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1.    LIST OF ABBREVIATIONS AND ACRONYMS 
 

ECM – extracellular matrix 

HS – heparan sulfate 

GAG – glycosaminoglycan 

PG – proteoglycan 

Sdc – syndecan 

NET – neutrophil extracellular trap 

EXT – exostosin 

NDST – N-Deacetylase and N-Sulfotransferase 

HPSE – heparanase 

SULF – sulfatase 

RANKL / TNFSF11 – receptor activator of nuclear factor kappa-Β ligand 

OPG / TNFRSF11B – osteoprotegerin 

IHC – immunohistochemistry 

IF – immunofluorescence 

BF – brightfield 

H&E – hematoxylin and eosin 

AB – Alcian Blue 

DAPI – 4′,6-diamidino-2-phenylindole 

dpi – dots per inch 

px – pixel 

GV – grey value 

ROI – region of interest 

T-D – top-down 

SplR – spline regression 

MLR – multiple linear regression
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2.    POOLED ARTICLES OVERVIEW 
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immunofluorescent signals using histograms and 2D plot profiling of whole-section 
panoramic images. Scientific Reports. 2021;11(1):8619. 

 

 

• Duplancic R, Roguljic M, Bozic D, Kero D. Heparan sulfate glycosaminoglycan is 
predicted to stabilize inflammatory infiltrate formation and RANKL/OPG ratio in 
severe periodontitis in humans. Bioengineering. 2022;9(10):566. 

 

 



Introduction, research problems and aims 

R. D.  4 

 

2.1.    INTRODUCTION, RESEARCH PROBLEMATICS AND AIMS 

 

Periodontitis is a chronic inflammatory disease that affects the supporting tissues of the teeth, 

including the gingiva, periodontal ligament, and alveolar bone. In severe forms of periodontitis 

these tissues are gradually degraded, leading to a permanent reduction/loss of masticatory function. 

The etiology of periodontitis is multifactorial and involves various demographic and environmental 

risk factors (age, smoking, poor oral hygiene), infectious agents (chronic bacterial and endotoxin 

exposure from the microbial biofilm on the tooth surface), and host traits (genetic and epigenetic) 

(1, 2). These factors collectively influence the host's inflammatory response. Inadequate immune 

response to microbial biofilm on the tooth surface perpetuates a vicious cycle of inflammation and 

breakdown of periodontal tissue, which if left untreated, can ultimately result in tooth loss (3). 

Severe forms of periodontitis are one of the most common chronic infectious diseases in the world 

with worldwide prevalence estimated at 11% (4, 5). Current gold standard for the treatment of 

periodontitis (initial therapy) is based on nonsurgical mechanical removal of the supra- and 

subgingival microbial biofilm from the surfaces of the affected teeth and, in some cases, application 

of antimicrobials with antiseptic and/or antibiotic effect (6, 7). Initial therapy is aimed at calming 

the inflammation in order to slow down or completely stop the degradation of the supporting tissues 

of the teeth. Apart from the initial therapy, various forms of regenerative therapy procedures can 

also be applied for the treatment of advanced forms of periodontitis to reverse the periodontal tissue 

damage. Since chronically inflamed periodontal tissues exhibit persistent degradation of the 

extracellular matrix (ECM) components, another way to treat periodontitis is to supplement ECM 

or ECM components by their natural or synthetic derivatives. This approach (which is combined 

with surgical procedures) utilizes bone grafts (of natural or synthetic origin) and substances based 

on decellularized natural ECM such as Emdogain® (a derivative of enamel matrix protein) (8-10). 

Substances based on glycosaminoglycans (GAGs), such as hyaluronan, are also used in the 

treatment of periodontal disease, but mainly to promote healing of soft periodontal tissue after 

surgical treatment of non-inflammatory defects such as gingival recessions (11, 12). However, the 

efficacy of the mentioned agents and treatment approaches depends on the degree of destruction of 

the periodontium: the more extensive the destruction, the less likely it is that periodontal tissue will 

regenerate completely. 
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Heparan sulfate glycosaminoglycan (HS GAG) is a polysaccharide built from repeating 

disaccharide units, each of which is composed of uronic acid (iduronic acid, glucuronic acid) and 

amino sugars (glucosamine, galactosamine). Together with chondroitin sulfate, keratan sulfate and 

dermatan sulfate, HS GAG belongs to the group of partially saturated GAGs, while the remaining 

members of the GAG group are fully saturated heparin and unsaturated hyaluronan (13). HS GAG 

is one of the key components of the ECM and can be present either anchored on its corresponding 

cell surface receptors such as HS proteoglycans (HSPGs) or as a shedded soluble substance within 

the ECM (14, 15). Major cell-surface HSPGs that bind HS GAG belong to a four-member family 

of Syndecans (Sdc1-4) which are expressed in most mammalian tissues (16). Sdcs are type II 

receptors comprised of a core protein (with cytoplasmic, transmembrane, and ectoplasmic 

domains) to which several HS GAG linear side chains are covalently attached (17, 18). As a 

modulator of cell signaling, HS GAG is involved in the regulation of various processes important 

for tissue development and homeostasis, including proliferation, differentiation, adhesion and 

migration of cells (13, 15, 17, 19). The role of HS GAG in the above processes depends on the 

degree of polymerization/fragmentation and structure/saturation of the glycan chain and the way 

HS GAG molecules are incorporated into the ECM; as free polysaccharide chains or covalently 

bound in complexes with HSPGs such as Sdcs (19, 20). Accordingly, the structure and the overall 

expression of HS GAG are tissue specific and subject to dynamic changes during pathological 

events in the tissue (inflammation, infection, healing, etc.) (20, 21). 

As the major ligand of HSPGs, HS GAG interacts with released chemokines, integrins and 

selectins and participates in the regulation of different aspects of inflammatory response including 

the formation and breakdown of gradients of inflammatory mediators, as well as the recruitment 

of leukocytes (rolling, adhesion, and transmigration) from the circulation to the site of 

infection/injury (15, 22). One of the obstacles in studying the mechanistic effects of altered 

expression of HS GAG on the course of the inflammatory response has been that no viable  

HS GAG knockout animals could be generated because HS GAG is essential during organogenesis 

(23-25). However, it has been possible to generate viable knockout animals for certain cell surface 

HSPGs (such as Sdc1 and Sdc4), and the response of these animals to noxious stimuli has been 

studied in detail. Because the presence of cell surface HSPGs strongly influences the bioavailability 

of HS GAG in tissues and diverse physiological functions of HSPGs are in fact mediated by  

HS GAG, the reported effects of knockout of individual HSPGs can be attributed in part to altered 
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expression of HS GAG. For example, studies using Sdc1 knockout mice have demonstrated that 

the absence of Sdc1 (and therefore disrupted bioavailability of cell surface HS GAG in tissues) 

exacerbates the inflammatory response and prolongs wound healing (26, 27). There are also 

findings that argument how Sdc4 plays a role in inhibiting the production of interleukin-1-beta 

which suggests that Sdc4 may have a protective function (28). Apart from HSPGs, certain enzymes 

for modifications of HS GAG may also affect the overall expression of HS GAG in tissues.  

HS GAG can be enzymatically cleaved into shorter fragments by endoglycosidase heparanase 1 

(HPSE1). HPSE1 has been reported to exhibit increased expression and enzymatic activity in 

conditions such as inflammation (29-32). The possible effects of major HS GAG biosynthesis 

enzymes from the GAGosome complex on the course of inflammation have been studied recently. 

In contrast to prior examples, mice with conditional NDST1 knockout (and consequently reduced 

N-sulfation of HS GAG) seem to exhibit mild inflammatory response compared to the wild-type 

mice (33, 34). This confirms the importance of the site-specific structure and sulfation pattern of 

HS GAG and its general role as a modulator with both proinflammatory and anti-inflammatory 

properties. While the association of HS GAG/HSPGs with the propagation of inflammation is well 

documented, its role in the resolution of inflammation and remodeling of the ECM in terms of 

restoring normal tissue structure and function must also be mentioned. In general, cleavage of the 

side chains of HS GAG can facilitate the shedding of HSPG ectodomains. This in turn can have an 

anti-inflammatory effect due to degradation of the chemokine gradients promoting the resolution 

of inflammation (15, 35, 36). 

HS GAG can effectively bind a wide range of proteins from both host and microbial sources 

(37). Epithelial cells are often the primary targets of bacterial pathogens during the early stages of 

infection. The HS GAG chains attached to Sdc1 play a crucial role in infection by facilitating the 

attachment of bacteria to host cells (38). This is the rationale behind reports that showed how  

HS GAG deficient cells, as well as Sdc1 knockout mice were less susceptible to various viral and 

bacterial infections, respectively (15, 39, 40). When bound, bacteria can be internalized within the 

cell, although not all bacteria utilize this pathway. Studies have shown that some bacteria like  

P. aeruginosa and S. aureus induce proteolytic cleavage of the HS GAG side chains on HSPG 

ectodomains to modulate the host’s immune response (41, 42). Thus, by masking their antigens 

with those of the host’s origin, bacterial pathogens can successfully evade the host’s immune 

response (43). By doing so, the pathogens enhance their virulence and the chance of survival within 
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the challenging host environment (15, 44, 45). It appears that local changes in the expression of 

HS GAG and HSPGs may also influence the inflammatory response by modulating host 

susceptibility to microbial infection. In diseases such as periodontitis, bacterial invasion triggers 

and partially sustains the inflammatory response which is ultimately responsible for periodontal 

tissue destruction (46). In this context, it may be plausible that depletion of HS GAG content (rather 

than supplementation of HS GAG) can reverse the destructive course of the disease.  

At present, there is a lack of data regarding the effectiveness of HS GAG supplementation in 

treating severe forms of periodontitis in humans. However, various studies conducted on 

experimental rodent models of periodontitis have demonstrated that supplementing the ECM with 

a synthetic derivative of HS GAG called RGTA® can effectively reduce inflammation in periodontal 

tissues, facilitate healing, and promote regeneration of both soft and hard tissues, including the 

alveolar bone (47, 48). RGTA® is a synthetically derived functional mimetic of HS GAG, which is 

spontaneously incorporated into defects of the ECM structure, preventing proteolysis and 

stimulating ECM neosynthesis, resulting in more optimal tissue healing (48, 49). Application of 

RGTA® in the regenerative therapy of periodontitis of rodent models displayed that all of its positive 

effects, such as the reduction of inflammatory cell infiltrates in the gingiva, the reduction of 

osteoclastic activity and the regeneration of the alveolar bone, are achieved without prior initial 

periodontal therapy (47-50).  

To date, no experimental clinical research aimed at demonstrating similar effects of synthetic 

derivatives of HS GAG in humans suffering from severe forms of periodontitis has been registered, 

although the first data on the regenerative potential of ECM supplementation with synthetic 

derivatives of HS GAG on an experimental basis in a rodent periodontitis model were published 

two decades ago (47, 49). Assessing the effectiveness of supplementation of HS GAG by its 

synthetic derivatives in the treatment of periodontitis in humans, either independently or in 

conjunction with prior surgical or non-surgical treatments, is challenging for several reasons. 

Firstly, there are general limitations inherent to all periodontitis models in experimental animals; 

these models cannot fully replicate the complex pathogenetic mechanisms and long-term episodic 

nature of the disease as observed in humans due to factors such as simplified diet, accelerated 

disease progression, mono- or bi-microbial inoculation, and genetic variations among animals 

(48, 51, 52). Secondly, native HS GAG can act as both the inhibitor and promoter of the 
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inflammatory response and infection, which is influenced by changes in its structure and 

bioavailability in tissues in homeostasis and disease conditions alike (15). Finally, the presence of 

conflicting data on the mechanism of action of native HS GAG and synthetic derivatives of  

HS GAG in bone metabolism, which, according the recent research, point that the former can be 

attributed with the role of an intermediate promoter of osteoclast formation and bone resorption 

(53). 

The aim of this doctoral dissertation and its pooled articles was to predict the influence of 

native HS GAG on the formation of inflammatory infiltrate in the gingiva and the resorption of 

alveolar bone during advanced generalized periodontitis in humans. In order to achieve this aim, it 

was necessary to improve the existing protocols for quantifying and analyzing 

immunofluorescence (IF). These improvements aimed to enable the generation of statistical models 

based on the expression of investigated factors which include HS GAG cell surface receptors, 

enzymes involved in HS GAG biosynthesis, modification, and degradation as well as HS GAG 

specific markers along with inflammation and bone resorption involved markers, that are all present 

in histological gingival tissue sections. Additionally, considering the known role of HS GAG in 

regulation of the inflammatory response and overall bone metabolism, a statistical model was 

developed to simulate the effect of modifying HS GAG expression on the formation of an 

inflammatory infiltrate in the gingiva and the resorption of alveolar bone in individuals with 

advanced generalized periodontitis.
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2.2.    MATERIALS AND METHODS OVERVIEW 

 

2.2.1. PARTICIPANTS SCREENING AND RECRUITMENT 

 

Tissue samples of human gingiva were taken from a total of 40 participants who were treated 

by a periodontist at the Department of Maxillofacial Surgery of University Hospital of Split and the 

Department of Periodontology of University of Zagreb, School of Dentistry. Periodontitis was 

diagnosed by two experienced periodontists who evaluated participant’s medical history, as well as 

clinical and radiographic status of their periodontal tissues. Measurements such as probing depth 

(PD), gingival recession (RE), clinical attachment level (CAL), full-mouth plaque (FMPS) and 

bleeding (FMBS) scores were recorded at six different sites per tooth using conventional 

periodontal probe (PCP 15; Hu-Friedy, Chicago, IL, United States). Severity of periodontitis was 

determined based on the new classification of periodontal diseases by the 2017 World Workshop 

on the Classification of Periodontal and Peri-Implant Diseases and Conditions (54).  

Participants were divided into a control group (n = 20) and a group with advanced generalized 

periodontitis (n = 20). The inclusion criteria were age of at least 18 years, good general health (no 

systemic diseases), healthy periodontal tissue (controls) and generalized periodontitis stage III or 

IV with at least one tooth indicated for extraction due to poor condition of periodontal tissue 

(periodontitis group). The exclusion criteria were presence of periodontal abscess and  

endo-periodontal lesions in the vicinity of the sampling area, systemic conditions affecting 

periodontal tissue (e.g., diabetes mellitus), long-term medication, medical history of systemic 

antibiotic therapy within the last 6 months, pregnancy, alcohol, or drug abuse. 

 

2.2.2. TISSUE SAMPLES COLLECTION 

 

Participants from the control group underwent crown lengthening as a part of preparatory 

phase for prosthetic treatment. The surgical procedure for crown lengthening was conducted under 

local anesthesia and involved gingivectomy, osteotomy and osteoplasty. The samples of healthy 

gingiva (average dimensions of 2,5 mm × 1,5 mm) were excised from the buccal aspect of the 

gingival margin down to the alveolar bone crest, before the osteotomy and osteoplasty procedures 
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were carried out. Participants from the periodontitis group either underwent crown lengthening or 

(in preparation for the initial periodontal therapy) tooth extraction using a periotome  

(Aesculap AG, Tuttlingen, Germany). During the extraction process the sample of diseased gingiva 

(average dimensions 4 mm × 2,5 mm) was excised from the gingival margin down to the alveolar 

bone crest with a type 15C scalpel blade (Aesculap AG, Tuttlingen, Germany) on the buccal aspect 

of tooth extraction site. The clinical follow-up procedures for participants from both groups 

adhered to established guidelines for the type of treatment they received. 

Prior to any procedure, all the participants were informed about the purpose of this study and 

clinical procedures related to it. Participants signed an informed consent form for participation in 

the research along with a consent form for processing of personal data in accordance with the  

World Medical Association’s Declaration of Helsinki (55), the European Union’s General Data 

Protection Regulation (GDPR), and Croatian laws: Health Protection Act, Health Data and 

Information Act, Patients’ Rights Protection Act, and Dentistry Act. 

 

2.2.3. TISSUE SAMPLES PROCESSING 

 

After the samples of gingiva were obtained, vestibular (labial/buccal) surfaces were marked 

by waterproof color. Then the samples were placed in sealed containers with 4% paraformaldehyde 

and delivered to the laboratory within the next 24 h for paraffin embedding. The waterproof color 

marking of vestibular surfaces was used for proper orientation of the samples during the paraffin 

embedding procedure. 

Paraffin blocks containing the samples were later cut into serial 5 μm thick sections and 

subsequently mounted on glass slides. Slides were stored in the bio-archives of the Department of 

Anatomy, Histology and Embryology of University of Split School of Medicine and designated with 

unique depersonalized codes representing participants from whom the tissues were sampled. 

 

 

 



Materials and methods overview 

R. D.  11 

 

2.2.4. SAMPLE STAINING 

 

Gingival tissue sections were deparaffinized in xylene and ethanol, rehydrated in distilled 

water and incubated for 10 min in 0,1% H2O2 for suppression of endogenous peroxidase activity. 

Afterwards, sections were washed in phosphate buffer solution (PBS) and put in sodium citrate 

buffer and heated for 15 min at 95°C in a microwave oven. Prior the 24 h incubation in the dark 

chamber with primary antibodies, sections were left to cool down to room temperature (56). 

Immunohistochemical staining (IHC) was divided into two groups: slides designated for brightfield 

(BF) microscopy (orientation slides) and those for immunofluorescent (IF) microscopy.  

BF slides were stained using hematoxylin and eosin (H&E) in order to verify the preservation 

of tissue morphology and proper alignment of tissue compartments (gingival epithelium, gingival 

sulcus epithelium, and subepithelial stroma (every 10th slide in each sample). Additional batch of 

BF slides was stained with Alcian Blue (AB) staining kit (pH 1, mucin staining) (ab150661; Abcam 

plc, Cambridge, UK), a polyvalent basic dye that binds to highly sulfated mucosubstances 

(including GAGs). 

IF slides were stained using primary and secondary antibodies displayed in Table 1 following 

the standardized protocol of the laboratory of the Department of Anatomy, Histology and 

Embryology of University of Split School of Medicine. Before the application of primary antibodies, 

all slides were incubated in protein block (ab64226; Abcam plc, Cambridge, UK) for 30 min at 

room temperature. According to manufacturer’s instructions, slides designated for staining with 

anti-HS3G10 primary antibody (ab150105; Abcam plc, Cambridge, UK) had to be additionally 

treated with the enzyme Heparinase III (0,02 IU/50 µL) at 37°C for 2h prior the application of the 

primary antibody. To stain cell nuclei, sections were shortly incubated with 4′6′-diamidino-2-

phenylindole (DAPI). 
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Table 1. Primary and secondary antibodies used for IF staining of the samples. 

• Primary antibody 

o Secondary antibody 
Dilution Manufacturer 

• Mouse monoclonal Anti-Sdc1 (ab34164) 

o Donkey polyclonal Anti-mouse Alexa Fluor 594 (ab150108) 
1:100 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-Sdc2 (ab191062) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:200 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-Sdc4 (ab24511) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:100 Abcam plc, Cambridge, UK 

• Rabbit polyclonal anti-EXT1 (ab126305) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:100 Abcam plc, Cambridge, UK 

• Rabbit polyclonal anti-EXT2 (ab102843) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:50 Abcam plc, Cambridge, UK 

• Rabbit polyclonal anti-NDST1 (ab129248) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:50 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-NDST2 (ab151141) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:100 Abcam plc, Cambridge, UK 

• Mouse monoclonal anti-HS3G10 (370260-1) 

o Donkey polyclonal Anti-mouse Alexa Fluor 488 (ab150105) 
1:100 

Seikagaku corp, Tokyo, Japan  

Abcam plc, Cambridge, UK 

• Mouse monoclonal anti-HS10E4 (370255-1) 

o Donkey polyclonal Anti-mouse Alexa Fluor 488 (ab150105) 
1:100 

Seikagaku corp, Tokyo, Japan 

Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-HPSE1 (ab85543) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:200 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-SULF1 (ab32763) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:200 Abcam plc, Cambridge, UK 

• Mouse monoclonal [2B4] Anti-SULF2 (ab113405) 

o Donkey polyclonal Anti-mouse Alexa Fluor 488 (ab150105) 
1:25 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-SLC26A2 (ab238591) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab1500777) 
1:200 Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-CD44 (ab157107) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:500 Abcam plc, Cambridge, UK 

• Mouse monoclonal Anti-CD45 (ab8216) 

o Donkey polyclonal Anti-mouse Alexa Fluor 488 (ab150105) 
1:200 Abcam plc, Cambridge, UK 

• Rabbit polyclonal anti-RANKL (LS-B1425-0.05) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:200 

LSBio inc, Seattle, USA 

Abcam plc, Cambridge, UK 

• Rabbit polyclonal Anti-OPG (ab73400) 

o Goat polyclonal Anti-rabbit Alexa Fluor 488 (ab150077) 
1:500 Abcam plc, Cambridge, UK 

 

 

2.2.5. IMAGE ACQUISITION AND PROCESSING 

 

H&E stained slides were examined under Olympus BX40 light microscope (Olympus, 

Tokyo, Japan) equipped with a manual slide scanner (Microvisioneer, Esslingen am Necker, 

Germany), standard (Olympus DP27, Olympus, Japan) and area-scan high-resolution camera 

(Basler aceA2500-14gm, Basler, Germany). H&E panoramic images were captured at objective 

lens magnification ×20 with exposure time set to 8 ms and ISO to 100. They were exported as 
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JPEG files and post processed in Adobe Photoshop® 2014 (Adobe, San Jose, CA, USA). Post 

processing consisted of rotation and alignment which was done using action presets customized 

for every sample individually (40 in total) because of sample size and shape variation. The presets 

contained 4 basic operations for orientational alignment (“Transform”, “Rotate”, “Crop” and 

“Merge”). Overall size of these images (600 MB on average) was reduced by converting them from 

TIFF to JPEG format on a high-resolution background (600 dpi) regarding minimalization of image 

detail loss and preservation of data storage space since these images were only used for preliminary 

histomorphometry.  

IF stained slides were examined in the microscopy laboratory of Mediterranean Institute for 

Life Sciences using Zeiss Axio Observer (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped 

with Zeiss Axiocam 506 color camera (Carl Zeiss Microscopy GmbH, Jena, Germany). IF images 

were captured at objective lens magnification ×10 at full frame resolution (2752 × 2208 px) in 

original black and white 8-bit depth (256 px grey values (GV)) pseudo-colorizer mode using 

multichannel and panorama modules in ZEN 2.5 software (Carl Zeiss Microscopy GmbH; Jena, 

Germany). After background calibration (0 px GV), exposure time in multichannel module was set 

at 35 ms for DAPI, 800 ms for green (AF488) and 12000 ms for red (AF594) fluorescence while 

keeping camera sensitivity at the lowest ISO (ISO = 100). This way IF images were rendered to 

display full dynamic range of px GV on a scale from 0 (pure black) to 255 (pure white). Depending 

on the fluorescence channel (color), this also allowed a 2- to 5-fold reduction of the overall 

exposure time for image acquisition and significantly reduced the risk of photo-bleaching of IF 

signals. Panorama module facilitated manual navigation through tile images along x/y axes guided 

by the on-screen live view of DAPI channel with minimal 20% overlap (x axis) and 10% maximal 

shift (y axis) between individual tiles. A built-in stitching tool was used to merge individual tiles 

into a complete panoramic image of a gingival tissue section from the slide. Panoramic IF images 

were closely inspected for quality (tiles alignment, absence of stitching artifacts) and stored in raw 

format (CZI – Zeiss proprietary file format) containing original data and metadata. Each file was 

then exported in multiple TIFF format files (original black & white 8-bit, pseudo-colorized 8-bit 

and merged 16-bit). 

