific manner 

[30, 31, 55]. We reasoned that if defective efferocytosis contributes to upregulation of IL-23 

and hence IL-17, then blockade of receptors involved in efferocytosis in WT mice should 

increase the mRNA expression of IL-23 (IL-23p19 and IL-12/IL-23p40) and IL-17. To this 

end, using WT mice, we performed local gingival microinjections with blocking monoclonal 

antibodies (mAbs) to the aforementioned receptors and 72h later we examined the 

expression of these cytokines, as compared to untreated controls. Antibody-mediated 

blockade of most of the receptors investigated had no significant effect on cytokine 

expression with a notable exception (Fig. 3A). Indeed, significant upregulation of IL-23p19, 

IL-12/IL-23p40 and IL-17, but not of IL-12p35 (negative control), was observed only in 

mice treated with anti-Mer (Fig. 3A). These data show that the efferocytic receptor Mer 

regulates the expression of IL-23 and IL-17 in the gingival tissue.

To determine whether Mer can mediate a similar effect in the context of efferocytosis, we 

employed an in vitro assay and soluble Mer-Fc fusion protein, which was previously shown 

to inhibit Mer-dependent efferocytosis [57]. As expected, LPS-stimulated expression of 

IL-23p19 mRNA in WT macrophages was inhibited by apoptotic neutrophils; however, this 

inhibitory effect was reversed in the presence of Mer-Fc but not Fc control (Fig. 3B, left 
panel). This finding was reproduced using CD18−/− macrophages in the same assay (Fig. 

3B, right panel), suggesting that CD18−/− macrophages can potentially regulate their IL-23 

expression if they are exposed to apoptotic neutrophils, a notion that is consistent with our in 
vivo findings (Fig. 2). Cytochalasin D, which blocks phagocytosis, also prevented the 
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downregulation of IL-23p19 mRNA expression in WT or CD18−/− macrophages (Fig. 3B) 

further linking the phagocytosis of apoptotic neutrophils to IL-23 regulation.

We next determined whether Mer is involved in the in vivo regulation of gingival IL-23 by 

adoptively transferred neutrophils. To this end, we performed a neutrophil adoptive transfer 

experiment similar to the one in figure 2 with the exception that the gingiva were locally 

injected with anti-Mer antibody or isotype control. Consistent with the earlier experiment 

(Fig. 2), adoptive transfer of WT neutrophils to CD18−/− mice (WT-CD18−/−) resulted in 

potent inhibition of IL-23 (IL-23p19 and IL-12/IL-23p40) and IL-17 mRNA expression 

relative to untreated CD18−/− mice (Fig. 3C). However, the ability of adoptively transferred 

WT neutrophils to reverse the upregulation of IL-23 and IL-17 was abrogated by local 

injection of anti-Mer, though not by isotype control (Fig. 3C). Interestingly, in the same 

experiment, anti-Mer did not significantly affect the expression of IL-23 and IL-17 in 

CD18−/− mice that did not receive WT neutrophils (Fig. 3C). Taken together, the restoration 

of IL-23 and IL-17 expression to normal levels following neutrophil adoptive transfer to 

CD18−/− mice likely involves neutrophil-derived efferocytic signals.

3.4 Liver X receptor (LXR) activation compensates for the lack of apoptotic neutrophils 
and downregulates IL-23 expression in activated macrophages

The ability of efferocytosis to downregulate the expression of IL-23 by activated tissue 

macrophages was shown to be mediated by liver X receptor α (LXRα) and LXRβ signaling 

(hereafter LXR signaling) [36]. Consistent with this report, we showed that the apoptotic 

neutrophil-induced downregulation of IL-23 in LPS-stimulated macrophages (from WT or 

CD18−/− mice) was reversed by GSK2033 (Fig. 4A), a selective and potent LXRα/LXRβ 
antagonist in both humans and mice [58, 59]. Importantly, moreover, GW3965, a selective 

LXRα/LXRβ agonist in both humans and mice [44], reproduced the regulatory effect of 

apoptotic neutrophils. Indeed, GW3965 diminished IL-23p19 expression by LPS-stimulated 

WT or CD18−/− macrophages (Fig. 4B). This finding suggested that GW3965 may be used 

as a therapeutic agent to downregulate IL-23 and hence IL-17 in the gingiva of CD18−/− 

mice, restoring the expression of these cytokines to normal levels as seen in WT mice. 

