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Immunomodulatory IL-23 receptor antagonist peptide nanocoatings for implant 

soft tissue healing  

Abstract 

Objective: Peri-implantitis, caused by an inflammatory response to pathogens, is the leading cause of 

dental implant failure. Poor soft tissue healing surrounding implants – caused by inadequate surface 

properties – leads to infection, inflammation, and dysregulated keratinocyte and macrophage function. 

One activated inflammatory response, active around peri-implantitis compared to healthy sites, is the IL-

23/IL-17A cytokine axis. Implant surfaces can be synthesized with peptide nanocoatings to present 

immunomodulatory motifs to target peri-implant keratinocytes to control macrophage polarization and 

regulate inflammatory axises toward enhancing soft tissue healing. 

Methods: We synthesized an IL-23 receptor (IL-23R) noncompetitive antagonist peptide nanocoating 

using silanization and evaluated keratinocyte secretome changes and macrophage polarization (M1-like 

“pro-inflammatory” vs. M2-like “pro-regenerative”).  

Results: IL-23R antagonist peptide nanocoatings were successfully synthesized on titanium, to model 

dental implant surfaces, and compared to nonfunctional nanocoatings and non-coated titanium. IL-23R 

antagonist nanocoatings significantly decreased keratinocyte IL-23, and downstream IL-17A, expression 

compared to controls. This peptide noncompetitive antagonistic function was demonstrated under 

lipopolysaccharide stimulation. Large scale changes in keratinocyte secretome content, toward a pro-

regenerative milieu, were observed from keratinocytes cultured on the IL-23R antagonist nanocoatings 

compared to controls. Conditioned medium collected from keratinocytes cultured on the IL-23R 

antagonist nanocoatings polarized macrophages toward a M2-like phenotype, based on increased 

CD163 and CD206 expression and reduced iNOS expression, compared to controls.  

Significance: Our results support development of IL-23R noncompetitive antagonist nanocoatings to 

reduce the pro-inflammatory IL-23/17A pathway and augment macrophage polarization toward a pro-

regenerative phenotype. Immunomodulatory implant surface engineering may promote soft tissue 

healing and thereby reduce rates of peri-implantitis. 

Keywords: Surface chemistry; Keratinocyte; Macrophage; Peri-implant infection; Dental implant; 
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1.0 Introduction 

The number of dental implants placed each year continues to increase; for instance, the 

percentage of United States adults with at least one tooth replaced with a dental implant is expected to 

be at least 17% by 2026 [1]. However, the prevalence of peri-implantitis is high and has been reported 

to range from 8% to 34% [2]. Peri-implant soft tissue attachment is composed of junctional epithelium, a 

keratinocyte-rich epithelial component with a basement membrane, enabling attachment to the implant 

surface through cell-matrix adhesive hemidesmosomes [3]. This junctional epithelium generated around 

dental implants is easier to penetrate than natural junctional epithelium around teeth due to reduced 

hemidesmosome formation, and thus less resilient to inflammatory challenges provoked by biofilms [4]. 

Chronic inflammation from peri-implant mucositis, augmented by parafunctional soft tissue attachment 

to the implant, leads to peri-implantitis. Bioengineered dental implant/abutment materials and surfaces 

for preventing peri-implantitis are therefore desirable. 

Current surface modification approaches to prevent peri-implantitis have – largely – focused on 

using antimicrobials [5]. However, alternative implant surface modification technologies are necessary 

to “break the wave” of peri-implantitis [6]. Firstly, no Food and Drug Administration (FDA, USA) 

approved antimicrobial implant materials exist. Regulatory challenges include a lack of standardized 

antimicrobial testing protocols to match FDA guidance [7]. Secondly, peri-implantitis, should it develop, 

is typically managed by implantoplasty of the supracrestal area, implant surface detoxification, and hard 

tissue grafting of the intraosseous compartment [8]. However, there is no universally accepted protocol 

[6], surface detoxification harms implant surface characteristics [9], and only approximately 75% of 

implants survive following peri-implantitis treatments at 5 years [10]. Finally, the use of antimicrobial 

and antibiotic agents is under scrutiny given the “major threat” of antimicrobial resistance; 2019 saw an 

estimated 4.95 million deaths associated with antimicrobial resistance, a number that is expected to 

sharply rise in coming years [11]. 



Control over immunological responses that guide peri-implant soft tissue healing, with and 

without bacterial insult, is a potential strategy to help prevent peri-implant infection. Imbalances in pro-

inflammatory activity have been reported as a greater concern for implant marginal bone loss than the 

dysbiotic biofilm in and of itself [12,13]. Certain cytokines mark inflammation in peri-implant soft tissue. 