The original black & white 8-bit panoramic IF images alone were post-processed and utilized 

for further analysis. Specifically, the pseudo-colorization tends to decrease the overall dynamic 
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range of IF signals. This reduction in dynamic range results in less precise adjustment of the  

cut-off signal threshold, which is crucial for distinguishing true IF signals from autofluorescence, 

making the quantification of IF signals less accurate. The reason for the reduction in dynamic range 

lies in the fact that all software used for image editing or analysis interprets colors as varying shades 

of grey, automatically converting color images into black & white. It should be noted that different 

software and image modes can impact the measurement of signal intensity (57). 

For H&E images, epithelial tissue compartment (gingival epithelium, gingival sulcus 

epithelium) and stromal tissue compartment were masked using graphic pen tablet (Wacom Intuos 

PRO, Wacom Co., Saitama, Japan). Whole section area and areas of specific tissue compartments 

(epithelia, subepithelial stroma) were measured in Adobe Photoshop® 2014 (Adobe, San Jose, CA, 

USA) using Magic Wand selection and histogram tool. Values were expressed as absolute values 

in px (number of px) (whole-section area), and as relative values (proportion of the whole-section 

area) expressed in percentages (areas of tissue compartments). 

The post-processing of panoramic IF images was carried out using Adobe Photoshop® 2014 

and 2020 (Adobe, San Jose, CA, USA). All images were thresholded to a px GV of 10 using 

“threshold” tool. The authors have agreed that IF signals lower than px GV = 10 were considered 

autofluorescence and were excluded from the image. Panoramic IF images orientational alignment 

was conducted like the approach employed for panoramic H&E images using action presets 

customized for each sample. The accuracy of alignment was verified by comparison of the merged 

panoramic IF images of different channels (primary antibody staining vs. DAPI staining) before 

and after the alignment. As the panoramic IF images were captured at objective lens magnification 

×10 with full-frame resolution, consisting of fewer individual images, there was no significant 

requirement for size reduction compared to panoramic H&E images.  

To generate panoramic images encompassing the entire section area, the IF signal and 

corresponding DAPI panoramic IF images were merged using the "Lighten" blending mode. A 

threshold value of px GV = 1 was applied, and the border at the interface between the background 

was traced using the "Brush" tool to enable the selection of the entire section with the "Magic 

Wand" tool. Blending masks for tissue compartments (epithelial/stromal) were created in a similar 

manner by tracing the interface between the epithelial and stromal tissues. Consequently, for each 

pair of IF signal and DAPI panoramic images, an additional nine panoramic images were generated, 
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including epithelial and stromal IF signal images, epithelial and stromal DAPI images, binary  

8-bit images of the entire section area, as well as two blending masks representing the epithelial 

and stromal compartments. The image editing workflow is displayed in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flowchart displaying the image editing workflow. 

 

 

 

Background 
cleanup 

Epithelial mask 

Stromal mask 

Epithelial/stromal 
border tracing 

„FILL“ the area 
with pure white 

„INVERT“ from 
white to black 

„LIGHTEN“ blend 
of DAPI + factor 

„FILL“ the area 
with pure white 

Total surface 

Tracing of outer 
edges 

„DARKEN“ blend 
of EPM + total 

„DARKEN“ blend 
of STM + total 

Epithelium 

Stroma 



Materials and methods overview 

R. D.  16 

 

2.2.6. SIGNAL QUANTIFICATION AND IMAGE ANALYSIS 

 

IF signal quantification was done by means of histograms and 2D plot profiles generated 

using ImageJ (National Institutes of Health, Bethesda, MD, USA). Histograms are tables with listed 

x-values (IF signal intensity ranging from px GV 0 to 255) and their corresponding y-values 

(number of px with corresponding GV). These tables were utilized to determine the size of 

expression domains (are of the sample covered by IF signal), both as cumulative and fractional 

values expressed in percentages, for individual samples and as mean values for group of samples. 

Quantification of IF signals by histograms is based on the number of px per unit of intensity  

(px GV). 

2D plot profiles of panoramic IF images in a top-down (T-D) vertical (marginal-apical) 

direction. They were calibrated to fit the µm scale (at objective lens magnification ×10, 1 px equals 

0,53937 µm). 2D plot profiles calculate and list the average px GVs row sections of the panoramic 

IF image sized 1 px x number pf px corresponding to the width of the panoramic IF image. Thus, 

in contrast to histograms, this means that the total number of output values depends on image 

dimensions. For the panoramic IF images of gingival samples taken at objective lens magnification 

×10, 2D plot profile output ranges between 5000 and 12000 values. Quantification of IF signals by 

2D plots is based on the mean intensity (px GV) of IF signal per unit of space. Therefore, by 

quantifying and plotting the spatial gradients, 2D plot profiles are suitable for in silico 

colocalization of multiple IF signals from serial sections and subsequent correlation analysis and 

statistical modeling. 

The generated data sets for both histogram and 2D plot profiles were exported to Microsoft 

Office Excel 2016 (Microsoft Corp., Redmond, WA, USA) spreadsheets and used for further 

statistical analysis. 

 

2.2.7. STATISTICAL ANALYSIS AND MODELING 

 

To ensure meaningful comparisons between samples of different shapes, histomorphometric 

analysis was conducted first. Gingival samples consist of two tissue compartments: epithelial and 
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stromal. Given the different shape and size of each tissue section, the sizes of the compartments 

were calculated as proportions (percentages) of the total sample size. Descriptive statistics and  

t-tests were employed to analyze histomorphometric parameters of gingiva samples, including the 

whole section area, fraction areas of tissue compartments, and cellularity. For the basic 

histomorphometric profiling, the significance level was set at α = 0,1 (P < 0,1) since these 

parameters were calculated as single values per tissue section. 

Only T-D plots of panoramic images of gingival sections from the periodontitis group were 

used for statistical modeling. By aggregating T-D plots for each marker and calculating moving 

averages (1000 data points interval), spatial gradients were ultimately presented with 7000 data 

points. These compressed datasets were more manageable for the subsequent statistical modeling. 

Next, the compressed T-D plots were integrated into a set of regression equations known as first 

level models containing a pair of variables (one predictor and one outcome). Determination of 

variable pairs was done according to reconstruction of investigated factors reactome using STRING 

database (58). These models were created using spline regression where each 7000 line dataset 

representing the spatial gradient of individual marker was split into segments by manual 

positioning of the knots. Each segment was modeled individually either by simple linear regression 

function or polynomial nonlinear regression function (2nd and 3rd order) to enable tight fit between 

the pair of variables of no less than R2 = 0,99. An additional set of guidelines was also considered 

for modeling segments in first level models: (i) known effect of the predictor on the outcome 

variable based on experimental data from the relevant literature dictating the type of correlation 

between the two (positive/negative correlation, linear/non-linear); (ii) known effect of the predictor 

on the outcome variable based on comparison of spatial gradients measured in controls and samples 

from periodontitis group; (iii) the value of y-axis intercept should fall within the range of 0-100 

since the data in T-D plots are expressed as percentages of maximal px GV; (iv) for very short 

segments up to 4 data points, linear fitting is preferred to non-linear fitting if the y-axis intercept 

condition is met; (v) the functions included in SplR must reflect the effect of peak or floor plateaus 

since the model variables represent ECM components and factors associated with ECM 

components whose interactions are determined by feedback loops with the effect of peak or floor 

plateaus; (vi) when two functions were of the (nearly) same fit, those that described the relationship 

between the pairs more truthfully (according to STRING and existing literature) were preferred 

while aligning with the general tendency to opt for simpler functions when possible.  
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When the regression functions for second level models were calculated, variable pairs were 

rearranged into another set of matrices representing the third level models. Thus, the entire 

functional network of investigated factors reconstructed from STRING reactome could be 

translated into regression equation system. This was done by two means; examination of existing 

research, conducted on cell cultures and animal models, describing relationships and dependencies 

between factors of interest and consulting the STRING reactome database (58). Factors were 

grouped by the similarity/synergy of their functions and the relationships between individual pairs 

of factors or groups of factors were modeled by spline regression (SplR) and multiple linear 

regression (MLR). This system of regression equations was divided into 4 modules considering the 

effect of the studied factors according to the principle of feedback loops and the existence of 

functional links within the groups. Each module had one variable as the main outcome and this 

variable served as a link (main predictor) for the next module until all modules were closed in a 

loop. 

Predictions from the original regression equations were calculated for each outcome variable. 

To generate these predictions, the mean spatial gradient value of the predictor was systematically 

adjusted in 60 increments, ranging from 0 (virtual knockout) to a 4-fold overexpression relative to 

the baseline observed in diseased gingiva. The predictors were documented as both the mean spatial 

gradient of the outcome variable and the deviation from the baseline's mean spatial gradient value 

in diseased gingiva (expressed as a percentage change). To facilitate this process, an additional set 

of matrices was generated. These matrices were then employed to calculate supplementary 

regression functions (second level models), which were subsequently integrated into the overall 

system of regression equations (third level models). This comprehensive model enabled the 

prediction of expression profiles for the studied factors.  

According to American Statistical Association’s Statement on Statistical Significance and  

P-values, P-values for regression tests were presented as calculated and should be interpreted 

accordingly (59). Statistical analysis was performed in Microsoft Office Excel 2016 (Microsoft 

Corporation, Redmond, WA, USA).
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2.3.    RESULTS OVERVIEW 

 

The demographic and clinical parameters of the participants are shown in Table 2. On 

average, participants from the periodontitis group were older than the control group. Most of the 

participants from the periodontitis group were smokers, whereas there were no smokers in the 

control group. Statistically significant differences between the control and periodontitis groups 

were found in FMBS (Full Mouth Bleeding Score), PD (Probing Depth), and CAL (Clinical 

Attachment Level). There was no statistically significant difference in the proportion of female and 

male participants in either group. 

Table 2. Demographic and clinical parameters of the participants. 

 Controls (n = 20) Periodontitis (n = 20) P-values 

Age (years) 38,9 ± 9,23 50,26 ± 10,6 0,007 t 

Sex (F / M) 8 F/12 M 9 F/11 M 1,000 chi 

Smokers 0 17 < 0,001 chi 

FMPS (%) 21,95 ± 8,95 36,17 ± 15,76 0,001 t 

FMBS (%) 8,95 ± 3,73 43 ± 11,27 < 0,001 t 

PD (mm) 1,47 ± 0,22 4,53 ± 1,19 < 0,001 t 

CAL (mm) 1,52 ± 0,22 6,1 ± 1,43 < 0,001 t 

t – t-test used, chi – Chi squared test used, FMPS – Full Mouth Plaque Score; FMBS – Full mouth 

bleeding score; PD – Probing depth; CAL – Clinical attachment level. 

 

2.3.1. FIRST ARTICLE 

 

The aim of the first article was to compare the differences in expression of factors 

functionally related to HS GAG between healthy gingiva and gingiva of patients with advanced 

generalized periodontitis (60). This includes markers specific to HS GAG cell receptors from the 

syndecan group (Sdc1, Sdc2, and Sdc4), HS GAG synthesis/polymerization enzymes (EXT1 and 

EXT2), as well as enzymes involved in initial modification (deacetylation and sulfation – NDST1 

and NDST2) and degradation (HPSE1) of HS GAG chains. The expression of the investigated 
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markers in specific regions of gingiva and the distribution of intensity of their expression on a 

whole tissue-section level are visible on Figure 2 and Figure 3, respectively. Additionally, general 

inflammatory cell marker CD45 marked the presence of leukocytes in the gingiva as this was 

necessary to evaluate the amount of inflammatory infiltrate. Initially, a comparison of group means 

was conducted to assess the total expression domains of all the investigated factors at a significance 

level of α = 0,01. This analysis revealed that only EXT1 exhibited differential regulation in 

periodontitis (P < 0,0001). Furthermore, a comparison of group means for the expression domains 

within the epithelial and stromal compartments was performed. While no significant differences 

were observed in the epithelial expression domains of the investigated factors between the control 

and periodontitis groups, they were found in the stromal expression domains for Sdc1 (P < 0,0001), 

EXT1 (P < 0,0001), NDST1 (P = 0,0001), HPSE1 (P = 0,0023) and CD45 (P = 0,0037) between 

the control and periodontitis groups. A graphic display of comparison of mean group values of 

expression domains and epithelial and stromal expression domain ratios of investigated factors in 

both groups is visible in Figure 4. Based on the observed expression patterns, it appears that the 

investigated factors may play a role in regulation of the inflammatory response in gingiva affected 

with advanced generalized periodontitis. Given that these factors are primarily involved in the 

biosynthesis, modifications, and degradation of HS GAG, the findings also point to potential 

alterations in the quantity and structure of HS GAG in the gingiva of patients with advanced 

generalized periodontitis compared to healthy gingiva.  
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Figure 2. Expression of Sdcs, EXTs, NDSTs and HPSE1 in different regions of gingiva from a 

subject with advanced periodontitis (sample: DK-SL17-CHP) (IF signals – white; DAPI nuclear 

staining – blue). Enlarged portions of the section are shown emphasizing how Sdcs, EXTs, NDSTs 

and HPSE1 are expressed in various regions of the diseased gingiva. Red arrows are pointing at 

blood vessels. Objective lens magnification ×20; scale bar: 50 μm.  
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Figure 3. Panoramic H/E image (A) and panoramic multi-color heatmaps (F-N) of diseased 

gingiva (sample: DK-IP13-CHP) of expression domains of Sdcs (G-I), HPSE1 (J), EXTs (K, L), 

NDSTs (M, N) and inflammatory marker CD45 (F) merged with DAPI nuclear staining (dark gray). 

Inflammatory infiltrate degrading alveolar bone is visible (framed areas) (D, E). Subepithelial 

stroma between the gingival epithelium and intact lamellae of alveolar bone is mostly devoid of 

inflammatory infiltrate (B). Bone marrow contains portions of fibrotic tissue (C). All investigated 

factors are expressed in the area of inflammatory infiltrate (G-N) with variable intensity. Objective 

lens magnification: (A-N) ×10; scale bars – (A, F-N) 800 μm; (B-E) 250 μm. Designations: 

gingival epithelium (ge), subepithelial stroma (st), alveolar bone (ab), bone marrow (bm), 

inflammatory infiltrate (inf). Interface of subepithelial stroma and alveolar bone (black and white 

thick arrows). Intensity range increments: BLUE (10-60 px), GREEN (60-150 px), RED (150-255 

px), YELLOW (255 px).  
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Figure 4. Mean group values of total expression domains (expressed in percentages as fractions of 

total section area) compared with epithelial and stromal expression domain ratios (expressed in 

percentages fractions of total expression domain) of investigated factors in control and 

periodontitis group (A-C). The total availability of Sdcs and HPSE1 seems to be on comparable 

levels in controls and periodontitis, but their distribution (apart from Sdc2) in epithelial and 

stromal compartments of gingival tissue differs between two groups (A). EXTs and NDST1 display 

similar pattern of changes in epithelial/stromal expression domain ratios in favor of stromal 

compartment (B, C), which corresponds with increased presence of inflammatory infiltrate in 

periodontitis group (∗∗∗p = 0,003747) (D). Level of significance was set at α = 0,01 (∗∗∗p < 0,01; ∗border values α = 0,05).  
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2.3.2. SECOND ARTICLE  
 

Confirming the presence or absence of expression of a specific factor in a histological tissue 

section is only the entry point in understanding the factor's involvement in the cellular and/or tissue 

processes. To accurately compare the overall expression differences of factors functionally 

associated with HS GAG between healthy and diseased gingiva, as well as the influence of  

HS GAG and HS GAG related factors on the course of inflammation in gingiva of patients with 

advanced generalized periodontitis, a new protocol for quantification and co-localization of  

IF signals from multiple markers had to be designed (57). As the expression of the investigated 

factors in gingiva is ubiquitous, IF signals from the corresponding markers had to be acquired on 

panoramic images and quantified from the entire area of histological sections. In contrast to this, 

conventional protocols for quantification of IF signals are based on the pre-selection of smaller 

segments of the histological sections known as regions of interest (ROIs). In some cases, ROIs are 

subjectively picked by researchers which can introduce inaccuracy and bias into the analysis of 

findings.  

Quantification of two basic properties of IF signals was described. The first property is the 

expression domain (area of tissue/tissue section covered by the IF signal), which is quantified by 

histograms – representations of the area of IF signal per unit of IF signal intensity. Graphical display 

of expression domains and field of view proportions is displayed in Figure 5. The second property 

relates to the spatial gradient (distribution of the IF signal of different intensities within the 

tissue/tissue compartment) quantified by 2D plot profiles – representations of the IF signal intensity 

value per unit of area. 2D plot profiles are superior to histograms since the data from 2D plot 

profiles is suitable for in silico colocalization of multiple markers’ spatial gradients as shown in 

Figure 6. By employing 2D plot profiles on panoramic images of serial histological sections stained 

with distinct primary antibodies, it is possible to colocalize up to 30 different markers/factors. The 

number of colocalized markers depends on the similarity of shape (compatibility) of serial 

histological sections as presented in Table 3. This approach to quantification and colocalization of 

IF signals from multiple markers offers an additional advantage. Namely, this type of data can be 

used for statistical modeling of the effects of changes in expression of one or several factors on the 

expression of factor/factors of interest.   
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Figure 5. Left: Pie chart comparison of expression domains of investigated factors with field-of-

view (objective lens magnifications ×10, ×20 and ×40) and ROIs (×40) expressed as fraction areas 

(%) from the whole-section area of samples of human gingiva. Whole-section areas absent of  

IF signals, outside of field-of-view or excluded from ROIs are presented in black color. The 

expression domains are presented as cumulatively which does not account for the actual spatial 

distribution of IF signals. Right: Histological sections of human gingiva analyzed here are 

relatively small (between 9 mm2 and 12 mm2) – a single ROI at objective lens magnification ×40, 

covers only 0,44% of the whole-section area, meaning that selection of any number of ROIs cannot 

cover the entire expression domain of investigated factors. Practical comparison of 4 field of views 

of different objective lens magnifications (from ×4 to ×40) on the same section (sample: DK-JN19-

CHP), scale bar: 1000 μm. 
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Figure 6. 2D plot profiling for quantification and correlation of spatial gradients of IF signals 

from primary antibodies against HS GAG, HS GAG biosynthesis enzymes and common leukocyte 

antigen (CD45) in histological sections of gingiva from patient with advanced generalized 

periodontitis (sample: IP-DJD-2CHP). (Objective lens magnification: ×10; scale bar: 1000 µm). 

Spatial gradients of IF signals are plotted simultaneously on a single T-D plot. 
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Table 3. Compatibility of serial sections for in silico colocalization and regression analysis of 

multiple IF signals based on correlation of spatial gradients of DAPI staining in whole-section 

panoramic images (sample: IP-DJD-2CHP). 

Simple linear regression – DAPI staining T-D plots  
Sections 

Sequence* 
R2 Std. Error† Coefficient 

CI‡ Significance§ 

Lower Upper F value P 

REF (x)/(y) 1 1,9553 × 10–14 1 1 1 2,6303 × 1034 0 

5th (x) 0,9989 1,0879 1,0022 1,0007 1,0038 8,4859 × 106 0 

10th (x) 0,9980 1,4998 1,0082 1,0062 1,0103 4,4611 × 106 0 

15th (x) 0,9943 2,5441 0,9883 0,9848 0,9919 1,5447 × 106 0 

20th (x) 0,9940 2,6178 1,0091 1,0053 1,0127 1,4584 × 106 0 

25th (x) 0,9846 4,1924 1,0086 1,0027 1,0146 5,6328 × 105 0 

30th (x) 0,9814 4,6084 1,0317 1,0251 1,0384 4,6466 × 105 0 

*Serial number of histological sections stained with DAPI — the first section was used as reference 

(REF) (dependent variable — y) for autocorrelation (reference model); DAPI staining of every fifth 

consecutive section up to 30th section (independent variables — x) was correlated with the DAPI 

staining of the referent section.                   
†Standard error and coefficients (slopes) are expressed in px GVs.            
‡Confidence interval for coefficients is set at 99%.                  
§Statistical significance is set at α = 1 × 10–8 (P < 1 × 10–8). 

 

2.3.3. THIRD ARTICLE 

 

In the third article, statistical model predictions were presented to evaluate the effects of 

changes in the expression and structure of HS GAG on the formation of inflammatory infiltrate in 

the gingiva and the resorption of alveolar bone in patients with advanced generalized periodontitis 

(61). One of the assumptions, based on the findings from the first article, suggests a difference in 

the amount and structure of HS GAG in healthy gingiva and gingiva of patients with advanced 

generalized periodontitis. The expression of HS GAG in gingiva was visualized by two markers 

that selectively bind to sulfated (HS10E4) and non-sulfated (HS3G10) HS GAG regions. The 
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expression of these and other investigated factors are displayed in Figure 7 and Figure 8, while 

their interaction according to STRING reactome database is displayed in Figure 9. 

 

 

Figure 7. Panoramic multi-color heatmaps of diseased gingiva (sample: DK-IP13-CHP) of 

expression domains of HS10E4, HS3G10, CD44, SLC26A2, SULF1, SULF2, RANKL and OPG. 

Objective lens magnification: ×10; scale bars – 800 μm. Intensity range increments: BLUE (10-

60 px), GREEN (60-150 px), RED (150-255 px), YELLOW (255 px). 
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Figure 8. Expression of HS GAG (HS10E4 and HS3G10 markers), sulfatases (SULF1, 2), CD44, 

ion channel SLC26A2 and bone resorption markers (RANKL and OPG) in different regions of 

gingiva from a subject with advanced periodontitis (sample: DK-SL17-CHP) (IF signals – white; 

DAPI nuclear staining – blue).. Enlarged portions of the section are shown emphasizing how the 

examined markers are expressed in different tissue sections of the gingiva. Red arrows are pointing 

at blood vessels. Objective lens magnification ×20; scale bar: 50 μm.  
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As expected, in healthy gingiva there was a significant presence of highly sulfated 

mucosubstances in the subepithelial stroma, whereas the subepithelial stroma of gingiva from 

patients with periodontitis displays a lesser abundance of these substances. Both healthy and 

diseased gingiva exhibit a high expression of HS GAGs in the epithelial compartment (as indicated 

by the staining with HS10E4 and HS3G10). However, the presence of HS GAG in the  

non-infiltrated subepithelial stroma is sparse. By comparing the average spatial gradients of  

HS GAG in healthy and diseased gingiva, distinct expression patterns are observed between the 

two; the diseased gingiva exhibits a slightly lower quantity of less sulfated HS GAG, a significantly 

higher RANKL/OPG (TNSF11/TNFRS11B) ratio, and the presence of inflammatory infiltrate 

(CD45). These findings are presented in Figure 10. 