Interestingly, LPS-stimulated CD18−/− macrophages released higher levels of IL-23 than 

their WT counterparts (Supplementary Fig. 1), suggesting that macrophage-intrinsic CD18 

deficiency might contribute to the increased inflammation associated with LAD1 

periodontitis. However, when exposed to apoptotic neutrophils, LPS-stimulated WT and 

CD18−/− macrophages released similar amounts of IL-23 (Supplementary Fig. 1).

3.5 Combined treatment with LXR and PPAR agonists restores tissue homeostasis in 
CD18−/− mice

We next set out to investigate whether local treatment with the LXR agonist GW3965 can 

ameliorate the periodontal status of 18-week-old CD18−/− mice (CD18+/− mice were used 

for comparative reasons). To this end, we used a split-mouth design; i.e., one side of the 

maxilla was locally microinjected in the gingiva (specifically on the palatal side of the 2nd 

molar tooth) with 5 μg GW3965 and the contralateral side was injected with DMSO (vehicle 

control). The mice were euthanized after 72h for gingival cytokine mRNA analysis. 

GW3965 failed to reduce the gingival mRNA expression of IL-17A relative to the 
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expression of this pro-inflammatory/pro-osteoclastogenic cytokine in the control-treated 

sites; (Supplementary Fig. 2A); moreover, GW3965 did not significantly affect the bone 

levels of either CD18−/− or CD18+/− mice as compared to the control treatment 

(Supplementary Fig. 2B). In addition to LXRs, other ligand-activated transcription factors/

nuclear receptors that link efferocytosis to induction of anti-inflammatory/pro-resolution 

signals are the peroxisome proliferator-activated receptors (PPARs), which may cross-talk 

with LXRs [34, 35, 60, 61]. PPARβ/δ-deficient macrophages have decreased ability to 

phagocytose apoptotic cells and to switch to an anti-inflammatory/pro-resolving phenotype 

[62]. We thus examined whether activation of LXR and PPAR signaling by combined 

administration of GW3965 and GW0742 (a selective PPARβ/δ agonist [63]) can inhibit 

periodontal inflammation in 18-week-old CD18−/− mice as well as age-matched CD18+/− 

littermates, using the same approach as above. The two agonists were used at equal molar 

amounts (GW3965, 5 μg or 8.1 nmol; GW0742, 3.8 μg or 8.1 nmol). 72h after the 

microinjections, the mice were euthanized and the mRNA expression of Th17-related and/or 

IL-17-dependent cytokines in the gingival tissue was assayed by quantitative real-time PCR. 

The combination of GW3965 and GW0742 significantly inhibited the mRNA expression of 

IL-23p19, IL-6, IL-17, and IL-17 downstream cytokines (G-CSF, CXCL1, RANKL) relative 

to their expression in the control-treated contralateral sides in CD18−/− mice (Fig. 5A). On 

the other hand, IL-1β and TNF mRNA expression was not significantly inhibited by the 

GW3965/GW0742 combination (Fig. 5A). None of the cytokines tested were affected by the 

combined injection of GW3965 and GW0742 in CD18+/− mice (Fig. 5A). Consistent with 

these data, the levels of activated (phosphorylated) Stat3, an important transcription factor 

for Th17 development and hence IL-17 secretion [64, 65], in the gingival tissue of CD18−/− 

mice were decreased in the GW3965/GW0742-treated side as compared to the DMSO 

control-treated side (Fig. 5B). Consistent with their periodontal health (modest/homeostatic 

level of proinflammatory cytokine expression), CD18+/− mice exhibited lower levels of 

phosphorylated Stat3 in their control-treated sides relative to the control-treated sides of 