IL-23, secreted by keratinocytes and other immune cells, is significantly upregulated in peri-implant 

crevicular fluid from peri-implantitis sites compared to healthy sites in clinical trials [14]. IL-23 has been 

implicated in other chronic inflammatory conditions, such as intestinal Crohn’s disease, and closely 

associated with the influx of neutrophils in acute infections [15]. This, in turn, induces expression of pro-

inflammatory factors like IL-17A, sustaining neutrophil recruitment and long-term maintenance of 

inflammation at the site of chronic bacterial infection [16].  IL-23 upregulates IL-17A expression through 

signal transducer and activator of transcription 3 (STAT3)-retinoid related orphan receptor-γ T (RORγT) 

[17]. IL-17 has been causally linked to periodontal bone loss [18].  

Macrophages, derived from monocytes, are critically important to the initial soft tissue immune 

response and drive the conclusion of inflammation toward recruitment of reparative phase cell-types 

[19]. M1-like macrophages are prototypically “pro-inflammatory” where M2-like macrophages are 

prototypically “anti-inflammatory” and “pro-regenerative,” although a continuum of macrophage 

phenotypes exist [20]. Macrophages are markedly polarized toward M1-like in peri-implantitis and 

periodontitis sites whereas M2-like macrophages pervade healthy gingival tissue [21]. Augmentation of 

macrophage phenotypes during inflammation has proven effective for disease treatment, such as cancer 

[22], and immune system responses to biomaterial implantation [23]. Dental implants and abutments 

engineered to polarize macrophages toward M2-like may be able to support prevention of peri-

implantitis. 

A recent and rapidly growing body of literature has begun to unravel the relationship between 

implant surfaces and macrophage polarization toward M1-like vs. M2-like [24]. For example, ample work 



has demonstrated surfaces that polarize macrophages toward M2-like are beneficial for 

osseointegration [25]. Our group has established titanium coating silanization synthesis methods to 

form nanometric thickness peptide coatings [26–28]. Peptide nanocoatings harness biological activity of 

large, difficult-to-manufacture biomacromolecules in a small molecule and provide high bioactive 

specificity, versatility over orientation and multicomponent display of functions, and potential 

spatial/temporospatial control of bioactivity at the implant/wound site interface [29]. Potential 

drawbacks include the relatively small dosage of the peptide bioactive agent and limited half-life of 

peptides at room temperature [30]. One candidate peptide molecule capable of altering the immune 

system, commonly used in the pharmaceutical industry, are noncompetitive antagonists that bind to an 

allosteric site on a receptor to prevent receptor activation. Prior research identified an eight amino acid 

peptide that specifically bound to IL-23R as a noncompetitive antagonist and inhibited downstream IL-

23 expression and signaling in spleen cells [31].  

Thus, we aimed to immobilize a peptide noncompetitive antagonist on titanium against a pro-

inflammatory signal – IL-23 – to ultimately polarize macrophages toward M2-like as opposed to M1-like.  

Our hypothesis was that IL-23R antagonist peptide nanocoatings would decrease keratinocyte 

IL-23 and IL-17A expression, shift the keratinocyte secretome toward a pro-regenerative state, and 

polarize macrophages toward M2-like activity compared to nonfunctional, randomized sequence control 

peptide nanocoating and non-coated gold-standard control titanium surface (summarized in 

Supplemental Figure 1).  

 

2.0 Materials and Methods 

All materials were used as received. Sample sizes are denoted for each experimental technique. 

2.1 Peptides nanocoating synthesis and characterization 



An all-D amino acid IL-23 receptor antagonist (also known as peptide 2305, ylqqeeet), and a randomized 

sequence of the same amino acids generated with a random letter sequencer used as a control 

(tqyleeqe), were used in this study [31]. Lower case letters indicate D-amino acids whereas upper case 

letters indicate L-amino acids. A randomized peptide control was used to isolate potential effects from 

the non-specific physicochemistry created by the IL-23R peptide antagonist in comparison to the 

bioactive peptide structure dependent on the specific order of amino acids in the IL-23R antagonist 

sequence. The N-terminal tail of each peptide was modified with two lysines for preferential titanium 

surface immobilization on the N-terminus and three glycine spacers to allow flexibility of the tethered 

peptide [32,33]. The final functional peptide sequence (KK-GGG-ylqqeeet) and its randomized, control 

counterpart (KK-GGG-tqyleeqe) were synthesized using standard solid-phase peptide synthesis (>95% 

purity; AAPPTec) and characterized by high-performance liquid chromatography (HPLC) and electrospray 

(ESI) mass spectrometry (Supplemental Figures 2 and 3). 

Nanocoatings were formed following our previous methods [26,27]. Titanium (commercially pure 

titanium grade II, McMaster Carr) disks were punched, ground, polished, and were treated with 5M 

NaOH for 12 hours to obtain activated titanium (Non-coated). Activated disks were placed in an N2-rich 

atmosphere and immersed in pentane containing 0.05M N,N-Diisopropylethylamine and 0.5M (3-

Chloropropyl)-triethoxysilane (all obtained from Sigma-Aldrich) to silanize the surface. These silanized 

disks were then immersed in 0.1 mM peptide solutions (IL-23 receptor antagonist or randomized 

control) in 0.1 M Na2CO3 buffer overnight to yield the IL-23R Antagonist and the Randomized control 

peptide nanocoatings, respectively.  