 

 

Figure 9. Functional protein network and enrichment from the STRING Reactome database. 

Network nodes represent the first shell and only 5 proteins from the second shell of interactors. 

Edges indicate confidence in functional and physical protein association. Colored nodes represent 

significantly enriched reactome pathways HSA-2022928 (HS GAG biosynthesis), HSA-2024096 

(HS GAG degradation) and HSA-3000170 (Sdc interactions).  
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Figure 10. Bar chart comparison of the expression profiles of the investigated markers in healthy 

(control) and diseased (severe periodontitis) gingiva samples. The expression of each marker is 

shown as the mean spatial gradient with standard deviation. The mean spatial gradients of DAPI 

staining are shown as reference values. 

 

The overall statistical model consisted of four interconnected modules. In module 1, the 

effects of HPSE1 and Sdcs on the expression of cell surface and ECM-located HS GAG were 

modeled based on the assumption that the increase in the expression of HPSE1 correlates 

negatively with the expression of Sdcs and HS GAG (62-64). In module 2, the feedback loop 

between HS GAG and HS GAG biosynthesis enzymes from the GAGosome complex  

(EXTs, NDSTs) was modeled. The models from module 2 were based on the assumptions that: (i) 

the expression of HS GAG affects the composition of GAGosome regarding relative expressions 

of EXTs and NDSTs, and that (ii) the quadruple knockout of EXTs and NDSTs attenuates synthesis 

of HS GAG (39, 65-67). In module 3, the effects of changing expressions of several enzymes 

(SULF1, 2) and ion channel (SLC26A2) on variation in the sulfation of HS GAG were modeled. 

The models from module 3 were based on the assumptions that the increased expression of SULF1, 

2 correlates negatively with the overall sulfation/saturation level of HS GAG, while the increased 

expression of SLC26A2 has the opposite effect (68-71) . In module 4, the effects of expression of 

HS GAG on the formation of inflammatory infiltrate and alveolar bone resorption were modeled. 

The models from module 4 were based on the following assumptions: (i) the increased expression 

of HS GAG and Sdc1 correlates negatively with the presence of inflammatory infiltrate and the 
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same time (ii) promotes the alveolar bone resorption since HS GAG and Sdc1 block OPG (as a 

decoy receptor for RANKL) shifting RANK/OPG ratio in favor of RANKL (53, 72-76). 

According to the overall statistical model predictions, a decrease in the presence of native 

HS GAG (ranging from the level measured in diseased gingiva to no expression) could lead to 

further expansion of inflammatory cell infiltrate. However, it would also reduce the potential for 

alveolar bone resorption by altering the RANKL/OPG ratio in favor of OPG. On the other hand, 

increased expression of native HS GAG (ranging continuously from the level measured in diseased 

gingiva to a 3,5-fold increase) would not significantly affect the gingival inflammation and alveolar 

bone resorption; the spread of inflammatory cell infiltrate and RANKL/OPG ratio would be 

stabilized, but at levels close to those measured in diseased gingiva (Figure 11). 

 

Figure 11. Overall model predictions for the effect of native HS GAG on inflammatory infiltrate in 

the gingiva and alveolar bone formation/degradation. Note the contrasting effects of altered 

expression of HS GAG (from VKO to 3,5-fold overexpression of HS GAG from baseline in diseased 

gingiva) on the RANKL/OPG ratio and CD45. However, for most of the overexpression range, HS 

GAG is predicted to stabilize the RANKL/OPG ratio and CD45 expression above control values in 

healthy gingiva.
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2.4.    DISCUSSION 

 

Periodontitis, a prevalent degenerative disease, is initiated by bacteria present in the 

subgingival biofilm. These microorganisms trigger an inflammatory response of the host, the 

progression of which ultimately leads to the degradation of the alveolar bone and surrounding soft 

tissues that support the teeth resulting in the loss of teeth (77, 78). So far, considerable effort has 

been dedicated to investigating how host cells and inflammatory mediators regulate the 

inflammatory response in periodontitis but the contribution of HS GAG (along with its supporting 

enzymes and receptors) in the development and progress of periodontitis remains relatively 

unexplored. (3). Therefore, the aim of this thesis was to assess the effects of native HS GAG on 

inflammatory infiltrate formation and alveolar bone resorption in severe periodontitis in humans 

using statistical modeling of data from IF staining of human gingiva samples. According to 

predictions from statistical model, the decreased presence (or absence) of native HS GAG could 

promote the spread of inflammatory infiltrate while having an inhibitory effect on osteoclastogenic 

activity by lowering the RANKL/OPG ratio. Conversely, the increase in amount of HS GAG above 

baseline levels measured in diseased gingiva could stabilize the spread of inflammatory infiltrate 

and RANKL/OPG. However, both the inflammatory infiltrate and RANKL/OPG ratio would still 

be above levels measured in healthy gingiva. This means that neither the inflammation nor the bone 

resorption could be reversed by supplementing native HS GAG content in gingiva of humans 

affected by severe periodontitis. 

The predictions from the model presented here do not fully correspond to the findings from 

studies on the effects of supplementation of degraded native HS GAG with its synthetic derivative 

(HS GAG mimetic) performed on experimental rodent models of periodontitis (47-50). The 

supplementation of native HS GAG by synthetic derivative caused reduction of soft periodontal 

tissue inflammation and there were detectable signs of periodontal tissue regeneration after the 

treatment. According to authors, the possible explanation for these findings is related to 

biochemical properties of synthetic HS GAG which is more resistant to fragmentation by 

degradative enzymes whose tissue levels and activity are normally increased during inflammation. 

However, the complete regeneration of alveolar bone (by volume and height) could not be 

achieved. It was also reported that the described effects depend on the optimal dosage of synthetic 
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HS GAG – namely, the administration of lower or higher doses of synthetic HS GAG than the 

optimal one could equally exacerbate the course of experimental periodontitis. There are several 

reasons for the disparity of findings on the effects of supplementation of native HS GAG during 

periodontitis and they stem from the diverse physiological roles which HS GAG and HS GAG 

related proteins have in tissues, as well as from the limitations of different models (either 

experimental animal models or in silico statistical models) utilized for studying the effects of  

HS GAG and HS GAG related proteins.  

 In the first study from the thesis, the differences in expression of factors functionally related 

to HS GAG between healthy gingiva and gingiva of patients with advanced generalized 

periodontitis were compared (60). According to findings, the expression profiles of Sdcs exhibit 

variations between healthy and diseased periodontal tissue which aligns with earlier similar studies 

(79-81). Furthermore, the differences in expression profiles of enzymes involved in biosynthesis 

and modification of HS GAG (EXTs, NDSTs, and HPSE1) in healthy and diseased gingiva were 

also found and they follow similar patterns to those documented in other chronic degenerative 

disorders, like osteoarthritis (21). Based on that, we formulated the hypothesis that Sdcs and 

enzymes for HS biosynthesis and modification might play a role in regulation of the inflammatory 

response in periodontitis. Sdcs possess the capability to interact with an extensive array of 

inflammation mediators (15). Through these interactions, Sdcs are involved in various segments of 

the host immune/inflammatory response including the recruitment of leukocytes, formation of 

chemokine/cytokine gradients, interaction with microbes, and the processes of ECM remodeling 

during the resolution of inflammation and tissue healing (15, 22, 82). Because of that, Sdcs (and 

HS GAG for that matter) cannot be designated as strictly pro-inflammatory or anti-inflammatory 

factors. Evidence for this lies in existing experimental Sdc1 knockout studies of mice colitis and 

myocardial infarction that demonstrate how Sdc roles in inflammation change depending on both 

the type of the disease and the tissue it affects. Based on these studies, Sdc1 could be considered 

as an inhibitor of excessive leukocyte recruitment, where increased neutrophil infiltration and 

prolonged cardiac/mucosal healing occur (27, 83). However, some amount of Sdc1 is still required 

for proper leukocyte recruitment because Sdc1 participates in formation of chemokine gradients 

on endothelial surface of blood vessels (26, 84, 85). While there is a lot of circumstantial evidence 

about the possible role of HS GAG in inflammation, there are only a few experimental studies 

which confirm that changes in biochemical properties of HS GAG itself can affect the course of 
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inflammatory response. Namely, in several studies involving experimental animal models of 

allergic lung disease and diabetic nephropathy it was reported that the targeted removal of genes 

responsible for encoding enzymes crucial to HS GAG biosynthesis within endothelial cells can 

lead to attenuation of inflammatory response (33, 34). This seems to be equally dependent on  

HS GAG chain length (controlled by EXTs polymerases) and the structure of HS GAG chains 

regarding the arrangement and sequence of sulfation modifications (regulated by NDSTs)  

(66, 67, 86). Based on the data presented from the first and the third study of this thesis, it is possible 

to draw limited conclusions about the changes of quantity and composition of HS GAG in healthy 

and diseased gingiva. However, different expression profiles of EXT1, NDST1, HPSE1, and  

HS GAG markers (HS3G10 and HS10E4) suggest that reduction in quantity and structure of 

gingival HS GAG do occur during periodontitis and that these changes might be involved in 

dysregulation of the inflammatory response in gingival tissue during periodontitis. What is not 

entirely clear is whether these changes are the cause of inflammatory response dysregulation in 

periodontitis, or they are simply reflective of it. Furthermore, the observed correlation between the 

changes of HS GAG content and structure and the actual enzymatic activity of EXTs, NDSTs and 

HPSE1 (when deduced based on comparison pf expression profiles) is not as straightforward as it 

seems. For example, the observed upregulated expression of EXTs and downregulated expression 

of NDSTs did not correspond to increased quantity of less sulfated HS GAG in the diseased gingiva, 

but rather the decreased quantity of less sulfated HS GAG compared to healthy gingiva. While the 

lower quantity of HS GAG in diseased gingiva can be partly explained by the increased expression 

of HPSE1, it should be noted that the actual increase in HPSE1 enzymatic activity could not be 

confirmed by IF/IHC staining. This is because the commercially available antibodies against 

HPSE1 do not discriminate between the inactive (pro-enzyme) and active (enzyme) forms of 

HPSE1 (29-32, 87, 88). In general, the problem with HS GAG and the proteins associated with  

HS GAG is that their regulatory roles in homeostasis and disease are as diverse as they are tissue 

and species specific. To assess these roles in humans is difficult because performing experiments 

for the loss-of-function or gain-of-function on humans is not feasible due to ethical considerations. 

Therefore, a different approach is required where the effects of inhibition/absence or 

overexpression of specific factors (usually achieved by knockout/knockin of the corresponding 

genes or by blocking antibodies against specific proteins in experimental animals) are simulated in 

silico using statistical modeling. It should be emphasized that the effects on HS GAG and HS GAG 
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related proteins on the course of disease (in this case periodontitis) could not be postulated simply 

by comparing their expression profiles in healthy and diseased tissue, nor could they be taken at 

face value from the previous studies on experimental animals (52, 89). 

The main advantage of the model of periodontitis presented in this thesis is that it is based 

on the raw data obtained from human participants suffering from the real form of severe 

periodontitis. By combining the data from protein reactome databases and various regression 

techniques, a dynamic statistical model was created, in which different roles of HS GAG and 

investigated related proteins could be introduced, while simultaneously replicating the effects of 

their chaining expression on the outcome(s) of interest. All procedures for statistical modeling as 

described here were made under the assumption that the key determinants of HS GAG and  

HS GAG related proteins’ biological roles (apart from the biochemical properties of individual 

molecules) are their hierarchical positioning within regulatory networks and spatial distribution 

within tissue (90-92). In animal models of periodontitis, researchers can replicate clinical signs of 

the disease (gingivitis, alveolar bone resorption) but they do so either by application of ligatures 

around molars (thus artificially expanding the plaque retention surface), by administering  

mono- or poly-microbe lavage over a period of time, or by combining both ligatures and oral 

microbe lavage (3, 51, 52, 93, 94). However, the disadvantage of such animal models of 

periodontitis is that they do not replicate the exact pathogenic mechanisms of periodontitis as it 

occurs in humans. Furthermore, animal models of periodontitis can only be applied on specific 

genetic strains (for example AKR/J, DBA/2J, BALB/cJ and BALB/cByJ in mice) as rodents are 

generally not susceptible to periodontitis (52). These disease models do not reflect the genetic 

diversity of humans afflicted by this highly prevalent chronic disease. It should be noted that the 

rodent models of periodontitis can be of greater use when studying rare entities of periodontitis 

associated with some genetic disorders such as leukocyte adhesion deficiencies, when there is a 

clear connection between the disease and genetic background (95). 

Several study limitations also need to be addressed as previously explained; due to ethical 

considerations for research on human subjects, it was only possible to create an in silico statistical 

model whose predictions could not be experimentally tested in vivo. The model presented here was 

nested model meaning that not all proteins from the entire HS GAG reactome could be included. 

For example, no data for the expression of enzymes responsible for HS GAG chain elongation 
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(EXTL1-3), sulfation (NDST3, NDST4, 2-O- and 3-O-sulfotransferases), other cell-surface/ECM 

proteoglycans that bind HS GAG (agrin, HSPG2, glypicans) were included in the model. Likewise, 

in this model there was no representation of gradients of many inflammatory mediators which are 

formed by HS GAG (21, 96). The limited number of variables used in the model is related to the 

number of markers whose IF staining gradients on serial histological tissue sections can be 

successfully quantified and colocalized in silico for modeling. The soft upper limit of 20 to 30 

markers therefore depends on the morphological similarity of the serial histological sections if one 

wants to avoid the introduction of biases and errors (57). This can be significantly improved by 

application of high-plex single cell IF staining where the same histological section can be stained 

with multiple markers as was demonstrated with Multi Epitope Ligand Cartography (MELC), the 

staining technique based on repeated “staining-acquisition-bleeching-staining” cycles where the 

same histological section can be stained with up to 100 different markers (90, 97). Recently, a novel 

high-plex IF staining platform was introduced that performs simultaneous IF staining of up to 15 

markers on the same histological section ending with H&E staining for morphology (98-100). 

Potentially, this could increase the number of markers suitable for modeling by 5- to 10-fold. It 

should also be noted that the statistical modeling protocol itself still needs to be optimized. In 

particular, curve fitting in first level models is extremely time consuming, as knots or inflection 

points for curve trends from 2D plots of spatial gradients of IF staining which contain many data 

points (several thousand data points on average), must be positioned manually. It should be 

investigated in the future if the process can be fully or partially automated by using dedicated trend 

analysis software or artificial intelligence platforms (101). 

Finally, it should be emphasized that the statistical model presented in this context is not 

deterministic and requires extension. However, statistical modeling with human tissue data could 

be used as an alternative way to evaluate potential molecular targets for novel therapeutics and 

provide a basis for in vivo experiments aimed at alternative treatments for chronic diseases such as 

severe periodontitis. This applies to both experimental animals and human subjects. This is 

particularly crucial for chronic diseases, as their complex pathogenic mechanisms are difficult to 

faithfully replicate in controlled laboratory settings. 
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2.5.    CONCLUSIONS 

 

According to the presented statistical model's predictions, it is proposed that introducing 

native HS GAG supplementation may offer some potential benefits in managing severe 

periodontitis in humans. However, this should not be considered a standalone treatment, as 

observed in experimental animal models of periodontitis. The model supports the idea that intrinsic 

alterations in the molecular structure of periodontal tissue play a crucial role in the irreversible 

progression of severe periodontitis. This suggests that effectively influencing the host's immune 

response for severe periodontitis treatment should extend beyond the conventional approach, which 

primarily focuses on controlling infectious agents within the microbial biofilm. Supplementing 

and/or targeting deteriorated ECM components with their synthetic counterparts (such as HS GAG 

mimetics) could prove beneficial in enhancing the outcomes of standard treatment for severe forms 

of periodontitis, which typically falls short of achieving periodontal tissue regeneration.  

 



Abstract 

R. D.  39 

 

2.6.    ABSTRACT 

 

Periodontitis is a highly prevalent chronic degenerative disease initiated by the bacteria 

present in biofilm on the surface of the teeth. The exposure to bacterial biofilm triggers host 

inflammatory response whose dysregulation is ultimately responsible for the destruction of hard 

and soft periodontal tissues resulting in tooth loss. Since chronically inflamed periodontal tissue 

exhibits extracellular matrix (ECM) degradation, the possible alternative and/or addition to 

standard periodontitis treatment is to restore ECM by supplementing its components, including 

heparan sulfate glycosaminoglycan (HS GAG). In experimental animal models of periodontitis, 

the use of synthetic derivatives of HS GAGs to supplement degraded ECM has shown effectiveness 

in reducing inflammation and promoting partial regeneration of both soft and hard periodontal 

tissues. However, the effects of HS GAG supplementation for treating periodontal disease in 

humans remains are still unknown. To address this uncertainty, a statistical model was developed 

to assess the effect of HS GAG supplementation on inflammatory infiltrate formation and alveolar 

bone resorption in humans with severe periodontitis. Gingival samples from patients with severe 

periodontitis were stained with markers for HS GAG and proteins functionally related to HS GAG 

(immunofluorescence). A statistical model in the form of a system of regression equations was 

constructed using quantified spatial gradients of IF staining and the ontology database for STRING 

reactomes, to predict the effects of changes in the expression of native HS GAG on the amount of 

inflammatory infiltrate (represented by the general inflammatory cell marker CD45) and alveolar 

bone resorption (represented by the expression ratio of receptor activator of nuclear ΚΒ-ligand 

(RANKL) and osteoprotegerin (OPG)). According to the model, increased expression of native HS 

GAG may stabilize the accumulation of inflammatory infiltrate in the gingiva and slow the 

resorption of alveolar bone, but not stimulate alveolar bone resorption Therefore, supplementation 

of native HS GAG may have limited benefits as a standalone treatment for severe periodontitis in 

humans. 
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2.7.    SAŽETAK 

 

Parodontitis je česta degenerativna bolest koju iniciraju bakterije prisutne u biofilmu 

nastalom na površini zuba. Izloženost bakterijskom biofilmu pokreće upalni odgovor domaćina 

čija je deregulacija u konačnici odgovorna za uništavanje tvrdih i mekih parodontnih tkiva što 

rezultira gubitkom zuba. Budući da u kronično upaljenom parodontnom tkivu dolazi do razgradnje 

izvanstaničnog matriksa (ECM), moguća alternativa i/ili dodatak standardnom liječenju 

parodontitisa je obnavljanje ECM-a suplementacijom njegovih komponenti, uključujući i heparan 

sulfat glikozaminoglikan (HS GAG). Suplementacija ECM-a sintetičkim derivatima HS GAG na 

eksperimentalnim životinjskim modelima pokazala je relativnu učinkovitost u smanjenju upale i 

poticanju regeneracije mekih i tvrdih parodontnih tkiva. Međutim, opravdanost upotrebe 

sintetičkih derivata HS GAG za liječenje parodontne bolesti kod ljudi i dalje je nejasna. Stoga, 

razvijen je statistički model za procjenu utjecaja HS GAG-a u formiranju upalnog infiltrata i 

resorpciji alveolarne kosti kod ljudi s teškim oblikom parodontitisa. Uzorci gingive od ispitanika s 

teškim oblikom parodontitisa bojani su biljezima za HS GAG i proteine funkcijski povezane s HS 

GAG (imunofluorescencija). Statistički model u obliku sustava regresijskih jednadžbi konstruiran 

je prema kvantifikatima bojenja i ontološkoj bazi podataka za reaktome STRING kako bi se 

predvidjeli učinci promjene izražaja nativnog HS GAG-a na promjene u količini upalnog infiltrata 

(prikazan općim biljegom upalnih stanica CD45) i resorpcije alveolarne kosti (prikazane omjerom 

izražaja receptora aktivatora jezgrenog ΚΒ liganda (RANKL) i osteoprotegerina (OPG)). Prema 

modelu povećan izražaj nativnog HS GAG-a može stabilizirati nakupljanje upalnog infiltrata u 

gingivi i usporiti resorpciju alveolarne kosti, ali ne i potaknuti regeneraciju alveolarne kosti. Stoga, 

suplementacija nativnog HS GAG-a može imati samo ograničene koristi za liječenje teškog oblika 

parodontitisa kod ljudi. 
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Periodontitis is a common degenerative disease initiated by the bacteria in subgingival

biofilm. The exposure to bacterial biofilm triggers host inflammatory response whose

dysregulation is ultimately responsible for the destruction of hard and soft periodontal

tissues resulting in tooth loss. To date, significant effort has been invested in the research

of the involvement of host cells and inflammatory mediators in regulation of inflammatory

response in periodontitis. Syndecans (Sdcs) belong to a four-member family of heparan

sulfate proteoglycans (HSPGs). Sdcs are compound molecules comprised of the core

protein to which several heparan sulfate (HS) glycosaminoglycan (GAG) chains are

attached. The role of Sdcs in pathogenesis of periodontitis is poorly investigated despite

the numerous reports from experimental studies about the critical involvement of these

factors in modulation of various aspects of inflammatory response, such as the formation

of inflammatory mediators gradients, leukocyte recruitment and extracellular matrix

remodeling in resolution of inflammation. Most of these functions of Sdcs are HS-

related and, thus, dependent upon the structure of HS. This, in turn, is determined

by the combinatorial action of enzymes for biosynthesis and modification of HS such

as exostosis (EXTs), sulfotransferases (NDSTs), and heparanase 1 (HPSE1). The data

presented in this study clearly indicate that some Sdcs display different expression

profiles in healthy and diseased periodontal tissue. Additionally, the differences in

expression profiles of HS GAG biosynthesis and modification enzymes (EXTs, NDSTs,

and HPSE1) in healthy and diseased periodontal tissue imply that changes in HS

GAG content and structure might also take place during periodontitis. Most notably,

expression profiles of Sdcs, EXTs, NDSTs, and HPSE1 differentially correlate with the

presence of inflammatory infiltrate in healthy and diseased periodontal tissue, which

might imply that these factors could also be involved in modulation of inflammatory

response in periodontitis.

Keywords: periodontitis, syndecans, heparan sulfate, EXTs, NDSTs, inflammatory response
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INTRODUCTION

Periodontitis is a chronic disease which affects tooth supporting
tissue (gingiva, alveolar bone, periodontal ligament) causing its
gradual degradation to the point where masticatory function of
the teeth (or their resilience to occlusal forces) is permanently
lost. The etiology of periodontitis is multifactorial – susceptibility
to periodontitis can be associated to various demographic factors
(age, sex, social background), micro-environmental factors
(chronic bacterial and endotoxin exposure from subgingival
microbial biofilm), and/or constitutive host traits (both genetic
and epigenetic). To a variable degree, all these factors can
modulate host inflammatory response, which (if dysregulated)
causes progressive destruction of periodontal tissue (Hernandez
et al., 2011; Silva et al., 2015).