CD18−/− mice (Fig. 5B). Intriguingly, the treated sides of CD18−/− mice (but not of CD18+/− 

mice) exhibited significantly reduced CEJ-ABC distances relative to the control-treated sides 

(Fig. 5C left panel). When the data were transformed to show change in bone levels relative 

to the control sides serving as baseline, the GW3965/GW0742-treated sides in CD18−/− (but 

not CD18+/−) mice displayed positive values suggestive of bone regeneration (Fig. 5C right 

panel). To determine whether the effect required both GW3965 and GW0742 or whether 

GW072 would be sufficient, we performed a similar experiment using GW0742 alone; 

however, microinjection of GW0742 in the absence of GW3965 failed to regulate 

periodontal inflammation (as assessed by IL-17A mRNA expression) or the bone levels of 

CD18−/− mice (Supplementary Fig. 2 C and D, respectively). Overall, the concomitant 

pharmacological activation of LXR and PPAR signaling appears to promote periodontal 

tissue homeostasis in CD18−/− mice, perhaps by reinstating the absent (or diminished) 

efferocytosis-associated regulatory signals.

4. DISCUSSION

Our earlier study on LAD1 has shown that the presence of neutrophils is required for the 

homeostatic regulation of the IL-23/IL-17 axis and periodontal tissue health [21]. It should 
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be noted that IL-17 has also been implicated in the pathogenesis of the common or adult-

type chronic periodontitis in humans [65]. Interestingly, the extent of periodontal tissue 

destruction in LAD1 patients is inversely correlated with the remaining CD18 expression on 

their peripheral blood neutrophils, hence directly linking the patients’ defective neutrophil 

phenotype to periodontal disease severity [21]. Thus, although neutrophils have been 

traditionally implicated in inflammatory conditions (including adult-type chronic 

periodontitis) through their role in bystander injury [18, 66], in LAD1 periodontitis, the 

inflammatory pathology is associated with the absence (or paucity) of neutrophils [14, 21].

The precise mechanism whereby the absence of neutrophils from the periodontal tissue leads 

to increased expression of IL-23 and hence IL-17 is uncertain. However, key findings from 

the present study suggest that the overactivation of the IL-23/IL-17 axis is, at least in part, 

due to diminished efferocytosis. Consistent with this notion, we showed that antibody-

mediated blockade of a major efferocytic receptor (Mer), mimicked LAD1-associated 

upregulation of gingival IL-23 and IL-17 mRNA expression in WT mice. Moreover, soluble 

Mer-Fc, an antagonist of Mer-dependent efferocytosis [57], reversed the inhibitory effect of 

apoptotic neutrophil efferocytosis on IL-23 expression in macrophages. Importantly, 

adoptive transfer of WT neutrophils to CD18−/− mice could downregulate IL-23 and IL-17 

expression to normal levels as long as the CD18−/− mice were not treated locally with 

blocking anti-Mer antibody. In other words, the ability of transmigration-competent 

neutrophils to restore normal tissue levels of IL-23 and IL-17 depends on functional Mer, 

and perhaps intact neutrophil-associated efferocytic signals. In this regard, Mer is not only a 

major apoptotic cell receptor in macrophages but its phagocytic function is restricted to 

apoptotic cells [30, 55], therefore it is unlikely that its blockade exerts effects unrelated to 

efferocytosis. These findings also indicate that, in the presence of neutrophils, the lack of 

CD18 from macrophages does not play a major role in the regulation of the periodontal 

IL-23/IL-17 responses, since the hyper-responsive phenotype of CD18−/− mice was reversed 

by transmigration-competent neutrophils. This notion is also supported by our in vitro 
findings that CD18−/− and WT macrophages exposed to apoptotic neutrophils released 

similar levels of IL-23 in response to LPS challenge. On the other hand, in the absence of 

neutrophils (as is the case of LAD1), CD18−/− macrophages released more IL-23 in response 

to LPS stimulation than their WT counterparts did. Together, these findings suggest that, 

besides the lack of efferocytosis-associated pro-resolution signals, macrophage-intrinsic 