Surface synthesis was characterized by an X-ray photoelectron spectrometer (XPS; PHI 5000 

VersaProbe III, ULVAC Inc.) to quantify the surface elemental composition with a monochromatic Al Kα 

X-ray source (45°, 1486.6 eV, 50 W, sampling area; 200-μm diameter). Survey spectra were collected 

using a pass energy of 280 eV and a step size of 1.0 eV. Charge compensation was used, and spectra 



were calibrated to the C 1s signal at 284.8 eV. Surface elemental composition [as atomic composition (At 

%)] was determined using MultiPak (ULVAC Inc.) from background-subtracted (system optimized) peak 

areas (n>3).  

Water contact angle were measured using the sessile-drop method (>18 MΩ deionized water; 2.0 

µL) to assess wettability of the surfaces using a contact angle goniometer (DM-CE1, Kyowa) and fit using 

the circle method (n=3 for Non-coated and n=10 for Il-23R Antagonist Nanocoatings and Randomized). 

Fewer samples were used for the Non-coated group given we have previously established the 

wettability properties of this surface [26,27]. 

The peptide nanocoatings were visualized with cyanine5 (43020, Lumiprobe) labeled peptides and 

an upright fluorescence microscope (DM 6B, Leica; 0.32 PH1 at 1296 × 966 pixels) (n>2). The fluorescent 

cyanine-5 N-hydroxysuccinimide (NHS) ester was dissolved in a 1/10 reaction volume of 

dimethylformamide (DMF) and added to the titanium disks that were immersed in 9/10 reaction volume 

of 0.1M sodium bicarbonate buffer (pH = 8.3) and allowed to react at 4 °C overnight. In total, 1 mg of 

cyanine-5 NHS ester was dissolved in 500 mL solution. The fluorescent cyanine-5 NHS ester was 

desorbed from disks in fresh sodium bicarbonate buffer for 5 minutes, with sonication, 7 times before 

disks were analyzed in Fiji [34]. Completely untreated, as received disks, were used to set a background 

threshold before micrographs were exported from Fiji to visually inspect the nanocoating homogeneity. 

Peptide surface density was measured by comparing peptide solution concentration before and 

after disk immersion with a NanoOrange protein quantification kit (N6666, Thermo-Fisher) and a 

standard curve following the manufacturer’s instructions to determine the peptide surface density 

(μM/cm2) per disk (n=3) [35]. A plate reader (Synergy HT, Biotek) was used. Our previous work has 

established peptide coatings using an exceptionally similar synthesis method are a few nm thick [28]. 

2.2 Oral keratinocyte culture and proliferation  



All materials, prior to all cell culture, were treated for 15 minutes per side with UV light in a biological 

safety cabinet (AC2-4S9-NS, Esco Lifesciences), adsorbed with bovine serum albumin (BSA) for 30 

minutes, and finally washed with phosphate buffer solution (PBS). Immortalized human OKF6/TERT-2 

(BWH Cell Culture and Microscopy Core, Boston, MA, USA) oral keratinocytes from normal tissue from 

the floor of the mouth were cultured in defined keratinocyte serum-free medium (Gibco) with 1% 

penicillin/streptomycin antibiotics (Gibco) under standard conditions   [36]. For cell metabolic activity 

analysis, keratinocytes were seeded (6 ×104), cultured for either 1, 3, or 5 days, and then washed in PBS 

and incubated for four hours in CCK8 solution (Dojindo; 9:1 CCK8: keratinocyte medium). Optical density 

(OD) was obtained on a plate reader. OD values were blanked with virgin CCK8 solution and similarly 

incubated (n=5). Keratinocyte morphology was visualized with DAPI (4’,6-diamidino-2-phenylindole 

dihydrochloride; D1306, Sigma-Aldrich) and conjugated phalloidin (R415, Thermo-Fisher) staining. All 

experiments, except keratinocyte secretome production, were performed with one sample in one well 

of a 48 well culture plate. 

2.3 Keratinocyte IL-23 and IL-17A production 

Keratinocyte expression of IL-23 and IL-17A was measured using enzyme-linked immunoassays (ELISAs). 

Keratinocytes were seeded on disks (1 × 104 cells per disk) and cultured for 6, 12 and 24 hours (n=3). 

Conditioned medium was collected, and disks were moved to a new plate for lysis (with protease 

inhibitor, 78429, Thermo Scientific). Lysate was cleared (12,000 g for ten minutes) and then combined 

1:1 (by volume) with conditioned medium. IL-23 (ab221837, Abcam) and IL-17A (ab216167, Abcam) 

production was measured by ELISA following the manufacturer’s instructions.  

In some experiments, a pro-inflammatory stimulus, ultrapure Porphyromonas gingivalis 

lipopolysaccharide (LPS; tlrl-ppglps, InvivoGen), was used to provide an induction of inflammatory 

response at 0.1µg/mL [37] for 24 hours. LAL (limulus amebocyte lysate) treated endotoxin free water 



was used as a vehicle control for LPS experiments. Total protein was determined with a micro 

bicinchoninic acid assay (23235, Thermo Fisher) as described by the manufacturer for normalization.  