Syndecans (Sdcs) belong to a four-member family (Sdc1-4)
of cell surface heparan sulfate proteoglycans (HSPGs). Sdcs are
compound molecules comprised of a cell membrane embedded
core protein (divided into cytoplasmic, transmembrane, and
ectoplasmic domains) to which several heparan sulfate (HS)
glycosaminoglycan (GAG) linear side chains are covalently
attached (Bernfield et al., 1992; Gotte, 2003; Multhaupt et al.,
2009). With regard to functional versatility of Sdcs and,
consequently, their roles in regulation of inflammatory response,
there are several important aspects which need to be considered,
some of which are more exclusive to Sdcs, and some of which can
be broadly associated to HSPGs. In adult tissues, Sdcs are widely
distributed, however, the expression domains of individual Sdcs
do not completely overlap – Sdc1 is predominantly expressed
in stratified and simple epithelia, Sdc2 in connective tissue and
endothelial cells, Sdc3 in neural tissue, whereas Sdc4 is expressed
ubiquitously. The expression of Sdcs can be very responsive to
changes in micro-environment, and this is especially the case in
developing tissues during the early stages of organogenesis when
expression patterns of Sdcs can significantly deviate from the
patterns observed in adult tissues (Vukojevic et al., 2012; Filatova
et al., 2014; Kero et al., 2015; Cubela et al., 2016). Studies on
Sdc1−/− and Sdc4−/− single knockout mice have revealed that
these animals develop normally, meaning that Sdc1 and Sdc4
are functionally redundant in organogenesis. However, when
adult Sdc1−/− or Sdc4−/− knockouts are challenged by disease-
instigating agents they, depending on the type of challenge,
display impaired regulation of various segments of inflammatory
response – from formation of chemokine/cytokine gradients
and leukocyte recruitment, to ECM remodeling in resolution of
inflammatory response (Floer et al., 2010; Teng et al., 2012).

Generally, biochemical properties enable HSPGs to bind
various factors, and while this binding can be mediated
via specific sequences in core protein domains, interactions
with extracellular matrix (ECM) components, growth factors,
morphogens, and mediators of disease pathogenesis are mostly
HS-related (Taylor and Gallo, 2006; Roper et al., 2012; Stepp
et al., 2015). Biochemical properties of HS greatly depend
on HS chain length and composition (the latter is also
determined by adding sulfate groups in a specific pattern). HS
can even be post-biosynthetically cleaved into short fragments
by enzymes such as heparanase 1 (HPSE1) whose activity

is reportedly elevated in conditions such as inflammation or
malignant alteration (Li and Vlodavsky, 2009; Stoler-Barak
et al., 2014; Gutter-Kapon et al., 2016). The framework for
HS biosynthesis is laid down by the combinatorial action
of several enzymes including exostosin-glycosyltransferases
(Exts/EXTs) (chain elongation) and bi-functional sulfotrasferases
(Ndsts/NDSTs) (initial sulfation modifications) (Esko and
Selleck, 2002; Presto et al., 2008). Although the non-redundancy
of particular Exts/EXTs and/or Ndsts/NDSTs in organogenesis
has been long established, recent studies on targeted endothelial
ablation of various genes encoding for HS biosynthesis enzymes
show that they are also critical for regulation of inflammatory
response, pretty much in the same manner as previously
described for Sdcs in challenged Sdc1−/− and Sdc4−/−

knockouts (Poon et al., 2014; Ge et al., 2018; Talsma et al., 2018).
There are only few studies about the possible involvement

of Sdcs in pathogenesis of periodontitis in humans (Oksala
et al., 1997; Manakil et al., 2001; Kotsovilis et al., 2010).
While the differential expression of several HSPGs (Sdc1,
CD44, decorin, and biglycan) between healthy and diseased
periodontal tissue was reported, there were no data about other
functionally related factors to HSPGs, including the enzymes for
biosynthesis and modification of HS. Furthermore, due to less
advanced imaging techniques and methods for quantification
of immunohistochemical staining, no adequate correlation of
observed expression patterns with various histomorphometric
parameters relevant for the subject could be done. Therefore,
we sought to provide more detailed description of expression
patterns of Sdcs and enzymes for biosynthesis and modification
of HS in healthy and diseased human periodontal tissue, as well
as to discuss our findings in light of the important roles generally
attributed to HSPGs in regulation of inflammatory response.

MATERIALS AND METHODS

Participants Screening and Recruitment
40 patients were referred from their appointed general
practitioners to the Department of Oral Pathology and
Periodontology, University of Split Hospital Center, and the
Department of Periodontology, University of Zagreb Hospital
Center. Standard protocol was used to determine diagnosis
including detailed medical history, radiographic examination
and periodontal status. Periodontal status was assessed by two
experienced and calibrated dental examiners who recorded
probing depth (PD), gingival recession (RE), clinical attachment
level (CAL), full-mouth plaque (FMPS), and bleeding (FMBS)
scores. Clinical measurements were taken at six sites per tooth
using a standard periodontal probe (PCP 15; Hu-Friedy, Chicago,
IL, United States). The diagnosis was established according to
new classification of periodontal and implant diseases and
conditions (Papapanou et al., 2018). Participants were informed
about the purpose of this study and clinical procedures related to
it, and gave their written consent.

The inclusion criteria were: age of at least 18 years, good
general health (no systemic diseases), healthy periodontal
tissue (controls) and generalized periodontitis stage III or IV
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(periodontitis group) according to guidelines for classification of
periodotal and peri-implant diseases (Papapanou et al., 2018).
The exclusion criteria were: presence of periodontal abscess and
endo-periodontal lesions in the vicinity of the sampling area,
systemic conditions affecting periodontal tissue (e.g., diabetes
mellitus), long-term medication, medical history of systemic
antibiotic therapy within the last 6 months, pregnancy, alcohol,
or drug abuse. Participants were divided into two groups: subjects
with healthy periodontal tissue (controls; n = 20), and subjects
with untreated generalized periodontitis (stage III or IV) having
at least one tooth indicated for extraction due to poor condition
of periodontal tissue (periodontitis group; n = 20). Group
demographics and clinical parameters are listed in Table 1.

Participants with periodontitis received initial periodontal
therapy (1 visit per quadrant) in period of 7 days by two
experienced periodontists. In the initial visit, a single tooth
was extracted using periotome (Aesculap AG, Tuttlingen,
Germany) for atraumatic extraction, The sample of diseased
gingiva (from gingival margin to the edge of residual alveolar
bone) was taken with a type 15C scalpel blade (Aesculap AG,
Tuttlingen, Germany) on the buccal aspect of tooth extraction
site (average sample dimensions 4 mm × 2,5 mm). Extraction
sites were sutured with monofilament sutures (Péters Surgical,
Bobigny, France).

Participants from control group were initially referred for
crown lengthening with regard to preparation for prosthetic
therapy either by general practitioners or prosthodontists.
Surgical crown lengthening was performed under local
anesthesia and included external gingivectomy (used for
the sampling of healthy gingiva), as well as osteotomy and
osteoplasty. The samples of healthy gingiva (average dimensions
2,5 mm × 1,5 mm) were taken from the buccal aspect of
gingival margin down to the alveolar bone margin (before
the osteotomy and osteoplasty were performed). Sampling
sites were sutured with monofilament sutures (Péters Surgical,
Bobigny, France). After the samples were taken, they were stored
in sealed containers with paraformaldehyde and delivered to
laboratory within 24 h. The follow-up of participants from

TABLE 1 | Demographic and clinical parameters of participants from control and

periodontitis group.

Controls (n = 20) Periodontitis (n = 20)

Age∗∗∗ (years) 38,9 ± 9,23 50, 26 ± 10, 6

Sex (F/M) 8 F/12 M 9 F/11 M

Smokers∗∗∗ No 17

FMPS∗ (%) 21,95 ± 8,95 36, 17 ± 15, 76

FMBS∗∗∗ (%) 8,95 ± 3,73 43 ± 11, 27

PD∗∗∗ (mm) 1,47 ± 0,22 4, 53 ± 1, 19

CAL∗∗∗ (mm) 1,52 ± 0,22 6, 1 ± 1, 43

FMPS, Full Mouth Plaque Score; FMBS, Full mouth bleeding score; PD,

Probing depth; CAL, Clinical attachment level. Level of significance was set at

α = 0,01 (∗∗∗p < 0,01; Fcrit = 7,325545); (∗border values, level of significance

α = 0,05); Statistically significant difference between the groups was found for

age (p = 0,007571), smoking (p = 0,000001), FMPS (p = 0,001056), FMBS

(p = 0,000216), PD (p = 0,000579), and CAL (p = 0,000631). No statistically

significant difference was found for sex distribution between groups (p = 1).

both groups adhered to established guidelines for the type of
treatment they received.

Human Gingival Samples Procurement
and Processing
For this study, the total of 40 samples of human gingiva (20
per group) were analyzed. Tissue procurement and processing
were approved by the Ethical and Drug Committee of School
of Medicine, University of Split (Class: 003-08/17-03/0001, No:
2181-198-03-04-17-0043) and Ethical and Drug Committee of
School of Dental Medicine, University of Zagreb (No: 05-PA-
15-6/2017) in accordance with Helsinki Declaration (Williams,
2008). Before the fixation in 4% paraformaldehyde, vestibular
(labial/buccal) surfaces of gingival samples were marked by
waterproof color in order to facilitate proper orientation of
the samples during paraffin embedding. The samples were cut
in serial 5 µm thick sections and mounted on glass slides.
Preservation of the tissue and positioning of the structures
of interest were examined on orientation slides stained with
hematoxylin and eosin (H/E) (every 10th slide in each sample).
After that, part of the samples was stored in the archival collection
of the Department of Anatomy, Histology and Embryology
(School of Medicine, University of Split) and designated with
unique depersonalized codes to hide the identity of sample
donors, and the rest was used for immunofluorescence staining.

Immunofluorescence Staining
Deparaffinization and staining protocols were previously
described (Kero et al., 2016). We slightly modified the staining
protocol by introduction of protein blocking (ab64226; Abcam,
United Kingdom) for 30 min before the application of primary
antibodies. The following primary antibodies were used:
mouse monoclonal anti-Sdc1 [B-A38] (1:100, ab34164, Abcam,
United Kingdom), rabbit polyclonal anti-Sdc2 (1:200, ab191062,
Abcam, United Kingdom), rabbit polyclonal anti-Sdc4 (1:100,
ab24511, Abcam, United Kingdom), rabbit polyclonal anti-EXT1
(1:100, ab126305, Abcam, United Kingdom), rabbit polyclonal
anti-EXT2 (1:50, ab102843, Abcam, United Kingdom), rabbit
polyclonal anti-NDST1 (1:50, Abcam, United Kingdom),
rabbit polyclonal anti-NDST2 (1:100, ab1511141, Abcam,
United Kingdom), rabbit polyclonal anti-HPSE1 (1:200,
ab85543, Abcam, United Kingdom) and mouse monoclonal anti-
CD45 [MEM-28] (1:200, ab8216, Abcam, United Kingdom) as a
general inflammatory cell marker (Wu et al., 2018). Secondary
antibodies were used at 1:400 dilution: anti-mouse Alexa Fluor
488 (GREEN, ab150105, Abcam, United Kingdom), anti-rabbit
Alexa Fluor 594 (RED, ab150092, Abcam, United Kingdom),
and anti-rabbit Alexa Fluor 488 (GREEN, ab150077, Abcam,
United Kingdom). To stain cell nuclei, sections were shortly
incubated with 4′6′-diamidino-2-phenylindole (DAPI). Samples
of oral mucosa from maxillary tuberosity were stained for
positive control (total of 30 sections on 15 slides). Both single
and double immunofluorescence staining was performed. For
double immunofluorescence control, mouse anti-Sdc1 and
anti-CD45 were stained in tandem with the rest of the primary
antibodies (all rabbit polyclonal) and compared with single
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immunofluorescence staining. Expression patterns (nuclear vs.
non-nuclear) were analyzed by intensity correlation analysis of
photo-micrographs at magnifications ×20 and ×40 in ImageJ
(NIH Public Domain, Bethesda, MD, United States) according to
previously described method (Kero et al., 2017). Color scatter-
plots for all primary antibodies displayed non-nuclear expression
pattern (data not shown).

Acquisition and Processing of H/E
Panoramic Images
H/E stained slides were examined under Olympus BX40
(Olympus, Tokyo, Japan) microscope equipped with manual
slide scanner (Microvisioneer, Esslingen am Necker, Germany),
standard (Olympus DP27, Olympus, Japan) and area-scan high-
resolution camera (Basler aceA2500-14gm, Basler, Germany).
H/E panoramic images were captured at magnification ×20
(camera settings – exposure time: 8 ms; ISO: 100). Panoramic
images were exported and processed in Adobe Photoshop R©

CC (2014). Rotation of panoramic images was done using 40
customized presets (one for each sample), and high resolution
background (600 dpi) was used for image size reduction in order
to minimalize image detail loss. Additionally, regions of epithelial
tissue on each panoramic image were masked using graphic pen
tablet (Wacom Intuos PRO, Wacom Co, Saitama, Japan). Total
section area and areas of specific tissue compartments (epithelia,
subepithelial stroma) were then measured in Adobe Photoshop R©

CC and expressed in pixels (px).

Acquisition and Processing of
Panoramic Immunofluorescence Images
Slides stained for immunofluorescence were examined at ×10
magnification using Zeiss Axio Observer (Carl Zeiss Microscopy
GmbH, Jena, Germany) equipped with Zeiss Axiocam 506 color
camera (Carl Zeiss Microscopy GmbH, Jena, Germany) set
for full frame resolution (2752 × 2208 px) in original black
and white and 8-bit depth (256 px values) pseudo-colorizer
mode. Acquisition and merging of photo-micrographs into
panoramic immunofluorescence (IF) images were done using
multichannel and panorama modules in ZEN 2.5 software (Carl
Zeiss Microscopy GmbH, Jena, Germany), respectively. After
background calibration (0 px), exposure time in multichannel
module was set at 35 ms for DAPI. For green (AF488) and red
(AF594) fluorescence, exposure time was additionally calibrated
after signal output equalization at 800 ms (green) and 12000 ms
(red) (green and red fluorescence to Sdc1 used as reference).
For the stitching of photo-micrographs (tiles) into panoramic
IF images, tiles were captured sequentially by manual navigation
along x/y axes guided by the on-screen live view of DAPI channel
with minimal 20% overlap (x) and 10%maximal shift (y) between
individual tiles. Panoramic IF images were closely inspected for
quality (tiles alignment, absence of stitching artifacts) and stored
in raw format (CZI – Zeiss proprietary file format) containing
original data and metadata. Each file was then exported in
multiple TIFF format files (original black and white, pseudo-
colorized and merged files). Black and white images were
subsequently processed for quantification of staining. Rotation

and masking were done in a similar manner described for
panoramic H/E images, although more restrictive procedure for
image size reduction (300 dpi backgrounds) had to be applied in
order to format files for analysis in ImageJ. For the calculation
of total section area, merged IF panoramic images (factor/DAPI)
were thresholded at 1 px (cut-off threshold was set at 10 px).
In order to measure the area of epithelial and subepithelial
tissue compartments, images were merged with customized
black and white masks using “darken image” blending mode
in Adobe Photoshop R© CC. Thus, for each panoramic IF image,
five additional images were produced (threshold area, mask,
inverted mask, epithelial, stromal). All area measurements were
subsequently used as reference values for the calculation of
expression domain size (cumulative and fractional output) so
they could be expressed in percentages (%).

Intensity Distribution – Histograms and
Heatmaps
Histograms for panoramic IF images were made in ImageJ and
exported as tables where for each x value (intensity in px from
0 to 255 px) a y-value (number of points with corresponding
intensity) is listed. The tables were then used to calculate the
size of expression domains (cumulative and fractional values
expressed in%) in individual samples and as group means. Since
we set the cut-off at 10 px, each table contained 245 values.
Tables with cumulative and fractional values were also used for
statistical analysis. The protocol for multi-color heatmaps was
described previously (Kero et al., 2018). Here, we have only
slightly modified the increments of intensity range in order
to accommodate for four-color heatmaps as follows: blue (10–
60 px), green (60–150 px), red (150–255 px), and yellow (255 px).

Densitometry – 2D Plot Profiles and 3D
Surface Plots
To represent expression patterns in the form of spatial gradients,
2D plot profiles and 3D surface plots of panoramic IF images
were made as described previously (Kero et al., 2018). However,
we omitted the conversion of px values to optical density units.
For each investigated factor, 2D plot profiles were made in oral-
sulcular direction (left-right plot), as well as in marginal-apical
direction (top-down plot) (Figure 4). Multiple colocalization
of expression patterns of all investigated factors was done by
3D surface plots.

Statistical Analysis
The following histomorphometric parameters were analyzed for
each sample: total section, epithelial and stromal compartment
areas, total, epithelial, and stromal celularity (using DAPI
nuclear staining) and internuclear space, total and stromal
distribution of inflammatory infiltrate (using CD45 staining),
and total, epithelial and stromal areas of expression domains
of investigated factors. In both groups, a group mean of
the area of expression domains of each investigated factor
was calculated (represented in percentages as fractional
values on 10–255 px scale) for total section and tissue
compartments (epithelial/stromal). Cumulative values of
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histomorphometric parameters were presented by column
graphs. Single factor ANOVA was used for comparison
of expression domains between control and test group.
Correlation of expression domains was done by multiple
linear regression. In order to reduce bias of statistical analyses
of histomorphometric parameters and expression patterns
of investigated factors, sections from both groups were
divided into two major tissue compartments – epithelial
compartment and subepithelial stroma compartment. The
epithelial compartment included gingival oral epithelium,
sulcus epithelium and pocket epithelium (when preserved in
samples from periodontitis group). Demographics and clinical
parameters of study participants were also analyzed (descriptive
statistics, t-test for continuous variables and Fisher’s exact test
for categorical variables). Statistical tests were performed in
Microsoft Office Excel R© 2016 (Microsoft Corp., Redmond,
WA, United States) and GraphPad v8 (GraphPad Software, La
Jolla, CA, United States). Statistical significance (α) was set at
0.01 (p < 0.01).

RESULTS

Histomorphometry – Tissue Morphology
and Celularity
In general terms, gingiva is comprised of two major tissue
compartments – epithelial tissue (stratified epithelium) and
underlying connective tissue (subepithelial stroma). Using
the panoramic H/E images (Figures 1A,C,D,F), the area size
of epithelial and stromal compartments for each sample was
calculated as a fraction of total section and subsequently
expressed in percentages as group means. On average,
epithelial/stromal fraction for controls was 29,27/70,87%, and for
periodontitis group 24,27/75,73% (p = 0,63899). No statistically
significant difference was found between the groups (Figure 2A)
meaning the overall tissue section morphology should not be
considered as a confounding factor for further statistical analyses.
Total celularity of tissue samples was calculated as a fraction of
area covered by DAPI nuclear staining (Figures 1B,E) from the
total section area and expressed in percentages as group means.
Surprisingly, there was no statistically significant difference
between the groups – total nuclei/internuclear space fraction
for controls was 22,55/77,45%, and for periodontitis group
28,31/71,69% (p = 0,12603) (Figures 2B,C). However, once the
celularity was calculated separately for epithelial and stromal
compartments, the differences between the groups became
apparent. Namely, epithelial/stromal nuclei ratio in controls
was 1:1 (49,54/50,46%), whereas in periodontitis group it was
almost 1:2 in favor of stromal compartment (34,36/65,54%)
(p = 0,00371) (Figure 2D). There are couple of possible
explanations for such findings. Epithelial/stromal celularity
ratio in periodontitis group could be partially attributed to the
increased presence of inflammatory cells, which in some cases
diffusely infiltrated subepithelial stroma (Figures 1K,L, 3N). The
expression of general inflammatory cell marker CD45 was also
found to be statistically significantly different between controls
and periodontitis group (stromal ratio 1,76/9.47%, p = 0.00349)

(Figure 7D). It should be noted that in several gingival samples
from periodontitis group, the inflammatory cell infiltrate was
limited to narrow perivascular spaces in subepithelial stroma,
and its amount was on comparable levels to those observed in
controls (Figures 1J, 3E, 5B), so it is possible that changes in
other cell populations might also be accounted for differences in
epithelial/stromal celularity ratios between the groups.

Expression of Sdcs and HPSE 1 – IHC
and Densitometry
In controls, the expression of individual Sdcs could be seen in
both gingival epithelium and subepithelial stroma but did not
significantly deviate from the previously established pattern –
Sdc1 was predominant in epithelial compartment, Sdc2 in
stromal compartment, while the expression of Sdc4 was equally
balanced between the two tissue compartments but at lower
levels than expression of Sdc1 and Sdc2 (Figures 3A–C). Very
weak expression of HPSE1 was observed in subepithelial stroma
(Figure 3D). 2D plot profiles for Sdcs reveal either decreasing
mean expression intensity gradients in oral-sulcular direction,
and flat gradients in marginal-apical direction (Figures 4A,G).
Low mean expression intensity and flat intensity gradients
could be seen for HPSE1 and CD45 in both 2D plot profiles
(Figures 4E,K). In periodontitis group, the expression of Sdcs
and HPSE1 maintained similar patterns in gingival epithelium
as observed in controls, but they were more intensely expressed
in subepithelial stroma (Figures 3J–L, 6A,B,D,E). Consequently,
changes in mean intensity levels and gradients could be observed
in both types of 2D plot profiles (Figures 4B,H,F,L, 6C,F)
showing increasing trend toward sulcular and apical portions
of subepithelial stroma where more intense expression of
inflammatory marker CD45 was also observed.