CD18 deficiency per se might contribute to the increased inflammation associated with 

LAD1 periodontitis. The mechanism accounting for the increased pro-inflammatory 

potential of CD18−/− macrophages is uncertain, although it may be related to the fact that 

these macrophages do not express the CD11b/CD18 integrin, which can restrain 

proinflammatory Toll-like receptor signaling in macrophages [67].

In vitro stimulation of LXR with the synthetic agonist GW3965 compensated for the lack of 

apoptotic neutrophils and downregulated IL-23 expression in activated macrophages to an 

extend comparable to that of apoptotic neutrophils. However, GW3965 failed to modulate 

IL-23 expression when locally microinjected into the gingiva of CD18−/− mice, suggesting 

additional requirements for the in vivo regulation of this cytokine. Importantly, nevertheless, 

the combined activation of LXR and PPARβ/δ, by GW3965 and GW0742, respectively, 

downregulated the expression of IL-23, IL-17 and downstream cytokines and favorably 
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affected the bone levels of CD18−/− mice. The mechanism(s) for the observed cooperation 

between GW3965 and GW0742 is uncertain. However, cross-talk between LXRs and PPARs 

and formation of LXR/PPAR heterodimers have been described in the literature [60, 61]. 

Systemic administration of agonists of distinct PPARs (WY14643, PPARα; GW0742, 

PPARβ/δ; or rosiglitazone, PPARγ) resulted in protection of rats from ligature-induced 

periodontal inflammation and tissue damage, although efferocytosis-related mechanisms 

have not been addressed [68–70]. Consistent with a homeostatic role for LXRs, specific-

pathogen-free LXRαβ-deficient mice have increased naturally occurring bone as compared 

to WT controls [71].

Our finding that the GW3965/GW0742-treated sites of CD18−/− mice had reduced CEJ-

ABC distances (as compared to the control-treated sites) 3 days after the treatment was quite 

surprising and might be explained in two different ways. Given that IL-17 induces RANKL 

expression and stimulates osteoclastogenesis [72], the inhibition of IL-17 by the GW3965/

GW0742 combined treatment might have slowed down on-going bone resorptive activity in 

the treated sites. In this regard, RANKL expression was indeed inhibited in the treated sites 

relative to the untreated sites. However, naturally occurring bone loss CD18−/− mice is slow 

(relative to induced models of periodontitis, such as the ligature-induced periodontitis model 

[42]) and, therefore, it is unlikely that osteoclastogenesis inhibition could have resulted in 

clinically noticeable effects in bone levels after only 3 days. Another possibility is that the 

treatment stimulated new bone formation which, at least in mice, can be observed within a 

few days even in the absence of drug treatment (i.e., as occurs after ligature removal that 

promotes inflammation resolution). In the case of our treatment, if there was indeed bone 

regeneration, this might not be only the result of inflammation resolution but also a 

contribution by a potential specific effect of the nuclear receptor agonists used. In this 

regard, it was shown that activation of PPARβ/δ signaling (by the specific agonist 

GW501516) enhances Wnt- and β-catenin-dependent gene expression in osteoblasts and 

mesenchymal stem cells, including the master transcription factor of osteogenesis, Runt-

related transcription factor 2 [73]. In fact, activation of PPARβ/δ signaling not only 

promoted osteoblast differentiation but also inhibited osteoclastogenesis in a manner 

dependent on osteoblast-derived osteoprotegerin, a natural inhibitor of RANKL [73]. 

Whereas the activation of LXR and PPAR signaling by the synthetic agonists used mimics 

efferocytic signals, it is conceivable that LXR and PPAR signaling pathways may promote 

periodontal tissue homeostasis also by additional mechanisms.