2.4 Keratinocyte cytokine and chemokine production 

Keratinocyte secretome production was measured by culturing keratinocytes (1 × 104 per disk) for one 

day. Six disks were pooled per analysis in a 6 well culture plate. Conditioned medium was collected, and 

disks were moved to a new plate for lysis (with protease inhibitor, 78429, Thermo Scientific). Lysis was 

performed to collect all chemokines and cytokines produced by the keratinocytes, including those not 

yet secreted. Lysate was cleared (12,000 g for ten minutes) and then combined 1:1 (by volume) with 

conditioned medium. Cytokine production was measured with a cytokine array (AAH-TH17-1-2, 

RayBiotech) following the manufacturer’s instructions; each cytokine was probed in technical duplicate. 

This array was used to probe a wider range of cytokines and chemokines in a single experiment 

compared to ELISAs. The cytokines measured include, CCL20, CD40, CD40LG, CSF2, CSF3, IFNG, IFNL2, 

IL10, IL12A, IL12B, IL13, IL17A, IL17F, IL17RA, IL1B, IL1R1, IL1R2, IL2, IL21, IL21R, IL22, IL23A, IL4, IL5, IL6, 

IL6R, IL6ST, LTA, TGFB1, TGFB3, TNF, TNFRSF18, TNFRSF8, TNFSF11. ImageJ was used to analyze and 

collect the background, positive control, negative controls, and the array data. Background subtraction 

was completed for each array datapoint, with the average of two background samples per datapoint, 

along with positive control normalization between all data points.  

STRING analysis, or Search Tool for the Retrieval of INteracting Genes/proteins, a database and 

online resource for known and predicted protein-protein interactions, was used. All 34 proteins, and 

associated concentration measured, from the assay were input into the system to see how they interact. 

The lines connecting nodes have different colors based on how the interaction was determined, such as 

from databases or experimentally determined [38]. 

2.5 Macrophage culture and polarization  



Primary human peripheral blood mononuclear cells (PBMCs) were obtained as a Trima Cone from 

Innovate Blood Resources (deidentified, for research use only) and cultured in ImmunoCult-SF 

macrophage medium (10961, STEMCELL Technologies; contains macrophage colony-stimulating factor) 

on tissue culture plastic to obtain plastic-adherent monocytes [39]. Cells were cultured for 4 days and 

then activated toward either M1-like (10 ng/mL LPS and 50 ng/mL interferon gamma; 78020 STEMCELL 

Technologies), M2-like (10 ng/mL interleukin-4; 78045, STEMCELL Technologies) or in 2:1 or 1:1 dilutions 

of macrophage medium with keratinocyte-conditioned medium for 2 day (Supplemental Figure 4). 

Despite limited work on keratinocyte-conditioned medium for macrophage culture, we followed a 

previous report for myofibroblasts and macrophages using a 1:1 medium ratio [40]. The additional 2:1 

dilution was used to evaluate potential concentration-specific effects. Controls with non-conditioned 

keratinocyte medium were also performed (Supplemental Figure 5). Keratinocyte-conditioned medium 

was collected as described for cytokine analysis then combined with macrophage medium as described. 

After activation for 2 days in described mediums, macrophages were fixed in 4% 

paraformaldehyde for 20 minutes, permeabilized in 0.3% Triton X-100 for 5 minutes, and blocked in 

SuperBlock (37515, Thermo Fisher) for 20 minutes. Samples were washed in PBS thrice between all 

steps. Macrophage polarization was evaluated with surface marker analysis using CD68 as a pan-

macrophage marker, iNOS as a M1-like marker, and CD206 and CD163 as M2-like markers (all at 1:200 at 

4°C overnight; ARG30333, argio Biolaboratories). Secondary antibodies (ab97037, Abcam and A-11034, 

Invitrogen) were diluted (1:400) and applied at 4°C overnight. Immunofluorescent visualization was 

performed with an upright fluorescent microscope (DM 6B, Leica). Background-subtracted pixel 

intensities were calculated and analyzed in Fiji using the area integrated density function. All values 

were normalized to the total number of cells per field of view, which was manually calculated. Four 

wells, with three micrographs each, were taken per group. 

2.6 Statistics 



All biological experiments described were independently repeated twice (in addition to the noted 

technical replicates). Specific statistical tests and interpretations used for each experiment are described 

in captions for each figure. Statistical significance was denoted by use of letters; groups not sharing a 

letter are statistically significantly different from others (α = 0.05). Letters, as opposed to asterisks, were 

used for thorough visualization of statistical analysis results given some graphs display 35 pairwise 

comparisons. GraphPad Prism 9.3.1 (GraphPad Software) was utilized to perform all statistical analysis, 

with one exception as multivariate analysis (Ward’s clustering) was performed for Figure 3 in JMP Pro 14 

(JMP Statistical Discovery LLC).  