Expression of EXTs and NDSTs – IHC and
Densitometry
In controls, the expression of EXT1 was very weak, whereas
EXT2, NDST1, and NDST2 were expressed strongly in epithelial
compartment and less intensely throughout the subepithelial
stroma (Figures 3F–I). 2D plot profiles reveal decreasing
mean expression intensity gradients for EXT2, NDST1, and
NDST2 in oral-sulcular direction, and opposing increasing
intensity gradients in marginal-apical direction (Figures 4C,I).
In periodontitis group, the expression of EXTs and NDSTs was
increased in subepithelial stroma significantly overlapping with
expression domain of CD45 (Figures 3O–R). 2D plot profiles
reveal markedly elevated mean intensity gradient of EXT1 which
increases in sulcular and apical direction (Figures 4D,J). In
contrast to controls, the expression patterns of EXTs and NDSTs
(especially EXT1 and NDST1) displayed a lot of variations
in samples from periodontitis group (Figures 3O–R, 5K–N),
which could be related to varying histological features of stromal
compartments, especially with regard to the extent and profile of
inflammatory infiltrate. However, these deviations in EXTs and
NDSTs molecular profiles are visible in both gingival epithelium
(Figures 6A–C) and subepithelial stroma (Figures 6D–F).
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FIGURE 1 | Panoramic H/E images (A,D) of healthy (control sample DK-NV2-ZK) and diseased gingiva (periodontitis sample DK-TM7-CHP). In contrast to thickened

gingival epithelium (C) and clear subepithelial stroma with scarce perivascular inflammatory infiltrate (B,G,J) of healthy gingiva, the diseased gingiva displays thinned

gingival epithelium with no cytologic atypia but extended rete pegs and features of pseudoepithelial hyperplasia from the pocket epithelium (F, black arrows). The

abundant inflammatory infiltrate can be seen along the perivascular spaces (K, red arrows) and diffusely toward sulcular and apical segments of the gingiva (E,I,L)

comprised mostly of lymphocytes. Few lymphocytes infiltrating sulcus epithelium are visible (I, red arrows) Pocket epithelium is infiltrated by many granulocytes (L,

red arrows). The difference in total celularity levels between healthy and diseased gingiva are clearly visible on inverted DAPI panoramic images (B,E). Magnification:

(A–L) ×20; scale bars – (A–C) 700 µm; (D–F) 1000 µm; (G–L) 100 µm. Designations: gingival epithelium (ge), subepithelial stroma (st), sulcus epithelium (se),

pocket epithelium (pe), inflammatory infiltrate (inf), blood vessel (bv).
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FIGURE 2 | Histomorphometry of gingival samples from control and periodontitis group. Analysis of fractions of epithelial and stromal section compartments

(expressed here as group means) showed no statistically significant difference between control and periodontitis group (p = 0,63899, α = 0,01) (A), and thus tissue

morphology could be excluded as potential bias for subsequent statistical analysis. Total celularity (expressed as fractions of nuclei and internuclear space) and

epithelial/stromal celularity ratios (expressed as ratio of total epithelial vs. total stromal nuclei) are presented as whole-in-one columns (for individual samples from

both groups) (B) and as group mean values (C,D). No difference in total celularity was observed between groups (p = 0,12603, α = 0,01) (C). However, the

epithelial/stromal nuclei ratios in control samples (1:1) and in periodontitis group (close to 1:2) displayed statistically significant difference (∗∗∗p = 0,00371, α = 0,01)

indicating perturbed homeostasis of gingival tissue in periodontitis.

Statistical Analysis of Sdcs, HPSE1,
EXTs, and NDSTs Expression Domains
The initial comparison of group means for total expression
domains of all investigated factors at level of significance α = 0,01
revealed that only EXT1 is differentially regulated in periodontitis
(p = 4,5519 × 10−6) (Table 2). Thus, the additional comparison
of group means of expression domains in epithelial and stromal
compartments was also performed. No significant difference
of investigated factors’ epithelial expression domains between
controls and periodontitis group were found. However, the
stromal expression domains of Sdc1 (p = 1,1033 × 10−6),
HPSE1 (p = 0,0023), EXT1 (p = 1,2849 × 10−7), NDST1
(p = 0,000105), and CD45 (p = 0,003747) showed significant
difference between controls and periodontitis group. The
cumulative values of group means for total expression domains
and ratios of epithelial and stromal expression domains were
plotted on column graphs (Figure 7). Column graphs reveal
that the total distribution of Sdcs and HPSE1 is almost
equal in periodontitis group compared to controls, but the
pattern of this distribution between epithelial and stromal
compartments of gingival tissue (except for Sdc2) are quite
different (Figure 7A). On the other hand, the distribution of
EXTs and NDSTs seems to be more variable, both on the total
level and between the epithelial and stromal compartments
(Figures 7B,C). Additional aspects of control and periodontitis
gingival tissue molecular profiling were revealed by correlating
fractional values of investigated factors’ stromal expression
domains with that of CD45 as dependent variable (Table 3).
According to our model, Sdcs differentially correlate with
the presence of inflammatory infiltrate. In controls, positive

correlation was found for Sdc2, and negative correlation for
Sdc4, whereas no correlation was found for Sdc1. In periodontitis
group, both Sdc1 and Sdc2 were positively correlated, but no
correlation was found for Sdc4. Interestingly, HPSE1, EXTs,
and NDSTs displayed similar correlation pattern in control
and periodontitis group – positive correlations were found for
EXT1, EXT2 and NDST1. HPSE1 and NDST2 were correlated
negatively with CD45.

DISCUSSION

Periodontitis is a common degenerative disease initiated by
the bacteria found in subgingival biofilm, which trigger
host inflammatory response whose progression is ultimately
responsible for the destruction of tooth supporting alveolar
bone and soft tissues (periodontal tissue) resulting in tooth
loss (Bosshardt and Lang, 2005; Pihlstrom et al., 2005). To
date, significant effort has been invested in the research on
the involvement of host cells and inflammatory mediators in
regulation of inflammatory response in periodontitis (Silva
et al., 2015). However, the role of HSPGs (including Sdcs)
in pathogenesis of periodontitis is still poorly investigated
despite the fact that there are numerous reports, which go
almost two decades back, about the critical involvement of
these factors in modulation of various aspects of inflammatory
response. The data presented in this study clearly indicate
that Sdcs display different expression profiles in healthy
and diseased periodontal tissue which is in agreement with
previous reports (Oksala et al., 1997; Manakil et al., 2001;
Kotsovilis et al., 2010). This is further accompanied by the
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FIGURE 3 | Panoramic IF images of expression of Sdcs, EXTs, NDSTs, and HPSE1 in healthy (control sample DK-NV2-ZK) (A–I) and diseased gingiva (periodontitis

sample DK-TM7-CHP) (J–R) compared with expression of inflammatory marker CD45 (E,N). Fluorescence signals are shown in white color. Panoramic IF images

are merged with DAPI nuclear stain (pseudo-colorized in blue). Notice how Sdcs, HPSE1, and EXT1 display altered patterns of stromal expression in healthy (A–D)

and diseased gingiva (J–M), whereas EXT2 and NDSTs display altered patterns of epithelial expression (G–I,P–R). Magnification: (A–R) ×10; scale bars – (A–I)

700 µm; (J–R) 1000 µm. Designations: gingival epithelium (ge), subepithelial stroma (st), sulcus epithelium (se), pocket epithelium (pe). Oral/vestibular aspect of

tissue section (gray arrows); Sulcular/pocket aspect of tissue section (red arrows).

differences in expression profiles of enzymes involved in
biosynthesis and modification of HS GAG side chains (EXTs,
NDSTs, and HPSE1), which are comparable to a certain
degree with those described in other chronic degenerative
diseases such as osteoarthritis (Chanalaris et al., 2019). And
finally, Sdcs and HS biosynthesis and modifying enzymes
could be involved in modulation of inflammatory response in
periodontitis, since their expression profiles display different
correlation patterns with the presence of inflammatory infiltrate
in healthy and diseased periodontal tissue. However, in
order to interpret these findings in the context of complex
pathogenesis of periodontal disease, the available experimental
data about how Sdcs and HS-related enzymes are actually

involved in regulation of inflammatory response, need to be
presented in more detail.

Structural Changes in Tissue
Microenvironment Might Affect HS
GAG-Related and Inherent Properties of
Sdcs to Modulate Inflammatory
Response in Periodontitis
Sdcs can interact with a wide variety of mediators of
inflammation and through these interactions they affect different
segments of inflammatory response such as chemokine/cytokine
gradient formation, leukocyte recruitment, microbial attachment
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FIGURE 4 | 2D plot profiles of investigated factors in healthy (A,C,E,G,I,K) (sample DK-NV2-ZK) and diseased gingiva (B,D,F,H,J,L) (sample DK-TM7-CHP).

Fluorescence signals from panoramic IF images are plotted as curves depicting mean expression intensity from oral toward sulcular aspect (L-R plots) (A–F) and

from marginal toward apical aspect (T-D plots) (G–L) of tissue sections. Note that mean expression intensities of most investigated factors in diseased gingiva display

positive trend in sulcular and apical direction. (x-axis – scanning distance in cm; y-axis – mean intensity in px; arrows point toward specific aspect of tissue section).
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FIGURE 5 | Panoramic H/E image (A) and panoramic multi-color heatmaps (F–N) of diseased gingiva (periodontitis sample DK-IP13-CHP) of expression domains of

Sdcs (G–I), HPSE1 (J), EXTs (K,L), NDSTs (M,N) and inflammatory marker CD45 (F) merged with DAPI nuclear staining (dark gray). Inflammatory infiltrate degrading

alveolar bone is visible (framed areas) (D,E). Subepithelial stroma between the gingival epithelium and intact lamellae of alveolar bone is mostly devoid of

inflammatory infiltrate (B). Bone marrow contains portions of fibrotic tissue (C). All investigated factors are expressed in the area of inflammatory infiltrate (G–N) with

variable intensity. Magnification: (A–N) ×10; scale bars – (A,F–N) 800 µm; (B–E) 250 µm. Designations: gingival epithelium (ge), subepithelial stroma (st), alveolar

bone (ab), bone marrow (bm), inflammatory infiltrate (inf). Interface of subepithelial stroma and alveolar bone (black and white thick arrows). Intensity range

increments: BLUE (10–60 px), GREEN (60–150 px), RED (150–255 px), YELLOW (255 px).

and entry, as well as the protease balance and activity in matrix
remodeling during the resolution of inflammation and tissue
healing (Teng et al., 2012; Bonnans et al., 2014). However, their
roles in regulation of inflammatory response cannot simply be
considered as either pro-inflammatory or anti-inflammatory,
because there is ample evidence from experimental studies that
individual Sdcs can play both roles depending on the type of

disease-instigating agents and the tissues in which the noxious
challenge is exerted. For example, according to experimental
models of dermatitis, colitis and myocardial infarction, Sdc1
could be considered as a negative regulator of leukocyte
recruitment because Sdc1−/− knockout mice exhibit increased
neutrophil adhesion and transendothelial migration, despite the
fact that Sdcs are closely related to leukocyte recruitment because
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FIGURE 6 | 3D surface plots for multiple co-localization of expression of investigated factors in gingival epithelium (A–C) and subepithelial stroma (D–F) of healthy

(A,D) (sample DK-NV2-ZK) and diseased gingiva (B,C,E,F) (samples DK-TM7-CHP, DK.IP13-CHP). The variable patterns of combinatorial expression of EXTs and

NDSTs (framed area) might imply differences in HS composition between epithelial and stromal compartments within and between samples of healthy and diseased

gingiva. Combinatorial expression of HPSE1 and CD45 (gray and red arrows) varies in healthy and diseased gingigiva, as well as in diseased gingiva samples with

diffuse (E) and localized (F) inflammatory infiltrate, corresponding to the severity of inflammation. (Far right – color-graded intensity scales in px values).

of their ability to bind chemokines and form chemokine gradients
on endothelial surface of blood vessels (for that matter, the
most well-studied connections are those between endothelial
Sdc1, Sdc2, and CXC chemokine IL-8) (Mahtouk et al., 2007;
Vanhoutte et al., 2007; Beauvais et al., 2009; Floer et al.,
2010; Jung et al., 2016). Furthermore, the presence of Sdcs
as intact cell surface HSPGs or soluble ECM effectors due to
shedding of Sdcs core protein ectodomains can diversely affect

the formation of gradients of inflammatory mediators, and thus
the confinement, progression or attenuation of inflammatory
response as nicely demonstrated on experimental knockout
mouse models of allergic lung disease, bleomycin-induced acute
lung injury and Gram-positive toxic shock (Li et al., 2002; Xu
et al., 2005; Hayashida et al., 2009). Cell surface or shed Sdcs
can also promote the pathogenesis of infectious diseases on
multiple levels from facilitating microbial attachment and entry
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TABLE 2 | ANOVA analysis of total, epithelial, and stromal expression domains of

investigated factors in control and periodontitis group.

Factor Tissue compartment F-value P-value

Sdc1 TOTAL 2,931137 0,087518

EPITHELIUM 0,002173 0,962838

STROMA∗∗∗ 24,348604 1,103 × 10−6

Sdc2 TOTAL 0,813112 0,367644

EPITHELIUM 0,183157 0,668861

STROMA 0,000684 0,979139

Sdc4 TOTAL 0,148252 0,700377

EPITHELIUM 0,493848 0,482549

STROMA 2,705549 0,100640

HPSE1 TOTAL 1,049814 0,306055

EPITHELIUM∗ 4,965093 0,026316

STROMA∗∗∗ 9,320604 0,002389

EXT1 TOTAL∗∗∗ 21,496702 4,551 × 10−6

EPITHELIUM 2,476544 0,116201

STROMA∗∗∗ 28,727777 1,284 × 10−7

EXT2 TOTAL 0,098317 0,753991

EPITHELIUM 0,284528 0,593990

STROMA 2,461318 0,117326

NDST1 TOTAL 1,031306 0,310353

EPITHELIUM 0,315713 0,574451

STROMA∗∗∗ 15,285767 0,000105

NDST2 TOTAL 0,247242 0,619246

EPITHELIUM 1,896305 0,169121

STROMA 1,445718 0,229796

CD45 TOTAL∗ 4,461122 0,035180

STROMA∗∗∗ 8,483681 0,003747

Level of significance was set at α = 0,01 (∗∗∗p < 0,01; Fcrit = 6,686878); (∗border

values, level of significance α = 0,05).

into host cells (cell surface Sdcs) to disruption of host immune
response (shed Sdcs) as reported in studies on Herpes simplex
virus or Pseudomonas aeruginosa infections, respectively (Bucior
et al., 2010; Bacsa et al., 2011). While most of the described
roles of Sdcs in regulation of inflammatory response can be
strictly associated with their ability to carry HS GAG chains, it is
possible that, to a certain degree, those roles might also be related
to specific properties of individual Sdcs core proteins. Namely,
the underlying molecular mechanisms of functional redundancy
between Sdc1 and Sdc4 during prenatal development are unclear.
Single Sdc1−/− or Sdc4−/− knockout animals develop normally,
but as adults display similar phenotypes of impaired host immune
response when challenged in inflammatory or wound-healing
models (Stepp et al., 2015; Kero et al., 2018). Expression of
Sdcs is reported to be very responsive to structural changes
of tissue. However, it seems that during the inflammatory
response these changes do not only affect the expression of
Sdcs, but might also serve to unlock otherwise hidden inherent
properties of individual Sdcs. The similar effect of tissue
dynamics turning structural proteins into effective mediators of
inflammatory response in chronic diseases has been described
for many HSPGs and other ECM-related proteins (Rozario and
DeSimone, 2010; Afratis et al., 2017). Accordingly, different

expression profiles of Sdcs in healthy and diseased periodontal
tissue reported here and in previous studies, might imply
that perturbations in natural HS GAG-carrier capacity (and
bio-availability of HS GAGS) does not need to be the only
mechanism how Sdcs could modulate inflammatory response
in periodontitis.

Differential Expression of HS
Biosynthesis and Degradation Enzymes
Could Modulate the Inflammatory
Response in Healthy and Diseased
Periodontal Tissue
Since most of the roles of Sdcs in inflammation can be related
to their ability to carry HS GAG chains which determine the
HSPGs affinity for various ligands, it is reasonable to conclude
that the course of inflammatory response should greatly depend
on the biochemical properties of HS. This is corroborated by
several studies on experimental animal models of allergic lung
disease and diabetic nephropathy where the targeted endothelial
ablation of genes encoding enzymes involved in HS biosynthesis
resulted in both attenuation or severe disruption of inflammatory
response (Ge et al., 2018; Talsma et al., 2018). HS is a linear
polysaccharide chain comprised of repeating disaccharide units
of glucosamine (GlcNAc) and glucuronic acid (GlcA) modified
in a step-wise manner by addition of sulfate groups (NDSTs,
sulfotransferases) during its biosynthesis, or post-biosynthetically
by removal of sulfate groups at specific residues (desulfatases)
and cleavage on small oligosaccharide fragments (HPSE1) (Zhang
et al., 2016). While the total capacity of HS for ligands may
depend upon its chain length (determined by EXTs polymerases),
the affinity of HS is greatly influenced by the pattern and sequence
of initial sulfation modifications (NDSTs). According to several
reports, the roles of EXTs and NDSTs in the initial steps of HS
biosynthesis are so intricately related that the variations in both
HS chain length and structure must be viewed through prism
of combinatorial actions of both EXTs and NDSTs (Esko and
Selleck, 2002; Presto et al., 2008; Dagalv et al., 2015; Deligny
et al., 2016). For example, altered activity of individual EXTs
can also affect the pattern of HS sulfation modifications, whereas
the altered activity of individual NDSTs can in turn affect the
chain length and quantity of HS. Based on the data presented
here, it is not possible to draw any definitive conclusions about
the changes of quantity or composition of HS in healthy and
diseased periodontal tissue. However, the differential expression
profiles of EXT1, NDST1 and HPSE1 do imply that certain
perturbations in stromal HS content and composition might
occur in periodontitis and might be responsible for dysregulation
of inflammatory response. Similar correlation profiles of EXTs
and NDSTs with the presence of inflammatory infiltrate in
healthy and diseased periodontal tissues are also intriguing,
but more data about expression of other enzymes related to
HS biosynthesis and modification are still needed in order to
fully assess the potential significance of this finding. In spite
of the statistically significant difference of expression of HPSE1
between healthy and diseased gingiva, negative correlation of
expression of HPSE1 with the presence of inflammatory infiltrate
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FIGURE 7 | Mean group values of total expression domains (expressed in percentages as fractions of total section area) compared with epithelial and stromal

expression domain ratios (expressed in percentages fractions of total expression domain) of investigated factors in control and periodontitis group (A–C). The total

availability of Sdcs and HPSE1 seems to be on comparable levels in controls and periodontitis, but their distribution (apart from Sdc2) in epithelial and stromal

compartments of gingival tissue differs between two groups (A). EXTs and NDST1 display similar pattern of changes in epithelial/stromal expression domain ratios in

favor of stromal compartment (B,C), which corresponds with increased presence of inflammatory infiltrate in periodontitis group (∗∗∗p = 0,003747) (D). Level of

significance was set at α = 0,01 (∗∗∗p < 0,01; ∗border values α = 0,05).
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TABLE 3 | Correlation of stromal expression of investigated factors with the stromal expression of inflammatory marker CD45 (dependent variable) in control and

periodontitis group by multiple linear regression.

Controls Adj. R Square = 0,999970 Significance (α = 0,01)

Factor Coefficients Std. Error P-value Correlation Factor

CD45 0,001153 3,4873E-05 8,69889 × 10−91 y-intercept CD45

Sdc1 0,001101 0,000648 0,090655 / Sdc1

Sdc2 0,055181 0,011347 2,10704 × 10−6
+ Sdc2

Sdc4 −0,034054 0,009169 0,000254 − Sdc4

HPSE1∗ −0,017389 0,00798 0,03030448∗ − HPSE1

EXT1 0,040905 0,004848 3,24401 × 10−15
+ EXT1

EXT2 0,088969 0,004871 4,18827 × 10−47
+ EXT2

NDST1 0,072287 0,006357 3,38384 × 10−24
+ NDST1

NDST2 −0,124233 0,008917 1,25435 × 10−32 − NDST2

Periodontitis Adj. R Square = 0,999842 Significance (α = 0,01)

Factor Coefficients Std. Error P-value Correlation Factor

CD45 0,007491 0,000401 2,03439 × 10−48 y-intercept CD45

Sdc1 0,223765 0,050875 1,64866 × 10−5
+ Sdc1

Sdc2 0,038956 0,014481 0,007649 + Sdc2

Sdc4 −0,304709 0,196676 0,122646 / Sdc4

HPSE1∗ −0,546769 0,267466 0,042033∗ − HPSE1∗

EXT1∗ 0,081325 0,035296 0,022084∗
+ EXT1∗

EXT2 0,301984 0,017352 2,94539 × 10−44
+ EXT2

NDST1 0,295806 0,116812 0,011977 + NDST1∗

NDST2 −0,319424 0,082515 0,000140 − NDST2

Level of significance was set at α = 0,01 (∗∗∗p < 0,01); (+ positive correlation, − negative correlation, / no correlation); (∗border values, level of significance α = 0,05).

in gingiva from both test and periodontitis group was a bit
surprising. The increased activity of HPSE1 is considered as a
hallmark of inflammatory sites in various tissues designating
HPSE1 as a pro-inflammatory marker (Li and Vlodavsky,
2009). However, there are reports from studies on experimental
animals that HPSE1 might also act as an anti-inflammatory
agent in certain settings (Sanderson et al., 2017). Additionally,
changes in expression of HPSE1 should not be definitively
associated with the changes in HPSE1 enzymatic activity, because
the commercial antibodies against HPSE1 do not differentiate
between the inactive and active forms of HPSE1 (Kero et al.,
2018). With regard to that, IHC profiling of gingival tissue
with antibodies against specific epitopes of HS GAG side chains
might prove useful.

Another difficulty about the analysis of expression profiles
of HSPGs and HS-related enzymes is that these proteins
are ubiquitously expressed in various tissues and as such
require whole tissue section visualization, which fortunately
today can be performed at high resolution. However, in
order to fully utilize that, the quantification of IHC staining
must also be performed at whole tissue section level, but
in such a manner that the very shapes of tissue sections
do not pose serious bias for subsequent statistical analysis.
Here, this was achieved with regard to two attributes of IHC
staining – the total area covered by staining (expression
domain) and the distribution of intensity on a fixed ordinal
scale (px values). The quantification of IHC staining

gradients (i.e., the quantification of spatial distribution of
staining) on a whole tissue section level still needs to be
improved in order to obtain more detailed description of
microenvironment in which the various cellular processes
take place. This is of paramount importance, because the
regulation of inflammatory response in periodontitis might
also be driven by structural changes of microenvironment,
whose molecular features are still insufficiently explored.
Additional reason for continuing this line of research is
provided by the experimental studies on application of HS-
mimetics as potential therapeutic agents for regenerative
treatment of periodontitis (Lallam-Laroye et al., 2006;
Barritault et al., 2017).