Mice that are deficient in the protein designated developmental endothelial locus-1 (DEL-1) 

display the opposite phenotype from that of CD18−/− mice, in terms of neutrophil infiltration 

in the periodontium. This is because endothelial cell-secreted DEL-1 binds LFA-1 on 

neutrophils and inhibits their adhesion to the endothelium, thus restraining neutrophil 

recruitment to the periodontium; consequently, DEL-1 deficiency in mice results in 

pronounced neutrophil infiltration [12, 74]. Strikingly, in common with CD18−/− mice, 

Del-1−/− mice also exhibit an overactive IL-23–IL-17 axis (IL-12 is similarly not 

upregulated) and IL-17-driven bone loss. This paradox may be reconciled as follows. When 

secreted by macrophages, DEL-1 promotes apoptotic neutrophil efferocytosis and LXR-

dependent reprogramming of the efferocytic macrophage, which in turn contributes to the 

resolution of inflammation [33, 56]. Therefore, both Del-1−/− and CD18−/− mice cannot 
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generate efferocytosis-associated anti-inflammatory signals, the former because they lack 

DEL-1 mediating efferocytosis and the latter because they lack apoptotic neutrophils. DEL-1 

binds the ‘eat-me’ signal phosphatidylserine on apoptotic neutrophils and bridges them to 

macrophages by binding the αvβ3 integrin, rather than Mer (which uses growth arrest 

specific factor-6 as bridging molecule) [33]. However, efferocytic integrins (αvβ3/β5) cross-

talk with other efferocytic receptor pathways including Mer, which synergizes with integrins 

in apoptotic cell phagocytosis and downstream signaling [75, 76].

In our present study, antibodies to IL-23p19 or to the IL-12/IL-23-shared p40 subunit 

inhibited bone loss in CD18−/− mice, whereas antibody to the IL-12p35 subunit, which is 

unique to IL-12, did not. Based on these findings, we may conclude that the protective effect 

in human LAD1 periodontitis of ustekinumab (which blocks the common p40 subunit of 

IL-23 and IL-12) [27] can be more likely attributed to inhibition of IL-23 rather than of 

IL-12.

Nuclear metabolic receptors are ideal targets for therapeutic approaches, in great part 

attributed to their inherent features, i.e., their capacity to selectively bind “drug-like” small 

molecules [77]. Whereas the cost of antibody–based biologic drugs is high and constantly 

increasing, small-molecule therapeutics, such as agonists of nuclear receptors, entail 

considerably more affordable costs [78–80]. In addition, small-molecule compounds have 

increased stability in biological fluids and low or no antigenicity [78, 79]. Our study strongly 

suggests that small-molecule therapeutics that activate efferocytosis-associated signaling, 

such as GW3965 and GW0742, have the potential to provide affordable and effective 

treatment options in LAD1 periodontitis by inhibiting the IL-23–IL-17 axis.
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ABBREVIATIONS

ABC alveolar bone crest

BM bone marrow

CEJ cement–enamel junction

DEL-1 developmental endothelial locus-1

DMSO dimethyl sulfoxide

G-CSF granulocyte colony-stimulating factor

IL interleukin
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LAD1 leukocyte adhesion deficiency-Type 1

LXR liver X receptor

mAb monoclonal antibody

Mer c-Mer tyrosine kinase

PPAR peroxisome proliferator-activated receptor

TIM T-cell immunoglobulin- and mucin-domain-containing molecule

WT wild-type
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Figure 1. CD18−/− mice develop IL-23/IL-17-driven periodontal bone loss that is reversible by 
bone marrow transplantation.
(A) Representative FACS plot of neutrophils in the gingival tissue of CD18+/− and CD18−/− 

mice (left panel) and bar graph showing percentage of neutrophils gated on live, single 

CD45+ cells (right panel). (B,C) 18-week-old WT mice and age-matched LFA-1−/− and 

CD18−/− mice were assessed for the following parameters: (B) Periodontal bone heights 