 

3.0 Results 

3.1 IL-23R antagonist peptide Nanocoatings and controls were successfully synthesized  

The physicochemical properties of model titanium dental implant surfaces with IL-23R Antagonist and 

the Randomized peptide Nanocoatings were compared to control titanium (Non-coated). There were no 

significant differences between water contact angles for all tested surfaces (ca. 15°; Figure 1a and 1b), 

which was expected given the ratio of hydrophilic residues to total number of residues for the peptides 

is 63%. Nanocoatings made of fluorescently labeled peptides revealed an intense fluorescence signal, 

evenly distributed, on both Randomized and IL-23R Antagonist, unlike Non-coated surfaces (Figure 1c).  



 

Figure 1: Homogeneous IL-23R antagonist and randomized peptides Nanocoatings were synthesized 

on titanium surfaces. a: Water contact angles of Non-coated, Randomized, and IL-23R Antagonist 

Nanocoatings. Dissimilar letters indicate statistically significant differences (one-way ANOVA; p < 0.05) 

when all groups are compared to each other. b: Representative micrographs of water contact angles 

formed on Non-coated, Randomized, and IL-23R Antagonist Nanocoatings. c: Fluorescent visualization of 

fluorescently labeled Non-coated, Randomized, and IL-23R Antagonist Nanocoatings. Scale bars are 100 

µm for the lower panel. d: X-ray photoelectron survey spectra of Non-coated, Randomized, and IL-23R 

Antagonist Nanocoatings. Peaks for elements of interest are marked. e: Immobilized peptide surface 

density of Randomized and IL-23R Antagonist Nanocoatings assessed using NanoOrange©. Dissimilar 

letters indicate statistically significant differences (one-way ANOVA; p < 0.05) between all groups. 

However, Figure 1e was compared with a t-test; (p > 0.05) instead. All scatter dot plots also show mean 

± standard deviation for each group. 



 

Moreover, XPS detected (Figure 1d and Supplemental Table 1) a notable peptide-signature N1s peak, for 

both Antagonist (10.04 ± 0.73 At%) and Randomized (11.54 ± 0.73 At%) compared to Non-coated (0.04 ± 

0.73 At%) surfaces. Finally, the surface peptide density was quantified using a NanoOrange© assay. No 

significant differences were observed between IL-23R Antagonist and Randomized peptide 

Nanocoatings (Figure 1e). These data overall demonstrated successful synthesis of IL-23R Antagonist 

and Randomized Nanocoatings with no significant differences in physical-chemical properties and 

surface peptide densities.

3.2 IL-23R Antagonist Nanocoatings reduce IL-23 and downstream IL-17A production compared to 

controls 

Keratinocytes were initially cultured for up to five days to evaluate the IL-23R Antagonist Nanocoating 

cytocompatibility. No differences in keratinocyte morphology (Supplemental Figure 6) nor metabolic 

activity (Supplemental Figure 7) were seen between Randomized, Antagonist, and Non-coated, a gold-

standard cytocompatible surface. To test our hypothesis that IL-23R Antagonist Nanocoatings reduce 

keratinocyte IL-23 and IL-17A expression compared to controls, we collected conditioned medium and 

quantified cytokines at 6, 12 and 24 hours after keratinocyte seeding using enzyme-linked 

immunoassays (ELISAs). All cell culture experiments were performed on surfaces pre-sorbed with bovine 

serum albumin to reduce nonspecific interactions. IL-23 expression (Figure 2a; specific p-values are in 

Supplemental Table 2) from keratinocytes cultured on the IL-23R Antagonist Nanocoatings was 

significantly lower than on Randomized Nanocoatings and Non-coated surfaces. No differences in IL-23 

expression were assessed between Non-coated and Randomized, suggesting that surface 

physicochemistry played little biological significance compared to the presence of peptide sequence and 



structure of the IL-23R Nanocoatings. IL-17A expression was similarly reduced at the terminal 24 hour 

time point on IL-23R Antagonist compared to Randomized and Non-coated (Figure 2b). 

 

Figure 2: The IL-23R Antagonist Nanocoating significantly decreased production of IL-23 and IL-17A, 

both without and with LPS stimulus. a: Unstimulated keratinocyte IL-23 expression on Non-coated, 

Randomized, and IL-23R Antagonist Nanocoatings after 6, 12, and 24-hour culture. Dissimilar letters 

indicate statistically significant differences (two-way ANOVA; p < 0.05) when all groups are compared to 

each other. b: Unstimulated keratinocyte IL-17A expression on Non-coated, Randomized, and IL-23R 

Antagonist Nanocoatings after 24-hour culture. Dissimilar letters indicate statistically significant 

differences (two-way ANOVA; p < 0.05) when all groups are compared to each other. c and d: IL-23 (c) 

and IL-17A (d) expression from LPS-stimulated (+LPS) keratinocytes Non-coated, Randomized, and IL-23R 

Antagonist Nanocoatings after 24-hour culture. Non-coated-LAL water was tested as an LPS vehicle 



control. Dissimilar letters indicate statistically significant differences (two-way ANOVA; p < 0.05) when 

all groups are compared to each other. All scatter dot plots also show mean ± standard deviation for 

each group. 