CONCLUSION

Of all investigated factors, the expression domains of Sdc1,
HPSE1, EXT1, and NDST1 in gingival tissue displayed
statistically significant differences between control and
periodontitis group. The expressions of Sdcs in gingival
tissue correlated differentially with the presence of inflammatory
infiltrate in control and periodontitis group – in control group,
no correlation was found for Sdc1, whereas Sdc2 correlated
positively and Sdc4 correlated negatively; in periodontitis
group both Sdc1 and Sdc2 correlated positively with the
presence of inflammatory infiltrate, and no correlation was
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found for Sdc4. The expressions of HS biosynthesis (EXT1, EXT2,
NDST1, and NDST2) and degradation enzymes (HPSE1) display
similar correlation patterns with the presence of inflammatory
infiltrate in gingival tissue from control and periodontitis group –
EXT1, EXT2, and NDST1 correlate positively, whereas negative
correlation was found for NDST2 and HPSE1. The analyzed
histomorphometric parameters of gingival tissues were mostly
found to be well-balanced between the control and periodontitis
group with the exception of epithelial-stromal celularity ratio.
Therefore, it might be suggested that the homeostasis in diseased
gingival tissue is maintained to a significant degree, but the
underlying compensatory mechanisms differ from those in
healthy gingiva and could be related to the variable presence
of inflammatory infiltrate and changes in expression profiles
of Sdcs and HS biosynthesis and degradation enzymes. The
findings presented here might also be viewed with regard to
demographic risk factors for periodontitis such as age and
smoking (Calsina et al., 2002; Helal et al., 2019). Namely,
participants from the periodontitis group had higher mean age
and were predominantly smokers in contrast to the participants
from the control group (Table 1). Aging and smoking can
affect immunity on multiple levels, but how these risk factors
are exactly related to changes of HSPGs and HSPG-related
factors’ molecular profiles during the inflammatory response in
periodontitis still needs to be determined and, due to type of
data and methods of analysis applied here, goes beyond the
scope of this study.
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Novel approach for quantification 
of multiple immunofluorescent 
signals using histograms and 2D 
plot profiling of whole‑section 
panoramic images
Roko Duplancic1 & Darko Kero1,2*

We describe a novel approach for quantification and colocalization of immunofluorescence (IF) signals 
of multiple markers on high‑resolution panoramic images of serial histological sections utilizing 
standard staining techniques and readily available software for image processing and analysis. Human 
gingiva samples stained with primary antibodies against the common leukocyte antigen CD45 and 
factors related to heparan sulfate glycosaminoglycans (HS GAG) were used. Expression domains and 
spatial gradients of IF signals were quantified by histograms and 2D plot profiles, respectively. The 
importance of histomorphometric profiling of tissue samples and IF signal thresholding is elaborated. 
This approach to quantification of IF staining utilizes pixel (px) counts and comparison of px grey 
value (GV) or luminance. No cell counting is applied either to determine the cellular content of a given 
histological section nor the number of cells positive to the primary antibody of interest. There is no 
selection of multiple Regions‑Of‑Interest (ROIs) since the entire histological section is quantified. 
Although the standard IF staining protocol is applied, the data output enables colocalization of 
multiple markers (up to 30) from a given histological sample. This can serve as an alternative for 
colocalization of IF staining of multiple primary antibodies based on repeating cycles of staining 
of the same histological section since those techniques require non standard staining protocols 
and sophisticated equipment that can be out of reach for small laboratories in academic settings. 
Combined with the data from ontological bases, this approach to quantification of IF enables creation 
of in silico virtual disease models.

The immunofluorescence (IF) (and immunohistochemistry (IHC) in general) has long been recognized as one 
of the fundamental methods for biomedical research. Following the advent of antibodies targeted against specific 
proteins (and to a certain degree other classes of molecules such as glycans), IF is being regularly applied as a 
complementary method for the molecular profiling of tissue samples, which in turn is useful for the diagnostic 
purposes (subtyping of diseases such as tumors, inflammatory diseases, autoimmune disorders), and for the 
evaluation of outcomes of different experimental procedures performed in basic biomedical research. However, 
the ever increasing knowledge about the complexity of molecular regulatory networks derived from numerous 
experiments on knockout animals, functional and high throughput studies based on tissue homogenates (genome 
and proteome sequencing) puts additional demands on IF/IHC-based research of human tissue  samples1. To 
understand how a certain protein might be relevant to any given cellular or tissue process, it is not sufficient to 
simply observe if the signal (or staining) of that protein is present or absent in the sample of interest, but must also 
be disclosed in quantifiable parameters ’How much?’ and ’Where in the cell/tissue?’ the staining is present. While 
the molecular function of a protein is determined by its biochemical properties, the protein’s cellular/tissue func-
tion is influenced by its spatial relation to other proteins present in the same cellular/tissue compartment, which 
comprise either a well-defined functional group and/or participate in the inter-connected regulatory  pathways2.
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IF signal have three main properties. The first one is the expression pattern which can be nuclear or non-
nuclear (cytoplasmic, cell surface). The second one is its expression domain, i.e. the area occupied by IF signal. 
The third property of IF signal relates to its spatial gradient, i.e. how the IF signal is distributed within the cell/
tissue based on the variations of its overall intensity. At present, there are software tools for quantification of 
all three of these properties, but while the conventional computer-assisted scoring systems for quantification of 
staining are able to turn the expression patterns and expression domains into quantifiable parameters, they still 
fall short on quantification of IF signals’ spatial  gradients3. This does not pose much of a problem for quantifica-
tion of protein-markers expressed in the well-defined cell compartments (cell nuclei), or when their expression 
is localized to specific tissue structures and thus able to be analyzed within smaller Regions-Of-Interest (ROIs) 
determined by  investigator4. However, the quantification of IF signals from ubiquitously expressed markers with 
non-nuclear expression patterns requires different approach. This is not only due to their generally large expres-
sion domains (which in conventional approach would necessitate the selection of increasing number of ROIs), 
but also because their spatial gradients are extremely important indicator of biological  function5,6.

Here we describe a novel approach for quantification of expression domains and spatial gradients of multiple 
IF signals. To demonstrate the mechanics of the approach, we used human gingiva samples stained with primary 
antibodies against cell surface heparan sulfate proteoglycan (HSPG) syndecan 1 (Sdc1), heparan sulfate glycosa-
minoglycan (HS GAG), HS GAG-biosynthesis proteins and common leukocyte antigen CD45 (inflammatory cell 
marker). IF signals were quantified on the high-resolution whole-section panoramic images. In this approach, 
we utilize the readily available software for digital image editing and digital image analysis. This approach to 
quantification of IF staining utilizes pixel (px) counts and comparison of px grey value (GV) or luminance for the 
analysis of afforementioned properties of IF staining. No cell counting is applied either to determine the cellular 
content of a given histological section nor the number of cells positive to the primary antibody of interest. There 
is also no need for selection of multiple ROIs since the entire area of histological section is quantified. Although 
the standard IF staining protocol is applied, the data output enables colocalization of multiple markers (up to 
30) from a given histological sample. This can serve as an alternative for colocalization of IF staining of multiple 
markers based on repeating cycles of staining of the same histological section since those techniques require 
non standard staining protocols and sophisticated equipment that can be out of reach for small laboratories in 
academic settings.

Results
Histomorphometry—whole‑section area, fraction areas, cellularity. The analysis of expression 
domains of IF signals betwen groups of samples based on panoramic images with no selection of particular 
ROIs can be confounded by differences in histomorphometric profiles of the samples (Fig. 1A,B,E). The first 
counfounding factor is size—histological sections vary in size (even if they come from the same sample). Thus, 
instead of quantifying parameters in absolute values, relative values such as percentages or proportions should 
be used (Fig. 1A,B). The second confounding factor is related to the basic histological structure of the investi-
gated tissue, which in this case is gingiva. Gingiva is comprised of two tissue compartments—epithelial compart-
ment (gingival epithelium, sulcus epithelium and, in diseased samples, pocket epithelium) which encloses the 
connective tissue of stromal compartment. The substantial difference of group mean values of fraction areas of 
tissue compartments (or their ratios) presents a significant bias for statistical analysis of expression domains of 
IF signals between groups of samples if they, for instance, belong to a marker whose expression is more restricted 
to a particular tissue compartment—a good example is Sdc1, which is mainly expressed by epithelial cells and 
usually referred to as the epithelial HSPG (Heparan Sulfate ProteoGlycan)7. Basic histomorphometry was per-
formed on both panoramic H/E images and panoramic IF images of histological sections from 40 samples of 
human gingiva (20 from healthy donors and 20 from patients with advanced generalized periodontitis). The fol-
lowing parameters were measured and analyzed by descriptive statistics and t-test: whole-section areas, fraction 

Figure 1.  Formatting of histogram data from panoramic IF images of Sdc1 and DAPI IF signals (sample: 
DK-JN19-CHP; whole-section area—12.89  mm2; epithelial fraction area—18.42%; stromal fraction area—
81.58%) for statistical analysis of histomorphometry and expression domains; (Scale bar: 3000 µm). The 
numerical values of expression domains are presented cumulatively as absolute (A) and relative px counts (B,E), 
or fractionally (C,D) where the proportion of pxs is calculated for each px GV on 10–255 scale (x-axis) either 
for the whole section or particular tissue compartment. The advantage of this approach is that not only the 
total numerical value of expression domains can be calculated, but also the intensity of expression with regard 
to variations in px GV. Since the histogram output is congruent (total of 246 values), histograms with relative 
values can be used for calculation of investigated factors’ expression domains as group means (D, thick black 
arrows) and compared between different groups of samples. In contrast to absolute values, the use of relative 
values (proportions/percentages) is necassary due to variations in size between sections from different samples 
(in frame 1–6). Accordingly, certain histomorphometric parameters might also be of importance in subsequent 
statistical analysis of IF signals’ expression domains—these parameters are related to cellularity (presented here 
as cumulative values of DAPI expression domains (A,B)) and the overall tissue structure (epithelial and stromal 
compartment area fractions). On a between-group level, gingival samples from control and test (periodontitis) 
group have similar structure (E) with regard to the fraction areas of epithelial (29.13% vs. 24.27%) and stromal 
tissue compartments (70.91% vs. 75.72%) (t.-test: P = 0.3075; P > 0.1 (α = 0.1)). Thus, the statistical comparison 
of mean of IF signals’ expression domains between the two groups is not confounded by the potential over-
estimation of the expression domains of factors with predominant expression in particular tissue compartment. 
(Image created in Adobe Photoshop CC 2014, ver. 6.3; https:// www. adobe. com/ produ cts/ photo shop. html).
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areas of tissue compartments (epithelium/stroma). The mean whole-section area of control gingiva samples was 
9.29  mm2 (SD = ±4.63  mm2) compared with 12.21  mm2 (SD = ±3.21  mm2) mean whole-section area of diseased 
gingiva samples. Fraction areas and group means of fraction areas were expressed as relative values in percent-
ages. The mean epithelial and stromal fraction areas of control gingiva samples were 29.13% (SD = ±12.95%) 
(epithelium) and 70.91% (SD = ±14.91%) (stroma), whereas in diseased gingiva samples were 24.27% (SD = 
±12.34%) (epithelium) and 75.72% (SD = 12.34%) (stroma). There were no statistically significant difference of 
mean epithelial and stromal fraction areas between groups (t-test: P = 0.3075; P > 0.1 (α = 0.1)). The measure-
ment of cellularity in each sample was based on adding up relative values of fractional px counts sorted on a 
10-255 px grey value scale from histograms of whole section and tissue compartment panoramic IF images of 
DAPI staining (Figs. 1, 2A,B). Thus, the expression domain of DAPI can be used to present the cellular content 
of histological sections—as a proportion of the whole-section or tissue compartment area covered by cell nuclei. 
The mean group value of the whole-section cellularity of control and diseased gingiva samples was 26.08% (SD 
= ±10.07%) and 30.47% (SD = ±7.51%), respectively. No statistically significant difference in tissue cellularity 
was found between groups (t-test: P = 0.1989; P > 0.01 (α = 0.01)). Also, no statistically significant difference 
between groups was found when fractional cellularity of epithelial tissue compartments was compared (12.53% 
vs. 10.51% in epithelium; t-test: P = 1.833; P > 0.01 (α = 0.01)). However, the fractional cellularity of stromal 
compartments was significantly different (13.55% vs. 19.95%; t-test: P = 0.002; P < 0.01 (α = 0.01)). 

Quantification of expression domains of IF signals. Mean group values of expression domains of IF 
signals for whole-section, epithelial and stromal tissue compartments were analysed from histograms of pano-
ramic IF images. The comparison of expression domain of Sdc1 between healthy and diseased gingiva samples 
is provided as an example. In order to compensate for differences in size between different samples, fractional 
px counts were recalulated as percentages from the whole-section area and tissue compartment areas (epithelial, 
stromal) (Fig. 1C–E). The mean whole-section Sdc1 expression domain in healthy gingiva was 20.66% (SD = 
±3.08%) and in diseased gingiva 29.04% (SD ±4.97%). The mean epithelial expression domains were 46.64% (SD 
= ±2.76%) in healthy gingiva and 46.14% (SD = ±3.01%) in diseased gingiva, whereas the mean stromal expres-
sion domains were 7.85% (SD = ±2.54%) in healthy gingiva and 20.13% (SD = ±3.11%) in diseased gingiva. 
When compared between groups of samples, no statistically significant difference was found for the whole-sec-
tion (ANOVA: P = 0.08751; P > 0.01 (α = 0.01)) and epithelial (ANOVA: P = 0.96283; P > 0.01 (α = 0.01)) expres-
sion domains, however there was statistically significant difference between the stromal expression domains 
(ANOVA: P = 1.1×10−6; P < 0.01 (α = 0.01)). The mean expression domain of inflammatory cell marker CD45 
in diseased gingiva was found to be significantly increased compared with healthy gingiva (fourfold increase) 
(ANOVA: P = 2.7×10−8; P < 0.01 (α = 0.01)).

When using ANOVA to compare the expression of investigated marker between samples or group of samples 
represented as histograms of IF staining, two parameters need to deviate in order to detect statistically significant 
difference—firstly, the total value of px counts (either absolute or relative) from histograms need to be different 
(corresponding to differences in size of expression domain); and secondly, the distribution of px counts on a 
10–255 px GV scale (corresponding to the overall intensity of staining) should display difference in variance. 
Since the information of the actual size of expression domain and the overall intensity of staining is included 
in histograms, there is no need for tranformation of data into expression indices. Furthermore, the number of 
data points from histograms (total of 246 with the px GV threshold set at 10) is sufficient to enable the use of 
parametric tests for statistical analysis with higher level of confidence.

Quantification and colocalization of spatial gradients of multiple IF signals. 2D plot profiling 
was used for quantification of spatial gradients of IF signals (Fig. 3). In this case, spatial gradients of IF signals 
from seven different factors (HS 3G10, HS 10E4, EXT1, EXT2, NDST1, NDST2 and CD45) detected by staining 
of a single sample of diseased gingiva were co-localized by plotting data from their individual T-D (top-down) 
2D plots on the same graph (Fig. 4). Six simple linear regression models (each containing 8800 data points from 
T-D plots) were created with CD45 as dependent variable (y-axis), and other factors as independent variables 
(x-axis). The purpose of these models was to disclose the spatial overlap of the expression of investigated factors 
with the presence of stromal inflammatory infiltrate (CD45 IF signals). The correlation (R) and determination 
coefficients  (R2) vary depending on the amount of spatial overlap or colocalization of IF signals. Since most of 
the investigated factors are ubiquitously expressed in gingiva and not only in the areas with inflammatory infil-
trate, R and  R2 values were closer to zero than 1 being the lowest for EXT2 (R = 0.0219;  R2 = 0.0004; P < 1×10−8 
(α = 1×10−8)) and highest for NDST2 (R = 0.5502;  R2 = 0.3027; P < 1×10−8 (α = 1×10−8)) (Fig. 4D). Ultimately, 
a multiple linear regression model with CD45 as dependent variable and investigated factors as six independ-
ent variables was created. This was done in order to predict how the investigated factors affect the presence 
of inflammatory infiltrate—HS GAGs and related enzymes are known regulators of many cellular processes 
including the inflammatory response in which they can have both pro- and anti-inflammatory  roles8–13. The 
model shows high correlation and statistical significance (R = 0.96883;  R2 = 0.93844; P < 1×10−8 (α = 1×10−8)) 
(Fig. 4B–D). For calculation of the effect, a consecutive virtual knockout (VKO) was performed. In VKO, all val-
ues in T–D plot profiles of indepndent variable of interest are replaced with zeros having the mean px GV from 
the T–D profile of dependent variable re-calculated and compared with baseline value. According to VKO, some 
factors were predicted to exert pro-inflammatory effect (most pronounced being that of EXT1 with 2,5-fold 
decrease in mean CD45 grey value after virtual knockout), whereas others were anti-inflammatory (e.g. 1,5-fold 
increase in total CD45 grey value after virtual knockout of EXT2). The predictions from this model are far from 
being conclusive because the model is based on data from a single sample. However, it serves well to demonstrate 
how 2D plot profiling can be used in creation of models for prediction of behavior of biological systems. The 
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Figure 2.  Panoramic four-color heatmap for visualization of IF signal dynamic range (A) and px GV threshold 
setting (B–P) of IF signals from anti-Sdc1 primary antibody staining of gingiva from patient with advanced 
generalized periodontitis (sample: DK-JN19-CHP). Designations: bgd background, ge gingival epithelium, 
se gingival sulcus epithelium, ss subepithelial stroma. (Heatmap intensity range: black (0–9 px), blue (10–49 
px), green (50–149 px), red (150–254 px) and yellow (255 px); grey—DAPI); (Magnification: × 10 (A–P); scale 
bar: 1000 µm). To determine the minimal value of IF signal dynamic range (px GV threshold), a series of 8-bit 
binary threshold images from the original panoramic IF image is made (starting from 1 px GV and higher at 
1 px increments). The first 8-bit threshold image with background at 0 px GV is selected. In this case this is 
at px GV of 10. Subsequently, another series of 8-bit threshold images is made (threshold range) (thick white 
arrows; E,H,K) and matched (thin arrows) with regions on the original IF image (B, corresponding to yellow 
frame) containing strong (N) and weak IF signals (small red frames; C,O). Once the 8-bit threshold range 
image (F,I,L) which best fits the spatial distribution of weak signals is determined (F, blue frame), the third 
series of 8-bit threshold images is made (D,G,J,M,P). Spatial correlation between the several within-range px 
GV threshold areas and weak IF signals is then determined by linear regression using 2D plot profile values 
 (THRLD10 R

2 = 0.79, P = 4.64 ×  10–61;  THRLD20 R
2 = 0.68, P = 3.49 ×  10–45;  THRLD30 R

2 = 0.46, P = 8.77 ×  10–26; 
 THRLD40 R

2 = 0.41, P = 9.3 ×  10–22;  THRLD50 R
2 = 0.3, P = 1.45 ×  10–15). The 8-bit threshold image with the highest 

coefficient of determination (R2) (D, green frame) is used to set the IF signal threshold, in this case at px GV 
of 10. This is a cut-off for panoramic IF image histograms (far right). Counts of px corresponding to each GV 
below the threshold are excluded from the calculation. (Image created in Adobe Photoshop CC 2014, ver. 6.3; 
https:// www. adobe. com/ produ cts/ photo shop. html).
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underlying assumption is that the biological functions of molecular components of tissue are closely related to 
their spatial distribution.

The precision of colocalization of multiple factors and statistical models based on 2D plot profiling can be 
confounded by the differences in shape and cellular content of serial sections within sample. Thus, the num-
ber of sections compatible for multiple colocalization analysis was assessed by correlating spatial gradients of 
DAPI staining (Table 1). DAPI staining is visible in all serial sections because it is routinely performed as the 
background IF staining. Ideally, the spatial gradients of particular staining performed consecutively on serial 
sections from the same sample should display perfect linear correlation if the sections have identical shape and 
cell content. According to the analysis of DAPI staining, near perfect correlation can be observed for up to 30 
serial sections from individual gingiva samples (R = 0.9996;  R2 = 0.9993; P ~ 0). This also means that if each of 
those serial sections is successfully stained with different primary antibody, spatial gradients of up to 30 different 
factors could be colocalized by 2D plot profiling without the introduction of significant sampling error.

Discussion
In this paper we described a novel approach for quantification of colocalization of IF signals of multiple mark-
ers on high-resolution panoramic images. For the presentation purposes, human gingiva samples were stained 
with several primary antibodies against specific extracellular matrix (ECM) components and common leukocyte 
marker CD45. Attributes of IF signal, such as the expression domain (i.e., proportion of the whole-section or 
tissue compartment areas covered by IF signal) and spatial gradients (variation of IF signal intensity, or mean px 
GV, in entire histological section), were quantified by histograms and 2D plot profiles of panoramic IF images, 
respectively. The data output from histograms and 2D plot profiles is suitable for parametric statistical tests even 
if a small number of samples is analyzed. ANOVA was used for analysis of expression domains to disclose if 
the overall expression of investigated factors significantly changes when compared between groups of samples. 
Simple and multiple linear regression were used for the analysis of spatial gradients with assumption of true 
linear relationship between the two or multiple investigated factors if their expressions perfectly overlap in space. 
Additionally, regression models were created to predict how the changes of expression of a set of investigated 
factors (as independent variables) affect the overall expression of the outcome marker (in this case CD45). For 
this type of analysis, a computational colocalization of multiple factors needs to be done where a sample 2D plot 
profile is used as a template (Fig. 4).

This approach to quantification of IF signals is entirely based on simple algorithms for px count and measure-
ment of px luminance (px GV). It can also serve as an alternative to cell counting tools even though significant 
improvements of these tools have been recently introduced (including the new „Mastodon“ pluggin for ImageJ)14. 
The rationale behind this statement is that when IF signals (or IHC staining) get recorded on a digital image, 
they assume digital properties and can be perceived as a number of pixels with specific GV and location. As 
demonstrated here, the cellular content of histological sections can be calculated in the form of the expression 
domain of IF signals of DAPI nuclei marker.

In this approach, there is no need for selection of multiple ROIs because panoramic images are analyzed 
entirely. The selection of ROIs prior to actual quantification of IF signals of IHC staining is the usual procedure 
in many semi-quantitiative and quantitative scoring  systems15–19. While this may be sufficient when analyzing 
particular structures or expression of highly specific markers, it may not be adequate for quantification of ubiq-
uitously expressed markers whose expression domains cannot be covered by several ROIs on high magnification 
(Fig. 5). However, the downside of IF signal quantification from the entire panoramic image is that significant 
effort must be invested in histo-morphometric profiling of histological sections (Fig. 1). This is mostly related to 
variations in tissue structure and (to some degree) to the choice of markers whose IF signals need to be analyzed. 
Either way, the histo-moprhometric parameters need to be quantified in detail, as these may provide a source 
of confounders for subsequent statistical analysis of IF. Another confounder is related to the thresholding of IF 

Figure 3.  2D plot profiling of spatial gradient of anti-HS 3G10 IF signals (B–F) in panoramic IF image 
(dimensions: 5949 × 8800 px) of histological section of gingiva from patient with advanced generalized 
periodontitis (A) (sample: IP-DJD-2CHP; whole section area—9.38  mm2; epithelial fraction area—37.79%; 
stromal fraction area—62.21%). Designations: bgd background, ge gingival epithelium, ss subepithelial 
stroma, inf inflammatory infiltrate; thin arrows point to pseudo-epithelial hyperplasia with rete pegs extended 
throughout the subepithelial stroma as a feature of active inflammation. (Magnification: × 10 (B,C) and × 20 
(A); scale bar: 1000 µm). To quantify the spatial gradient of a particular IF signal, the panoramic IF image (B) 
and corresponding whole-section panoramic image (C) need to be profiled (thick black arrows) using ImageJ 
2D plot profiler option. 2D plot profiler calculates the mean px GV (on a 0–255 scale) for each px-wide row 
(two-way red arrows) (D, magnified detail from the framed region on B with px grid), from top to the bottom 
of the panoramic IF image (T-D plot; green arrow) which corresponds to scanning direction (from marginal 
toward apical portion of gingiva sample). The mean px GV for each row is calculated from a number of GVs of 
individual pxs (corresponding to the panoramic IF image width) producing the number of mean px GV data 
points (corresponding to the panoramic image height) plotted on T-D plots (E, F). The x-axis is calibrated to fit 
the µm scale – at 10 × magnification (scan resolution is 0.53937 µm/px; total scanning distance of 4745.9 µm). 
To exclude the background pxs with 0 GV from the calculation, the IF signal mean px GVs (E) need to be 
recalculated as relative px GVs expressed in proportions/percentages from the maximal mean px GV (F, G). 
The binary whole-section area image is used as a reference since it displays pxs with two GVs – 0 (background) 
and 255 (IF signals within the histological section area (C). Thus, the influence of all pxs locateted outside of the 
histological section on the T-D plot profile output is removed. (Image created in Adobe Photoshop CC 2014, ver. 
6.3; https:// www. adobe. com/ produ cts/ photo shop. html).
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signals or separating IF signals from non-specific staining (auto-fluorescence). Therein reside the advantages 
of IF compared to chromogens in IHC—fluorochromes provide signals with higher dynamic range which is of 
utmost importance for determination of IF signal threshold. Equalization of images, i.e. the increase of dynamic 
range, is recognized as an important step in digital image post-processing for the purpose of signal thresholding 
in IF and  IHC20. In this approach, the equalization of panoramic IF images is done simultaneously with image 
acquisition and not in the post-processing. Apart from the improvment of the workflow, this generally reduces 
the exposure of sections to excitation light, which in turn reduces the possibility of photo-bleaching of IF signals. 
While this is not an issue when only a few IF images need to be captured, in acquisition of panoramic IF images 
this is useful since the exposure of histological sections to excitation light is prolonged..