(distance between the cementoenamel junction [CEJ] and alveolar bone crest [ABC]) in the 

indicated mice (left panel) and bone loss (right panel), which was calculated as bone height 
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in 18-week-old WT control mice (“0” baseline) minus bone height in experimental 

(LFA-1−/− and CD18−/−) mice. (C) The mRNA expression of the indicated cytokines was 

determined by quantitative real-time PCR. Data were normalized against Gapdh mRNA and 

expressed as fold induction relative to the transcript levels of 18-week-old WT mice, 

assigned an average value of 1. (D) CD18−/− mice were either left untreated or were 

microinjected locally in the gingiva with blocking mAbs to IL-17A, IL-12p35, IL-12/

IL-23p40 (or IgG2a isotype control), polyclonal anti-IL-23p19 (or non-immune IgG) 

antibody, blocking mAbs to IL-6, or TNF (or IgG1 isotype control) three times weekly from 

the age of 4 to 18 weeks. Bone loss was calculated as described in B with 18-week-old WT 

control mice serving as the “0” baseline. (E) Lethally irradiated 6-week-old CD18−/− or WT 

mice underwent transplantation with WT, CD18−/−, or a 1:1 mixture of WT and CD18−/− 

BM cells (5×106 cells per recipient mouse). Transplanted mice were euthanized 12 weeks 

after BM reconstitution and bone heights were measured (left panel). Bone loss in the 

transplanted mice as compared to untreated WT and CD18−/− mice (data from panel B) was 

calculated as mean bone height in 18-week-old WT control mice (“0” baseline) minus bone 

height in the other indicated groups of mice. Data are means ± SD and each dot represents 

the value of an individual mouse (A n = 6-12 mice/group; B,C n = 6 mice/group; D n = 6-7 

mice/group; E n = 3-6 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 

0.0001 between indicated groups or as compared with corresponding isotype control (panel 

D) or untreated WT control (panel E right). Unpaired t test (A), one-way ANOVA with 

Tukey’s (B,C, E left) or Dunnet’s (D,E right) multiple-comparison tests.
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Figure 2. Adoptive transfer of WT neutrophils to CD18−/− mice restores normal expression of 
gingival IL-23 and IL-17.
Purified neutrophils (5×106 cells) from WT or CD18−/− mice were i.v. injected into CD18−/− 

mice. 72h after adoptive transfer the mice were euthanized and expression of the indicated 

cytokines in the gingival tissue was measured by quantitative real-time PCR. Cytokine 

mRNA expression was normalized against Gapdh mRNA and expressed as fold induction 

relative to the transcript levels of WT mice, assigned an average value of 1. Data are means 

± SD and each dot represents the value of an individual mouse (n = 5 mice/group). ****P < 

0.01 compared to untreated CD18−/− mice. NS, non-significant.
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Figure 3. Mer regulates IL-23 in vivo and in vitro.
(A) Antibodies (5 μg) to each of the indicated receptors (or isotype controls) were locally 

microinjected once to the gingiva and the mice were sacrificed 72h later to dissect gingival 

tissue for cytokine mRNA expression by quantitative real-time PCR. The mRNA expression 

levels for the indicated cytokines were normalized against Gapdh mRNA and expressed as 

fold induction relative to the transcript levels of untreated mice, assigned an average value of 

1. (B) Mouse BM-derived macrophages from WT (left panel) or CD18−/− (right panel) 
mice were allowed to adhere to 24-well culture plates and then incubated for 2h with 
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apoptotic neutrophils (‘apopt’) at a ratio of 3:1 apoptotic neutrophils/macrophages. The 

wells were then washed with media to remove non-phagocytosed neutrophils, and LPS was 

added at 100 ng/ml for a 6-h incubation. IL-23p19 mRNA expression was measured by 

quantitative real-time PCR. Results were normalized against Gapdh mRNA and expressed as 

fold induction relative to the transcript levels of the untreated group, assigned an average 

value of 1. In certain groups, Mer-Fc or Fc control (both at 10 μg/ml) were added to the 

macrophages 30 min prior to adding apoptotic neutrophils. In other groups, prior to adding 

apoptotic neutrophils, macrophages were incubated for 30 min with cytochalasin D (5 μM) 

to block phagocytosis. (C) Purified neutrophils (5 × 106 cells) from WT mice were i.v. 