 

We then investigated the ability of our nanocoatings to remain potent under an inflammatory 

stimuli of 0.1 µg/mL P. gingivalis LPS stimulus compared to unstimulated Non-coated and LPS vehicle 

(LAL water) controls at 24 hours. Again, keratinocyte IL-23 (Figure 2c) and IL-17A expression (Figure 2d), 

under this more oral simulative culturing condition, was reduced on the IL-23R Antagonist Nanocoatings 

compared to Randomized and Non-coated. These data validated our hypothesis that IL-23R 

Nanocoatings are both cytocompatible and biologically active to reduce keratinocyte IL-23 and IL-17A 

expression.

3.3 IL-23R Antagonist Nanocoatings decrease keratinocyte pro-inflammatory cytokine expression 

compared to controls 

We next hypothesized larger scale secretome changes – compared to just IL-23 and IL-17A – 

were occurring from the noncompetitive antagonist action of the IL-23R Antagonist Nanocoatings. We 

profiled periodontally-relevant cytokine and chemokine expression by keratinocytes cultured on IL-23R 

Antagonist, Randomized, and Non-coated surfaces (Figure 3a). The normalized, relative to Non-coated, 

expression is specified by the red (increase) to green (decrease) color. IL-23R Antagonist Nanocoatings 

reduced IL-17A, IL-17F, IL-23, glycoprotein 130 (gp130), and IL-6 expression, while macrophage inducing 

peptide (MIP)-3a, IL-2, IL-1R1 and interferon gamma (IFN-γ) production were increased, in comparison 

to Non-coated. Randomized showed a decrease in MIP-3a, IFN-γ, IL-2, IL-1R1, and IL-23 and an increase 

in IL-6, gp130, IL-5, IL-21R, tissue growth factor beta-1 (TGFβ1), and IL-13, in comparison to Non-coated.  

STRING (Search Tool for the Retrieval of INteracting Genes/proteins) analysis revealed all evaluated 

chemokines and cytokines were known interactors with key cytokine IL-17A (note its relative central 



location) on IL-23R Antagonist Nanocoatings (Figure 3b). Indeed, as suggested by the many cytokine and 

chemokine expression changes seen, strong interactions were found between the majority of cytokines 

and chemokines. In sum, these results validated our hypothesis that IL-23R Nanocoatings could increase 

keratinocyte pro-reparative/anti-inflammatory expression of many cytokines and chemokines compared 

to controls through IL-17A. 

 

 

Figure 3: IL-23R Antagonist Nanocoating lead to broad downstream effects, decreasing the pro-

inflammatory signals of keratinocytes through control of just IL-23R. a: Cytokine/chemokine secretome 

by keratinocytes on Randomized and IL-23R Antagonist Nanocoatings compared to Non-coated 

(expression, as a mean, is shown as transformed sine(x)log(1 +  |x|). Ward’s clustering was used to 

create the dendrogram to group cytokines/chemokines by the similarity between them. b: STRING 

(Search Tool for the Retrieval of INteracting Genes/proteins) analysis of the interaction of all cytokines 

on keratinocytes IL-23R Antagonist Nanocoatings. Blue lines represent known interactions from curated 



databases, and pink represents experimentally determined interactions. Light green lines represent 

interactions determined by text mining and black represents the co-expression of the two proteins [38].

 

3.4 IL-23R Antagonist Nanocoatings polarize macrophages toward a pro-regenerative M2-like 

phenotype compared to controls 

Given the changes in secretome by keratinocytes on IL23R Antagonist Nanocoatings we finally 

hypothesized that these coatings regulate immune responses and polarize PBMCs toward a M2-like 

macrophage phenotype (“pro-regenerative;” CD163-high and CD206-high) compared to M1-like [“pro-

inflammatory;” inducible nitric oxide synthase (iNOS)-high] (Figure 4a). Note we hypothesized M1-like 

and M2-like phenotypes, rather than M1 and M2, given macrophage phenotypes exist on a large 

spectrum, rather than discrete, binarized classes [41]. PBMCs were cultured and exposed to conditioned 

medium from keratinocytes grown on IL-23R Antagonist, Randomized, and Non-coated surfaces. 

Standard cytokine cocktails were used to differentiate PBMCs toward gold-standard M1-like and M2-like 

for comparison. Immunofluorescence analysis of iNOS (M1-like) demonstrated (Figure 4b and 

Supplemental Figure 8) the conditioned medium from IL-23R Antagonist Nanocoatings induced lower 

expression compared to Randomized and Non-coated. In tandem, CD163 and CD206 (M2-like) 

expression (Figure 4c and Supplemental Figure 8) was highest on PBMCs cultured on IL-23R Antagonist 

compared to Randomized and Non-coated conditioned media and was statistically insignificant from the 

positive M2-like control. These results soundly validated our hypothesis that, through keratinocyte 

activity, IL-23R Antagonist Nanocoatings could exert functionally significant effects on macrophage 

polarization toward providing a pro-regenerative phenotype to improve soft tissue healing around 

dental implants. 