In quantification and analysis of spatial gradients of IF signals, the influence of the very shape of histologi-
cal sections must not be neglected. Since the quantification of IF signals is done on serial histological sections, 
a certain margin of sampling error might be introduced because no two sections from the same sample are 
completely identical. The simplest way to check if the difference in section shape within a sample can confound 
the subsequent statistical analysis of spatial gradients is by correlating 2D plot profiles of DAPI IF signals from 
consecutive histological sections. From tissue samples analyzed here, up to 30 consecutive sections with DAPI 
IF signals display almost perfect shape ad cell content correlation in single and multiple linear regression models 
(Table 1). This provides us with the estimate of the total number of different factors whose IF signals’ spatial 
gradients can be quantified, co-localized and correlated using 2D plot profiling if successfully stained on con-
sectuive sections. It should also be noted that when using 2D plot profiles for quantification of spatial gradients 
of IF signals, the formatting and precise alignment of panoramic IF images is of paramount importance (Figs. 3, 
4). In this approach, image alignment was done semi-automatically by action presets customized exclusively for 

Figure 4.  2D plot profiling for quantification and correlation of spatial gradients of IF signals from primary 
antibodies against HS GAG, HS GAG biosynthesis enzymes and common leukocyte antigen (CD45) in 
histological sections of gingiva from patient with advanced generalized periodontitis (sample: IP-DJD-2CHP). 
(Magnification: × 10; scale bar: 1000 µm). Spatial gradients of IF signals are plotted simultaneously on a single 
T-D plot (A) to devise the regression model. The purpose of the model is to disclose to how the presence of 
inflammatory cell infiltrate correlates with the expression of HS GAG and HS GAG biosynthesis enzymes. The 
spatial gradient for CD45 IF signal is set as dependent variable (y), whereas the spatial gradients for IF signals 
from HS 3G10, HS 10E4, EXT1, EXT2, NDST1 and NDST1 are designated as independent variables (x). Based 
on the regression function, a predicted CD45 spatial gradient is calculated (MODEL CD45) and plotted with 
the actual values of CD45 spatial gradient on several different plots (B–D) to check for the goodness of fit. The 
model is statistically significant (α = 1 ×  10–8, P < 1 ×  10–8) and reveals that the presence of inflammatory infiltrate 
can be well correlated with the expression of HS GAG and HS GAG biosynthesis enzymes (linear model: 
R = 0.95576;  R2 = 0.91348; polynomial curve fitting: R = 0.96883;  R2 = 0.93844). As visualized on the bar-chart of 
correlation coefficients (E), the deviation of the model (C,D) can be attributed to the low individual correlation 
of particular independent variables such as HS 3G10 (R = 0.32808;  R2 = 0.10763), HS 10E4 (R = 0.02445; 
 R2 = 0.00059), EXT2 (R = 0.02191;  R2 = 0.00048) and NDST1 (R = 0.07752;  R2 = 0.00601). IF signals of HS 3G10, 
HS 10E4, EXT2 and NSDT1 have larger expression domains and display different patterns than those of EXT1 
and NDST2 (more confined to stromal compartment with CD45) (top row). Thus, the spatial gradients of EXT1, 
NDST2 display stronger correlation (EXT1–R = 0.52064;  R2 = 0.27107) (NDST2–R = 0.55022;  R2 = 0.30275) with 
CD45. (Image created in Adobe Photoshop CC 2014, ver. 6.3; https:// www. adobe. com/ produ cts/ photo shop. 
html).

◂

Table 1.  Compatibility of serial sections for in silico colocalization and regression analysis of multiple IF 
signals based on correlation of spatial gradients of DAPI staining in whole-section panoramic images (sample: 
IP-DJD-2CHP). *Serial number of histological section stained with DAPI—the first section was used as 
reference (REF) (dependent variable—y) for auto-correlation (reference model); DAPI staining of every fifth 
consecutive section up to  30th section (independent variables—x) was correlated with the DAPI staining of the 
referent section. † Standard error and coefficients (slopes) are expressed in px grey values. ‡ Confidence interval 
for coefficients is set at 99%. § Statistical significance is set at α = 1 ×  10–8 (P < 1 ×  10–8).

Simple linear regression – DAPI staining T–D plots

Sections

R2 Std. Error† Coefficient

CI‡ Significance§

Sequence* Lower Upper F value P

REF (x)/(y) 1 1.9553 ×  10–14 1 1 1 2.6303 ×  1034 0

5th (x) 0.9989 1.0879 1.0022 1.0007 1.0038 8.4859 ×  106 0

10th (x) 0.9980 1.4998 1.0082 1.0062 1.0103 4.4611 ×  106 0

15th (x) 0.9943 2.5441 0.9883 0.9848 0.9919 1.5447 ×  106 0

20th (x) 0.9940 2.6178 1.0091 1.0053 1.0127 1.4584 ×  106 0

25th (x) 0.9846 4.1924 1.0086 1.0027 1.0146 5.6328 ×  105 0

30th (x) 0.98141 4.6084 1.0317 1.0251 1.0384 4.6466 ×  105 0

https://www.adobe.com/products/photoshop.html
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each sample in Adobe Photoshop CC 2014 ver. 6.3 (Adobe, San Jose, CA, USA), although there is a variety of 
pattern recognition software currently available that might be used to improve the  workflow21.

In the past the technology was developed as a way to simultaneously co-localize and identify unique combi-
nations of multiple markers on a cellular or tissue level—multi-epitope ligand cartography (MELC) is based on 
direct IF immunolabeling and consecutive imaging of tens to hundred of proteins in the same field-of-view22,23. 
In MELC, the IF immunolabeling of multiple markes is performed on the same histological section by repeating 
cycles of IF staining. Image acquisition and photo-bleaching of captured IF signals in situ are performed before 
the immunolabeling of another marker takes place. Along with the unified coding system in which the IF signals 
from multiple markes are detected as spatial signal maps and presented as binary vectors, the main advantage 
of MELC is that by using a relatively small number of samples it can identify hierarchical organization of com-
plex protein networks with great precision. Additionally, by application of MELC, even the histomorphometric 
parameters of tissues can be analyzed as is nicely demonstrated in studies on effects of cancer heterogeneity 
on effectiveness of various cancer  therapeutics24. On the downside, the protocol for MELC is fully automated 
and requires the use of sophisticated equipment which may be out-of-reach for small laboratories in academia 
settings.

The spatial distribution of proteins and other classes of molecules is important determinant of their biological 
function in tissues. In interpretation of data from IHC-based methods every effort is made to connect those two. 
With no disregard to well-known limitations of IHC, the validity of such interpretation is significantly related 
to the ability of researchers who use IHC to precisely quantify expression of investigated  markers5,25. Another 
issue is the traditionally small amount of markers that can be simultaneously co-localized and visualized and 
there is every need to go beyond the confinements of double immuno-labeling. The approach presented here is 
not the first one to improve that, but it does attempt to do so based on the standard staining protocols. It also 
aims to improve on the co-occurrence/correlation bias which is recognized in standard px-based approaches 

Figure 5.  Pie-chart comparison of expression domains of investigated factors with field-of-view 
(magnifications × 10, × 20 and × 40) and ROIs (× 40) expressed as fraction areas (%) from the whole-section 
area of samples of human gingiva. Whole-section areas absent of IF signals outside of field-of-view or excluded 
from ROIs are presented in black color. HSPGs, enzymes for biosynthesis of HS GAGs and HS GAGs (as 
much as the other ECM components) are ubiquitously expressed in various tissues and have large expression 
domains. Thus, the traditional approach for analysis and quantification of IHC staining or IF signals in which 
several ROIs are selected under high magnification (× 40) might indroduce bias by excluding from the analysis 
significant portions of the tissue. The expression domains are presented as cumulative values which does not 
account for the actual spatial distribution of IF signals. Another issue is related to the size of the analyzed 
samples. Histological sections of human gingiva analyzed here are relatively small (between 9  mm2 and 12 
 mm2)—a single ROI at magnification × 40, covers only 0.44% of the whole-section area, meaning that selection 
of 10 ROIs (4.4%; 95.6% of whole-section area excluded from analysis) or 20 ROIs (8.8%; 91.2% of whole-
section area excluded from analysis) cannot cover the entire expression domain of investigated factors. In bigger 
tissue samples, as the whole-section area increases, the fraction areas the from field-of-view and selected ROIs 
proportionally decrease. (Image created in Adobe Photoshop CC 2014, ver. 6.3; https:// www. adobe. com/ produ 
cts/ photo shop. html).
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to colocalization of IF and counteracted by application of various tests such as Costes’ randomization  test33–35. 
Namely, the co-occurrence/correlation bias, as recognized by the standard px-based approaches to colocaliza-
tion of IF which utilize histograms, is effectively eliminated when using 2D plot profiles for colocalization of IF 
from multiple markers as described here. 2D plot profiles contain more information than histograms, and when 
integrated in regression matrices, correlation analysis reflects both the overlap and variation of intensity of IF 
signals in space. Thus, more robust statistical models on functional importance of colocalization of multiple 
markers can be created. The number of factors that can be included in these models is sufficient to completely 
or partially reconstruct the signaling pathways or elements of regulatory networks in silico using data from 
ontologic bases as the template. Then, the ultimate test of the validity of this approach to quantification of IF can 
be conducted—by seeing if the predictions from statistical models can be replicated in actual live experiments.

Methods
For this study we used samples of human gingiva from the archival collection of histological slides at the Depart-
ment of Anatomy, Histology and Embryology (School of Medicine, University of Split). Gingiva samples were 
obtained from patients diagnosed with general destructive periodontitis. Patient screening and recruitment were 
done in accordance with the guidelines for classification of periodontal and peri-implant diseases as described 
 previously26,27. The sampled tissue was free gingiva which is a part of masticatory gingiva that spans from the 
gingival margin to the ridge of the alveolar bone. Procurement and processing of tissue samples were approved 
by the Ethical and Drug Committee of School of Medicine, University of Split (Class: 003-08/17-03/0001, No: 
2181-198-03-04-17-0043) in accordance with Helsinki  Declaration28. To facilitate the proper tissue orientation 
during the paraffin embedding, vestibular (labial/buccal) aspects of gingiva samples were marked by waterproof 
color immediately prior to sampling. Fixation in 4% paraformaldehyde took between 24 to 48 h. The samples 
were then cut in serial 5 µm thick sections and mounted on glass slides (three sections per slide). Every 10th 
slide was stained with hematoxylin/eosin (H/E) to confirm the presence and preservation of the structures of 
interest (gingival epithelium, gingival sulcus epithelium and subepithelial stroma).

Immunofluorescence (IF) staining. Deparaffinization and IF staining were performed following the 
standard protocol in our  laboratory29,30. Background blocking was done using Abcam Protein Block (ab64226; 
Abcam, UK) for 25 min after the antigen retrieval. The primary antibodies used for IF staining were: mouse-
monoclocal anti-Sdc1 (syndecan 1) (1:100; ab34164; Abcam, UK), rabbit polyclonal anti-EXT1 (exostosin 1) 
(1:100; ab126305; Abcam, UK), rabbit polyclonal anti-EXT2 (exostosin 2) (1:50; ab102843; Abcam, UK), rab-
bit polyclonal anti-NDST1 (bifunctional heparan sulfate N-deacetylase/N-sulfotransferase (1) (1:50; ab129248; 
Abcam, UK), rabbit polyclonal anti-NDST2 (bifunctional heparan sulfate N-deacetylase/N-sulfotransferase (2) 
(1:100; ab151141; Abcam, UK), mouse monoclonal anti CD45 (common leukocyte antigen/inflammatory cell 
marker) (1:200; ab8216; Abcam, UK), mouse monoclonal anti-HS 3G10 (heparan sulfate glycosaminoglycan, 
3G10 epitope) (1:100; 370260-1; Seikagaku Corp., Japan) and mouse monoclonal anti-HS 10E4 (heparan sulfate 
glycosaminoglycan, 10E4 epitope) (1:100; 370255-1; Seikagaku Corp., Japan). Sections were incubated with pri-
mary antibodies for 24 h at 4 °C. For application of anti-HS 3G10, sections had to be pre-treated with Heparinase 
III enzyme (0.02 IU/50 µl) (Seikagaku Corp, Japan) at 37 °C for 2 h. Secondary antibodies were used at dilution 
1:400: anti-mouse Alexa Fluor 488 (GREEN; ab150105; Abcam, UK) and anti-rabbit Alexa Fluor 488 (GREEN; 
ab150077; Abcam, UK). Cell nuclei were stained with diamidino-2-phenylindole (DAPI). Staining of samples 
of oral mucosa from maxillary tuberosity was performed as positive control. Expression patterns (nuclear/non 
nuclear) of IF signals were examined by the intensity correlation analysis (ImageJ Coloc Finder pluggin) as 
previously  described31,32. IF signals of all primary antibodies displayed non-nuclear expression patterns (data 
not shown).

Image acquisition and processing—H/E panoramic images. Orientation slides stained with H/E 
were examined under Olympus BX40 light microscope equipped with standard digital camera (Olympus DP27, 
Olympus, Tokyo Japan), and area-scan high-resolution digital camera (Basler aceA2500-14gm, Basler, Ger-
many) for manual slide scanner (Microvisioneer, Esslingen am Necker, Germany). H/E panoramic images were 
captured at magnification ×20 (exposure time: 8 ms; ISO: 100), exported as JPEG files and post-processed in 
Adobe Photoshop CC 2014 ver 6.3 (Adobe, San Jose, CA, USA). Orientational alignment was done by the action 
presets customized for every sample individually because sections from different samples vary in size and shape. 
The presets contain 4 basic operations for orientational alignment („Transform“, „Rotate“, „Crop“ and „Merge“) 
and enable execution of these operations by a single click. The overall size of H/E panoramic images (600 MB on 
average) was reduced by converting them from TIFF to JPEG format on a high-resolution background (600 dpi) 
in order to minimalize image detail loss and to preserve data storage space since these images were only used 
for preliminary histomorphometry. Epithelial tissue compartment (gingival epithelium, gingival sulcus epithe-
lium) and stromal tissue compartment were masked using graphic pen tablet (Wacom Intuos PRO, Wacom 
Co., Saitama, Japan). Whole-section area and areas of tissue compartments were measured by Magic Wand 
Tool/Histogram to be expressed as absolute values in px (number of px) (whole-section area), and as relative 
values (proportion of the whole-section area) expressed in percentages (%) (areas of tissue compartments). 
These measurements were subsequently used to calculate the group averages of whole-section areas and tissue 
compartment (epithelial, stromal) fraction areas. The same procedure was performed on panoramic IF images.

Image acquisition—panoramic IF images. IF stained slides were examined under Zeiss Axio Observer 
inverted epifluorescence microscope (Carl Zeiss Microscopy GmbH; Jena, Germany) equipped with Zeiss Axi-
ocam 506 digital color camera (Carl Zeiss Microscopy GmbH, Jena, Germany) set for full frame resolution 
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(2752 × 2208 px) which enables the acquisition of photomicrographs in original black & white (8-bit depth, 
TIFF), as well as in color format (Pseudo-colorizer module, sRGB color mode). Acquisition and stitching of 
photomicrographs into panoramic IF images were done simultaneously using Multi-channel and Panorama 
modules in ZEN 2.5 software (Carl Zeiss Microscopy GmbH; Jena, Germany), respectively. The settings for 
image histogram equalization (background subtraction and contrast adjustment) were saved as the main calibra-
tion preset executed automatically during the entire procedure of photomicrograph acquisition. Therefore, the 
panoramic IF images were rendered to display full dynamic range of px GV on a scale from 0 (pure black) to 
255 (pure white). Depending on the fluorescence channel, this also allowed us to make 2- to 5-fold reduction of 
the overall exposure time for photo-micrograph acquisition and consequently avoid the risk of photo-bleaching 
of IF signals. The exposure time in Multi-channel module for blue channel (DAPI IF signals) was set at 35 ms, 
whereas for the green channel (IF signals of primary antibodies) was set at 800 ms. For the stitching of photomi-
crographs (tiles) into panoramic IF images, tiles were captured sequentially by manual navigation along x/y axes 
guided by the on-screen live view of DAPI channel with minimal 20% overlap (x-axis) and 10% maximal shift 
(y-axis) between individual tiles. Panoramic IF images were closely inspected for quality (tiles alignment, stitch-
ing artefacts) and stored in raw format as CZI files (Zeiss proprietary file format) that contains original data and 
metadata. CZI files of each panoramic IF image were then exported in multiple TIFF format files—original black 
& white 8-bit, pseudo-colorized 8-bit and merged 16-bit). Only the original black & white 8-bit panoramic IF 
images were post-processed and used for further analysis. Namely, the pseudo-colorization reduces the overall 
dynamic range of IF signals making the adjustment of cut-off signal threshold (i.e. discrimination between the 
true IF signals and autofluorescence) and consequently the quantification of IF signals less precise. The reduc-
tion of dynamic range occurs because every software for image editing and/or image analysis „perceives“ colors 
as different shades of grey and by default converts color images to black & white images. How application of 
different software and even different image modes can affect the measurement of signal intensity (as output of 
px GV) is shown on a color step-tablet (Fig. 6). In order to confirm that IF signals display full dynamic range, 
four-color heatmaps of panoramic IF images were made, where each color represents a range of px GV as fol-
lows: BLUE (10–49; weak intensity), GREEN (50–149; moderate intensity), RED (150–254; strong intensity), 
YELLOW (255; very strong intensity). The protocol for the making of heatmaps was previously  described31.

Post‑processing of panoramic IF images. Post-processing of panoramic IF images was performed 
entirely in Adobe Photoshop CC ver. 6.3 (Adobe, San Jose, CA, USA). Orientational alignment of panoramic 
IF images was done in a similar way described for panoramic H/E images. Since the panoramic IF images were 
taken at ×10 magnification at full-frame resolution (and thus were comprised of less individual photo-micro-
graphs), there was no need for significant size reduction compared with panoramic H/E images. However, some 
formatting was still needed since ImageJ cannot load images which exceed certain dimensions limit (~120 000 
000  px2) irrespective of the file format. For the creation of whole-section area panoramic images, IF signal and 
corresponding DAPI panoramic IF images were merged („Lighten“ blending mode) and then thresholded at 
the lowest px GV of 1 rendering them as binary images with only two px GV values (0 and 255). The remaining 
black gaps at the interface between the background and tissue section on the newly produced merged images 
were traced with „Brush“ tool in order to enable the selection of the whole section by „Magic Wand“ tool. Then, 
„Total fill“ option was applied to fill the whole section area with pure white color. Blending masks for tissue 
compartments (epithelial/stromal) were made by tracing the interface between the epithelial and stromal tissue 
with „Brush“ tool. In this case, DAPI panoramic images were used as templates. IF signal panoramic images and 
whole-section area panoramic images were each blended with masks in „Darken“ blending mode. „Darken“ 
blending mode compares the px GV (luminance) of each pixel from the background and foreground blending 
layer and renders visible either the background or foreground blending layer px dependening on which one 
is darker. In case the two px are of equal GV, the background px remains visible after blending. Mathematical 
function for „Darken“ blending mode is: R = min{F,B} (R – resultant pixel; F—blending foreground pixel; B = 
background pixel). For each pair of IF signal and DAPI panoramic images, nine additional panoramic images 
were created—epithelial and stromal IF signal, epithelial and stromal DAPI and binary 8-bit images of the whole 
section area, two blending masks, epithelial and stromal compartment area (Fig. 7).