injected or not into groups of CD18−/− mice, which were earlier treated or not with anti-Mer 

or isotype control (local intragingival injection with 5 μg). 72h after adoptive transfer, the 

mice were euthanized and expression of the indicated cytokines in the gingival tissue was 

assayed by quantitative real-time PCR, as outlined in panel A. Data are means ± SD and 

each dot represents the value of an individual mouse or cell culture (A n = 5 mice/group; B n 
= 6 cultures/group; C n = 6 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 

0.0001 between indicated groups or as compared with untreated control (A). One-way 

ANOVA with Dunnet’s (A) or Tukey’s (B,C) multiple comparison tests.
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Figure 4. Downregulation of IL-23 in LPS-stimulated macrophages by apoptotic neutrophils 
involves LXR signaling.
(A) Mouse BM-derived macrophages from WT or CD18−/− mice were incubated for 2h in 

the absence or presence of apoptotic neutrophils (‘apopt’), with or without GSK2033 (5 μM; 

LXR antagonist), which was added 1h earlier than the apoptotic cells and remained for the 

entire incubation period (3h). The wells were then washed with media to remove non-

phagocytosed neutrophils, and LPS was added at 100 ng/ml for a 6-h incubation. (B) Mouse 

BM-derived macrophages from WT or CD18−/− mice were pretreated for 18h with GW3965 

(1 μM; LXR agonist) or DMSO (vehicle control) and, without intermediate washing, 

stimulated with LPS (100 ng/ml) for 6h. In both A and B, IL-23p19 mRNA expression was 

measured by quantitative real-time PCR. Results were normalized against Gapdh mRNA and 
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expressed as fold induction relative to the transcript levels of the untreated group, assigned 

an average value of 1. Data are means ± SD (n = 6 cultures/group). *P < 0.05, **P < 0.01 

and ***P < 0.001 between indicated groups. NS, not significant. One-way ANOVA with 

Tukey’s multiple comparison test.
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Figure 5. Combined treatment with LXR agonist GW3965 and the PPARβ/δ agonist GW0742 
regulates periodontal inflammation and bone levels in CD18−/− mice.
18-week-old CD18+/− and CD18−/− mice were locally microinjected in the palatal gingiva of 

the 2nd molar with a combination of GW3965 and GW0742 (each at 8.1 nmol; left side) or 

with DMSO vehicle control (right side). After 72h, the mice were euthanized. (A) Dissected 

gingiva were processed for quantitative real-time PCR to determine mRNA expression of the 

indicated cytokines. Results were normalized to Gapdh mRNA and presented as fold change 

in the transcript levels relative to DMSO injection sites in CD18+/− mice (assigned an 
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average value of 1). (B) Gingiva were processed for immunoblotting to detect 

phosphorylated Stat3 (pStat3) (left panel). The relative intensity of immunoblotting bands 

of pStat3 and total Stat3 was quantified by densitometry (right panel). The pStat3/Stat3 

ratio values were then normalized to the smallest pStat3/Stat3 ratio value in the CD18+/− 

DMSO control group, which was set as 1. (C) Defleshed maxillae were used to measure the 

bone heights (distance between the cementoenamel junction [CEJ] and alveolar bone crest 

[ABC]) (left panel). The change in bone heights was calculated relative to the 

corresponding vehicle control group (right panel). In A, C (left panel), and B (right panel), 

the pair of data for each mouse is connected by a line (n = 4-7 mice/group). In C (right 

panel), data are means ± SD (n = 6-7 mice/group). *P < 0.05 and **P < 0.01 (Student’s 

paired t test). NS, non-significant.
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