 



 

Figure 4: IL-23R Antagonist Nanocoatings causes differences in oral keratinocyte secretions leading to 

significantly altered signaling to macrophages, producing more M2-like macrophages a: Schematic 

summarizing increased expression of IL-23 and IL-17A expression on Non-coated compared to IL-23R 

Antagonist Nanocoatings leading to hypothesized increased M1-like macrophage phenotype (iNOS 

expression) vs. predominant M2-like macrophage phenotype  (CD163 and CD206 expression) b:  

Immunofluorescent quantification of iNOs expression [log10 arbitrary units (a.u.)] of control M1-like and 

M2-like macrophages as well as PBMCs exposed to 2:1 and 1:1 ratios of keratinocyte-conditioned 

medium from Non-coated, Randomized, and IL-23R Antagonist Nanocoatings. Dissimilar letters indicate 

statistically significant differences (two-way ANOVA; p < 0.05) when all groups are compared to each 

other. c. Immunofluorescent quantification of macrophage CD163 and CD206 expression [log10 arbitrary 

units (a.u.)] of control M1-like and M2-like macrophages as well as PBMCs exposed to 2:1 and 1:1 ratios 

of keratinocyte-conditioned medium from Non-coated, Randomized, and IL-23R Antagonist 

Nanocoatings. Dissimilar letters indicate statistically significant differences (two-way ANOVA; p < 0.05) 



when all groups are compared to each other. All scatter dot plots also show mean ± standard deviation 

for each group. 

4.0 Discussion 

The junction between soft tissues and the implant serves as the first biological defense 

mechanism against ingression of pathogens that initiates peri-implantitis [42]. No well-established 

treatment modalities exist for peri-implantitis. Here, as a preventative measure, we synthesized 

biocompatible nanocoatings composed of IL-23R noncompetitive antagonists to reduce keratinocyte IL-

23 and downstream IL-17A expression under normal and conditioned LPS-stimulated culture. This can 

be of clinical relevance given IL-23 is significantly upregulated in peri-implant crevicular fluid from peri-

implantitis sites compared to healthy sites [14] and IL-17 can drive periodontal bone loss [18]. We also 

found larger scale, pro-regenerative secretome changes. These changes skewed macrophage 

polarization toward a pro-regenerative M2-like phenotype compared to controls. Overall, our approach 

for optimizing peri-implant soft tissue healing moves past common antimicrobial technologies toward 

immunomodulatory implant materials that are expected to reduce peri-implantitis rates and the 

associated oral healthcare burden. 

Recent work [43] compared the junctional epithelium associated with implants, also known as 

peri-implant epithelium, to natural junctional epithelium and found the implant-associated junctional 

epithelium lacked a stem cell niche, had reduced attachment, and was marked by a robust inflammatory 

cell infiltrate. Other functional differences have been summarized elsewhere [3,44]. Biomaterial 

researchers have responded by developing cell-adhesive surfaces [reviewed elsewhere [45]] to fortify 

these vulnerable interfaces. Approaches are typified by biomolecular or physicochemical surface 

modification [46]; initial examples of their translation into commercial abutments and implants may be 

found. However, oral mucosal immunity too plays a broad influence in factors critical to implant success. 



For example, alveolar bone destruction from dysbiotic biofilms have been tied to T-cell population 

expansion, recruitment of neutrophils, and prolonged expression of type I interferons [47].  

As a consequence, others have undertaken inspiring work to modulate the peri-implant immune 

system, such as developing implant surface-mediated delivery of IL-4 [48], locally delivered C-C motif 

chemokine ligand 2 (CCL2) [49], and anionic linoleic acid coatings [50]. These works recognize that while 

an intense focus in the literature on antimicrobial solutions to peri-implantitis has pervaded, more 

recent work supports the idea that bacterial antagonism of tissues is secondary to immune responses 

toward dictating implant survival/failure. For example, macrophages are markedly polarized toward M1-

like in peri-implantitis and periodontitis whereas M2-like pervades healthy gingival tissue [21]. Our 

Nanocoatings here skewed macrophages toward an M2-like phenotype. We particularly note 

upregulation of MIP-3a and downregulation of IL-16 and gp130. MIP-3a has been associated with M2-

like macrophage polarization and IL-16 and gp130 have been associated with M1-like macrophages 

[51,52]. Future work is needed to understand why MIP-3a expression differs so much between IL-23R 

Antagonist and Randomized. This may be important given MIP-3a is a potent chemokine for dendritic 

cells [53]. We also observed IL-23R Antagonist Nanocoatings reduced IL-16, which is increased in peri-

implant mucositis compared to healthy implants [54], and IL-13 was upregulated on Randomized, which 

is correlated with peri-implantitis inflammation progression [55]. We finally noted Randomized showed 

the most notable differences between 1:1 and 2:1 conditioned medium ratios. We speculate these 

dosage differences were due to the stronger signaling arising from the conditioned medium compared 

to weaker non-specific physicochemical-mediated signaling from the Randomized surface.  

A final interesting observation was that Randomized nanocoatings reduced iNOS expression 

compared to Non-coated surfaces, although not as much as IL-23R Antagonist Nanocoatings, suggesting, 

at least a partial role for peptide nanocoating physicochemistry (and not necessarily peptide structure) 

in altering macrophage phenotype. One limitation of our work is the focus on CD206, CD163, and iNOs 



to evaluate macrophage phenotypes. Further work is needed to define macrophage elaborations that 

our nanocoatings induce, particularly as it relates to M1-like and M2-like function like CD197, CXCL10, 

and IL-10. Other further work is needed to relate cytokines classically related to the IL-23 pathway - IL-

1β, IL-6, IFN-γ, and TNF-α [56] - to macrophage M1-like and M2-like function. Much of the literature’s 

focus on IL-23 and IL-17A is in the content of T-helper cells [57]; but expanded understanding of the 

roles in macrophage function in the oral cavity is missing. 

The present approach offers potential advantages. D-enantiomer amino acids were used based 

on the original in silico design of the IL-23R antagonist peptide [31]. D-enantiomer peptides, unlike 

commonly found L-enantiomers, are not associated with a robust immune response [58].  This “blank 

slate” of the nanocoating building block may potentially enable other immunomodulatory sequences to 

be designed with more finely-tuned effects than L-enantiomers. Indeed, we observed the IL-23R 

Antagonist Nanocoatings dramatically reduced IL-23 and IL-17A expression under LPS stimulation. This 

suggests strong interactions with the IL-23 receptor consistent with past work reporting the functional 

selectivity of the peptide sequence [31]. Functional selectivity achieved by the use of peptides is a highly 

appealing trait for immunomodulatory biomaterial surface design given the goal of modulating only a 

specific, “harmful” immune pathway and leaving other, “helpful” immune responses intact to promote 

biomaterial biocompatibility. A common disadvantage of therapeutic peptides and peptide-modified 

materials is their susceptibility to degradation. Indeed, only around 60 of 1,500 small molecules drugs 

approved by the FDA are peptides [59]. These are predominately L-enantiomers. One way to sidestep 

this challenge is D-enantiomers, which degrade markedly slower, and can thus potentially improve 

therapeutic potency. We and others have shown that peptide nanocoating synthesized with L-

enantiomers are indeed resistant to insertion into polyurethane foam blocks simulating bone [60], 

storage in simulated saliva for seven weeks [61], and storage for six months [62]. Further work is 

necessary to firmly establish benefits of using D-enantiomer peptides compared to L-enantiomer. 



Dental implant peptide nanocoatings harness the advantages of peptides and localize them for 

desired biological activity, such as antimicrobial activity or control of soft/hard tissue responses (Fischer 

et al. 2020b). For example, our group has used localized TGF-β1 inhibitor peptide nanocoatings toward 

reducing fibrosis during early implant osseointegration [28]. Indeed, vaccine delivery technologies have 

neatly shown that bolus delivery of therapeutics to provoke an immune response result in poor 

spatiotemporal responses compared to localized biomaterials-mediated delivery [63]. Peptide 

nanocoatings could be applied in dental implant manufacturing settings using relatively facile chemical 

processes and take advantage of large-scale peptide synthesis techniques used for peptide vaccines and 

therapeutics to reduce their otherwise high costs. Overall, peptides’ polymeric nature and range of 

techniques for nanocoating synthesis offer a method for extreme control of implant surface chemistry. 

Our future work will include evaluation in a pre-clinical animal model. We showed nanocoating 

antagonistic activity was retained under LPS stimulation but whether this holds true in an animal, with 

other pro-inflammatory stimuli and cells, needs to be verified. Indeed, while we clearly altered IL-17 and 

IL-23 signaling, the downstream effects on other cytokines and chemokines identified in Figure 3 may 

have unintended effects. Such experiments must be carefully designed as the Randomized nanocoating 

itself – likely through surface physical chemical alterations [64] – induced keratinocyte secretome 

changes. A broader remaining question is whether control of macrophage polarization is a clinically 

viable method to influence implant longevity. Certainly, macrophage activation dictates bone progenitor 

recruitment and inflammation resolution in vivo [65] but whether this will affect clinically relevant, long-

term peri-implant soft tissue measures remains an open question. 

5.0 Conclusion 

We engineered and validated an IL-23R noncompetitive antagonist peptide nanocoating to 

reduce keratinocyte pro-inflammatory expression of IL-23 and IL-17A. Changes in the keratinocyte 



secretome were able to skew macrophage polarization toward a pro-regenerative M2-like phenotype. 

These results inform immunomodulatory dental implant design and bioinspired surface biomolecular 

coatings to improve soft tissue attachment and healing resolution to thereby reduce the rate of peri-

implantitis. These results may also drive innovation in other medical specialties with percutaneous 

devices, such orthopaedic osseointegrated limbs protheses, osseointegrated auditory devices, and 

catheters. 
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