IF signal thresholding, histograms and 2D plot profiling. For the IF signal thresholding, we first 
made the measurement of the total background px GV at low GV thresholds (1–10) using „Threshold“ option 
in Adobe Photoshop CC 2014 ver 6.3 (Adobe, San Jose, CA, USA). After that, a ROI on panoramic image which 
contains weak IF signals is selected (Fig. 2C) and inspected for a range of px GV (10–50) (Fig. 2O), cropped and 
further processed in at least five 8-bit threshold images at specific threshold values (for example at 10, 20, 30, 40 
and 50). 2D plot profiles of the original ROI and threshold ROIs were made in ImageJ and used for correlation 
analysis—the IF signal threshold cut-off value equals to the threshold value of the threshold ROI which best 
correlates with the original ROI. Because we used 2D plots of threshold binary images containing px with GV of 
either 0 or 255, the correlation is strictly proportional to the amount of spatial overlap (or location) of the pat-
terns on threshold images (Fig. 2D,G,J,M,P) with IF signals on the original ROI (Fig. 2C; Supplementary mate-
rial: Dataset 3). Once the histograms of panoramic IF signal images are created („Histogram“ option in ImageJ), 
px counts for GVs below the threshold cut-off can be discarded (Fig. 2). The histograms have the uniform output 
of 256 values irrespective of the type or size of the image. This enables the presentation of expression domains 
of IF signals in the form of fractional px counts for each px GV. It also makes more sense because expression 
domain is generally comprised of signals with a range of intensities—if the expression domain is simply pre-
sented as a single cumulative value, a lot of information is lost. Once the IF signal thresholding was complete, 
the original panoramic IF images were further edited in order to „physically“ exclude px with GV below the 
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Figure 6.  750 × 150 pixel (px) color step-tablet (A) comprised of seven panels separated by black spaces (0). 
White panel (1) is pseudo-colorized in green (2), red (3) and blue (4) with three different merge combinations: 
yellow (green/red merge) (5), cyan (green/blue merge) (6) and magenta (red/blue merge) (7) as shown on 
scheme (B). Thick arrows point to 2D plot profiles of average px grey values (GVs) measured in left–right 
direction for each desaturated (converted to black & white) step-tablet. The average px GV is calculated from 
a 0 to 255 scale of all pxs in a 1 px-wide columns. Each panel from step-tablets contains the total number 
of 50 1 px-wide columns, and each column contains 150 pxs. Thus, for white panel (1), the average px GV 
is consistently 255.0 since all pxs belonging to white panel have GV of 255. Conversely, the average GV of 
black spaces is 0.0 since all black pxs have GV of 0. It should be noted that the average grey values for all 
pseudo-colorized panels are lower than the GV of the white panel. That is because the image analysis software 
discriminates colors in different shades of grey and prior to the analysis of colorized (or pseudo-colorized) 
image, desaturation (i.e. conversion to 8-bit black & white image) must be performed. The output average GV 
measurements of pseudo-colorized panels can also be affected by the inherent differences of algorithms for color 
desaturation applied in different software (see step-tablets for comparison between different software) and by 
different color modes such as Red–Green–Blue (RGB) and Cyan–Magenta–Yellow–Key (CMYK). These points 
should be considered for quantification IF signals based on measurements made on color images, especially with 
regard to double IF. (Image created in Adobe Photoshop CC 2014, ver. 6.3; https:// www. adobe. com/ produ cts/ 
photo shop. html).
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Figure 7.  Processing protocol for 8-bit (black & white) high-resolution panoramic IF images (dimensions: 6250 × 12,000 px) of 
histological section of gingiva from patient with advanced generalized periodontitis (sample: DK-JN19-CHP) containing anti-Sdc1 
IF staining (A) and DAPI nuclear staining (B). Designations: ge gingival epithelium, se gingival sulcus epithelium, ss subepithelial 
stroma, inf inflammatory infiltrate, H/E hematoxylin/eosin staining. (Magnification: × 10 (A–I,K,L) and × 20 (J); scale bar: 1000 µm). 
By tracing DAPI image as a template (background image), blending masks are made (thick yellow/red arrows) which will be applied 
for separation of epithelial compartment (includes both ge and se) and stromal compartment (thin white arrows) on Sdc1, DAPI 
and whole section area panoramic IF images. Merging is done in Adobe Photoshop CC 2014 ver 6.3 (Adobe, San Jose, CA, USA) 
using „DARKEN “ blending which enables visibility only of those parts of background under the white area of blending mask (thin 
white arrows; F–I,K–L). To produce a whole-section area panoramic image (E), Sdc1 and DAPI panoramic IF images are merged 
(C), and then set to the lowest possible threshold (1 px GV) (D) in order to partially fill in-section areas which contain no staining. 
The remaining gaps on the outer edges of newly produced whole-section area panoramic image (around ss where the oveall texture 
of tissue is loose) are closed wih „BRUSH “ tool (D, red color). This enables the precise selection of the total section area using 
„MAGIC WAND “ tool and subsequent filling of the whole-section area with pure white by „FILL “ option (E, thick yellow/blue 
arrows). Thus, the panoramic IF images are processed for quantification of histomorphometric parameters (surface size, celularity, 
tissue compartment areas) and IF signals of investiagted factors (expression domain, spatial gradient) in the whole-section scale or 
in particular tissue compartments. In contrast to standard procedures for quantification of IHC and IF signals, there is no need for 
selection of multiple ROIs on high magnification (× 40). (J; field-of-view at magnifications × 4 (blue frame), × 10 (black frame), × 20 
(green frame), × 40 (red frame)). (Image created in Adobe Photoshop CC 2014, ver. 6.3; https:// www. adobe. com/ produ cts/ photo shop. 
html).
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threshold cut-off. Each original panoramic IF signal images was merged with counterpart inverted threshold 
cut-off panoramic IF image using „Darken“ blending mode. As such, the original panoramic IF signal images are 
fully processed for the analysis of spatial gradients of IF signals. Again, the spreadsheet table of top-down (verti-
cal) 2D plot profile of the panoramic IF image is extracted in ImageJ and calibrated to fit the µm scale (at ×10 
magnification 1 px = 0.53937 µm) (Fig. 3A–D). 2D plot profiles basically list the average px GVs per 1 px-wide 
rows. In contrast to histograms, this means that the total number of output values depends on image dimensions. 
For the panoramic IF images of gingival samples taken at magnification ×10, the average 2D plot profile output is 
between 8000–12000 values. 2D plot profiles are then used for in silico colocalization of multiple IF signals and 
correlation analysis of their spatial gradients.

Statistical analysis. The attributes of IF signals were fully quantified and presented as continuous vari-
ables. Therefore, only parametric tests were used for the statistical analysis. Histomorphometric parameters 
of gingiva samples (whole section area, fraction areas of tissue compartments, cellularity) were analyzed by 
descriptive statistics and t-test. The level of significance for basic histomorphometric profiling of samples was set 
at α = 0.1 (P < 0.1) since these parameters were mostly presented as cumulative (single) values. For the analysis 
of expression domains of IF signals, single factor ANOVA was used with the level of significance set at α = 0.01 
(P < 0.01). Correlation of spatial gradients of IF signals was analyzed by simple and multiple linear regression 
with the level of significance set at α = 1×10−8 (P < 1×10−8). Based on multiple linear regression, a model was 
created in order to assess what kind of effect might each investigated factor (HS GAG, EXTs, NDSTs) exert on 
the presence of inflammatory infiltrate (CD45 set as main dependent variable) by means of VKO, i.e. replac-
ing all values in top-down 2D plots (T-D plots) of individual factors with 0. For T-D plots image is scanned in 
direction from the top to the bootom (along image height). The reason for choosing linear regression model was 
following: when the values from T-D plots of IF signals from two different factors are plotted on the x/y axis 
graph in the same sequence as they appear on the T-D plot, but in a way that T-D plot values from factor 1 go 
on x-axis (independent variable), and those of factor 2 on y-axis (dependent variable), they would conform to a 
linear function if they perfectly co-localize in space. Conversely, the more scatter appears on the x/y axis graph, 
the less two factors co-localize in space. The refinement of multiple linear regression model was done by non-
linear polynomial regression (6th order). Statistical tests and calculations were performed in Microsoft Office 
Excel 2016 (Microsoft Corp., Redmond, WA, USA). Datasets used for statistical analysis are publicly available 
(Supplementary material).

Ethical approval. Procurement and processing of tissue samples used in this study were approved by the 
Ethical and Drug Committee of School of Medicine, University of Split (Class: Class: 003-08/17-03/0001, No: 
2181-198-03-04-17-0043).
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Abstract: Since chronically inflamed periodontal tissue exhibits extracellular matrix (ECM) degrada-

tion, the possible alternative to standard periodontitis treatment is to restore ECM by supplementing

its components, including heparan sulfate glycosaminoglycan (HS GAG). Supplementation of the

degraded ECM with synthetic derivatives of HS GAGs has been shown to be effective for periodontal

tissue regeneration in experimental animal models of periodontitis. However, the potential of HS

GAG supplementation for the treatment of periodontal disease in humans is still unknown. Here,

we used a statistical model to investigate the role of HS GAG on inflammatory infiltrate formation

and alveolar bone resorption in humans with severe periodontitis. The model was based on data

from immunofluorescence staining (IF) of human gingiva samples, and reconstruction of a subset

of HS GAG -related proteins from STRING reactome database. According to predictions, increased

expression of native HS GAG might stabilize the accumulation of gingival inflammatory infiltrate

(represented by the general inflammatory cell marker CD45) and alveolar bone resorption (repre-

sented by Receptor Activator of Nuclear KB ligand (RANKL) and osteoprotegerin (OPG) ratio) but

could not restore them to healthy tissue levels. Therefore, supplementation of native HS GAG may

be of limited benefits for the treatment of sever periodontitis in humans.

Keywords: heparan sulfate glycosaminoglycan; immunofluorescence; inflammation; periodontitis;

statistical modeling

1. Introduction

Periodontitis is one of the most common chronic inflammatory diseases. Worldwide,
almost 11% of the population is affected by severe forms of the disease [1]. While many
environmental and intrinsic factors play a role in the pathogenesis of periodontitis, it is
well known that the inadequate host immune response to the presence of microbial biofilm
on the tooth surface perpetuates the vicious cycle of inflammation and periodontal tissue
breakdown. Severe forms of periodontitis are characterized by extensive degradation of
periodontal tissue, which ultimately leads to the loss of the affected teeth [2,3].

Extracellular matrix (ECM) components such as heparan sulfate glycosaminogly-
cans (HS GAGs) and their corresponding cell surface receptors such as HS proteoglycans
(HSPGs) of the syndecan (Sdc) family have long been shown to play important roles in
tissue homeostasis [4–6]. Studies on Sdcs knockout mice (KO) have shown that the absence
of individual Sdcs in tissues can promote inflammation, disrupt wound healing, and in-
crease resistance to microbial infection [7,8]. In addition, overexpression of Sdcs has been
reported in various pathological conditions [9,10]. Therefore, Sdcs may be characterized as
modulators of cellular processes. Many of these effects are in turn mediated by HS GAGs,
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which are the major ligands of Sdcs. HS GAGs can sequester and release a variety of impor-
tant regulators of cell behavior (growth factors, morphogens, inflammatory mediators). In
addition, the turnover of HS GAGs is highly responsive to changes in the local microenvi-
ronment and is influenced by several enzymes that regulate the biosynthesis, modification,
and degradation of HS GAGs. Total and/or conditional KOs of genes encoding these
enzymes (such as EXTs, NDSTs, and HPSE1) may also influence the course of inflammation
and susceptibility to microbial infection in various tissues in multiple ways [11–14].

The gold standard in the treatment of periodontitis is nonsurgical subgingival in-
strumentation of the affected root surfaces to remove biofilm formation, and in some
cases, antimicrobials with antiseptic and antibiotic agents are used [15]. However, other
approaches that might influence the host response to the bacterial load have not been
adequately explored. Because chronically inflamed periodontal tissues exhibit persistent
degradation of the ECM, the alternative to standard treatment is to rebuild the ECM using
synthetic derivatives of ECM components. In a series of in vivo studies in rodent models of
periodontitis, a synthetic HS GAG based on dextran polymers was administered to diseased
animals by multiple subcutaneous injections [16]. In addition to the resolution of gingival
tissue inflammation, regeneration of alveolar bone, periodontal ligament, and cementum
was also reported. These results are significant for two reasons: (i) periodontal disease in
the animals was induced by mono- or polymicrobial infection with periodontopathogenic
bacteria, which more closely mimics the onset of periodontitis in humans compared with
ligature-based models; (ii) resolution of inflammation and regeneration of periodontal
tissue occurred without any attempt to control the microbial component by mechanical
debridement of the affected teeth. Therefore, these results suggest that drugs based on
derivatives of ECM components (such as HS GAG) may be sufficient for the complete
treatment of periodontitis.

While synthetic HS GAGs have been shown to be effective in experimental animal
models of periodontitis, their potential for treating periodontal disease in humans is still
unknown. Using a statistical model, we aimed to predict whether changes in the bioavail-
ability and/or structure of native HS GAG have the potential to resolve inflammation and
promote alveolar bone regeneration in humans with severe forms of periodontitis. The
statistical model was based on in silico co-localization of several markers from immunoflu-
orescence staining (IF) of human gingival samples and reconstruction of the reactome of a
subset of HS GAG -related proteins using the Protein Ontology database.

2. Materials and Methods

2.1. Samples Procurement

This study is based on data obtained from human gingival samples preserved as
histological slides in the archival collection of the Department of Anatomy, Histology
and Embryology, School of Medicine, University of Split. The samples were obtained
from 40 participants, who were divided into two equally sized groups: healthy controls
and periodontitis affected. The periodontitis group consisted of patients diagnosed with
generalized periodontitis at stage III or IV according to the latest classification [17]. Detailed
inclusion and exclusion criteria have been described previously [18]. In short, the inclusion
criteria were age of at least 18 years, good general health, healthy periodontal tissue
(controls) and severe periodontitis stage III and IV (periodontitis group). The exclusion
criteria were the presence of systemic diseases and conditions (e.g., diabetes mellitus),
long-term medication or medical history of systemic antibiotic therapy within last six
months, pregnancy, alcohol and drug use, and the presence of lesions in the vicinity of the
sampling area.

In short, study participants were recruited from the Department of Oral Pathology and
Periodontology University of Split Hospital Centre. Clinical parameters such as probing
depth, gingival recession, clinical attachment level, full-mouth plaque score and full-
mouth bleeding scores were recorded. Patients were selected only after referral for clinical
crown lengthening (both groups), surgical periodontal treatment, and/or tooth extraction
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(periodontitis group only). The samples of gingiva were stored in sealed containers with
paraformaldehyde and immediately taken to the laboratory for further processing.

Each participant received, reviewed, and signed two documents: informed consent to
participate in the study and consent to the collection and processing of personal data, all in
accordance with the WMA Declaration of Helsinki [19], the EU General Data Protection
Regulation, and Croatian laws: Health Protection Act, Health Data and Information Act,
Patients’ Rights Protection Act, and Dentistry Act.

2.2. Immunohistochemistry and Immunofluorescence Staining

Immunohistochemical staining (IHC) was performed on every 10th slide using hema-
toxylin/eosin (H/E) to verify the preservation of tissue morphology and proper alignment
of tissue compartments (gingival epithelium, gingival sulcus epithelium, and subepithelial
stroma). We also used the Alcian Blue staining kit (pH 1.0, mucin staining) (ab150661)
(Abcam plc, Cambridge, UK), a polyvalent basic dye that binds to highly sulfated mu-
cosubstances (including glycosaminoglycans). Staining with Alcian Blue was performed
according to the manufacturer’s instructions.

The IF staining protocol from our laboratory has been described previously [20,21].
For staining with anti-HS3G10, a minor adaptation of the protocol was necessary including
pretreatment of histological slides with the enzyme Heparinase III (0.02 IU/50 µL) (Seika-
gaku Corp, Tokyo, Japan) at 37 ◦C for 2 h was performed before antigen retrieval [22]. The
primary and secondary antibodies used for this study are listed in Table 1.

Table 1. Primary antibodies are used for IF staining of histological sections of gingiva.

Primary Antibody Dilution Description/Function

Mouse monoclonal anti-Sdc1 (ab34164) * a 1:100
HSPGs; type 1 transmembrane proteins; cell surface receptors for HS GAG

which participate in cell proliferation, cell migration and cell-matrix
interactions; members of syndecan protein family

Rabbit polyclonal anti-Sdc2 (ab191062) * b 1:200

Rabbit polyclonal anti-Sdc4 (ab24511) * b 1:100

Rabbit polyclonal anti-EXT1 (ab126305) * b 1:100 Exostosins; endoplasmic reticulum resident type 2 transmembrane
glycosyltransferases; involved in biosynthesis of HS GAG (chain elongation

step); members of the GAGosome complexRabbit polyclonal anti-EXT2 (ab102843) * b 1:50

Rabbit polyclonal anti-NDST1 (ab129248) * b 1:50 Bifunctional enzymes involved in biosynthesis of HS GAG; catalyze
N-deacetylation and N-sulfation of glucosamine monosaccharides of HS

GAG (initial sulfation step); members of the GAGosome complexRabbit polyclonal anti-NDST2 (ab151141) * b 1:100

Mouse monoclonal anti-HS3G10 (370260-1) † c 1:100
HS GAG marker; reacts with HS GAG 3G10 epitope generated after the
digestion of HS GAG with heparinase III enzyme; binds to non-sulfated

regions of HS GAG; does not react with other classes of GAGs

Mouse monoclonal anti-HS10E4 (370255-1) † c 1:100
HS GAG marker; reacts with HS GAG 10E4 epitope which includes
N-sulfated glucosamines; reactivity abolished after treatment with
heparinase III enzyme; does not react with other classes of GAGs

Rabbit polyclonal anti-HPSE1 (ab85543) * b 1:200
Heparanase 1 enzyme (endoglycosidase); degrades HS GAG at cell surface
and within ECM into shorter oligosaccharide fragments; facilitates shedding

of syndecans’ extracellular domains

Rabbit polyclonal anti-SULF1 (ab32763) * b 1:200 Heparan sulfate 6-O-endo-sulfatases; selectively remove 6-O-sulfate groups
from HS chains of HSPGs (HS GAG desulfation); modulate activity of HS

GAG by altering binding sites for signaling moleculesMouse monoclonal [2B4] anti-SULF2 (ab113405) * c 1:25

Rabbit polyclonal anti-SLC26A2 (ab238591) * b 1:200
Transmembrane glycoprotein from the solute carrier protein family; involved

in the transport of cellular sulfate ions essential for sulfation of HS GAG.

Rabbit polyclonal anti-CD44 (ab157107) * b 1:500
Cell-surface receptor for hyaluronan; also binds HS GAG and interacts with
Sdcs, collagens, matrix metalloproteinases; involved in cell- interactions, cell

adhesion and migration

Mouse monoclonal anti-CD45 (PTPRC) (ab8216) * c 1:200
Protein tyrosine phosphatase; type 1 transmembrane protein present in

differentiated hematopoietic cells of myeloid and lymphoid lineage
(common leukocyte antigen)
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Table 1. Cont.

Primary Antibody Dilution Description/Function

Rabbit polyclonal anti-RANKL (TNFSF11)

(LS-B1425-0.05) ‡ b 1:200

Receptor activator of nuclear kappa-B ligand (TNF receptor superfamily);
type II membrane protein involved in bone remodeling and immune

reactions; promotes differentiation and activation of osteoclasts and specific
populations of immune cells

Rabbit polyclonal anti-OPG (TNFRSF11B) (ab73400) * b 1:500
Osteoclastogenesis inhibitory factor (TNF receptor superfamily); decoy
receptor for RANKL; inhibits osteoclastogenesis and bone resorption

Manufacturer: * Abcam plc, Cambridge, UK; † Seikagaku corp, Tokyo, Japan; ‡ LSBio inc, Seattle, WA, USA

Secondary antibodies: a Donkey polyclonal anti-mouse Alexa Fluor 594 (ab150108); b Goat polyclonal anti-rabbit
Alexa Fluor 488 (ab150077); c Donkey polyclonal anti-mouse Alexa Fluor 488 (ab150105); Secondary antibodies
used at dilution 1:400.

2.3. Image Acquisition and Processing

Acquisition and processing of images of histological sections of gingiva have been
described previously [18,22,23]. Slides were photographed using the panoramic tech-
nique at ×10 magnification with a Zeiss Axiocam 506 digital color camera (resolution
2752 × 2208 pixels (px)) mounted on a Zeiss Axio Observer inverted epifluorescence micro-
scope (Carl Zeiss Microscopy GmbH; Jena, Germany). Equalization and automatic stitching
of the individual photomicrographs (tiles) was performed in the software ZEN Blue 2.5
(Carl Zeiss Microscopy; Jena, Germany) using the “stitching tool” after all tiles had been
acquired. The panoramic images were saved in the proprietary Zeiss CZI raw format and
exported to the 8-bit TIFF format for further processing.

Panoramic TIFF images were processed using Adobe Photoshop 2020 (Adobe Inc., San
Jose, CA, USA) as previously described [18,22]. The processed images were then used for
quantification of IF signals and/or IHC staining.

2.4. Histomorphometry and IF Signal Quantification

The procedures for histomorphometry and quantification of IF signals from panoramic
images have been described in detail previously [18,22]. Here, we focused exclusively
on quantifying the spatial gradients of IF signals, i.e., determining the intensity/amount
of IF signal per unit of space. The intensity/amount of IF signals is calculated as the
average grey value (GC) or luminance of pixels (px) per unit of space with dimensions of
1 px (height) × number of px corresponding to the panoramic image width. The values
are plotted in a top-down (T-D) 2D plots, which may contain several thousand values
for each panoramic image. The T-D plots were created in ImageJ (ImageJ software, U.S.
National Institutes of Health, Bethesda, MD, USA) and exported as Excel spreadsheets
(Microsoft Office Excel 2016; Microsoft Corporation, Redmond, WA, USA). These were
subsequently used for compatibility testing of serial sections (T-D plots of DAPI staining),
in silico co-localization of IF from multiple markers, and statistical modeling. For better
visual representation of the signal intensity of IF, 4-color heat maps were created. The
heatmaps show the distribution of different intensity of IF signals on a scale of 0–255 px GV
as follows: BLUE (10–49 px GV; low intensity), GREEN (50–149 px GV; moderate intensity),
RED (150–254 px GV; strong intensity), and YELLOW (255 px GV; very strong intensity).
The procedure for the making of heatmaps was described previously [24].

2.5. Statistical Analysis and Modeling

Only T-D plots of panoramic images of gingival sections from the periodontitis group
were used for statistical modeling. To exclude background px around the histologic sec-
tions, values from the raw T-D plots were recalculated as relative values and expressed as
percentages of the maximum (MAX) GV as previously described (ref.). T-D plots for each
marker were then aggregated and transformed by calculating moving averages at intervals
of 5000 data points. The compressed T-D plots (each containing 7000 data points) were then
incorporated into a system of regression equations (first-level models) that could be used to
simulate the network effects of the interactions between HS GAG, HS GAG -related factors
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(HSPGs and enzymes), the inflammatory infiltrate (visualized by the general inflammatory
cell marker CD45 (PTPRC)), and alveolar bone degradation/regeneration (RANKL/OPG
axis). The advantage of such a system is that each variable can act simultaneously as a
predictor (independent variable) and outcome (dependent variable). The template for pair-
ing the variables in the regression equation system was based on the representation of the
functional protein network using the STRING reactome database [25]. Because the factors
studied belong to the same functional group and are closely related, the construction of the
regression equation system was divided into four modules. The main outcome variable
from each module was set as the main predictor (link) for the subsequent module until all
modules were closed in a loop.

Predictions from the original regression equations were calculated for each outcome
variable. Predictions were made by varying the mean spatial gradient value of the predictor
in 60 steps from 0 (virtual knockout—VKO) to 4-fold overexpression relative to baseline
in diseased gingiva. Predictors were recorded both as the mean spatial gradient of the
outcome variable and as the deviation from the mean spatial gradient of the baseline value
in diseased gingiva (in percent; % change). For this purpose, another set of matrices was
created. These matrices were used to calculate additional regression functions (second-
level models) that were incorporated into the final regression equation system (third-level
models) for predicting the expression profiles of the factors studied.

Spline (piecewise) regression (SplR) and multiple linear regression (MLR) were used
interchangeably for function fitting in first-level models. The knots for SplR were set
manually for each pair of variables depending on the shape of the spatial gradient curve.
Segments between the knots were fitted either linearly (simple linear regression) or non-
linearly (2nd and 3rd order polynomial nonlinear regression). The decision for the type
of adjustment was made according to the following guidelines: (i) known effect of the
predictor on the outcome variable based on experimental data from the relevant literature
dictating the type of correlation between the two (positive correlation, negative correlation,
linear, nonlinear); (ii) since data in T-D plots are expressed as percentages (fractions of MAX
px GV), the value of the y-axis intercept should be between 0 and 100; (iii) the coefficient
of determination (R2) per segment should not be less than 0.9 to minimize the cumulative
error for the model representation of each outcome variable; (iv) for very short segments
up to 4 data points, linear fitting is preferred to nonlinear fitting if the y-axis intercept
condition is met; (v) the functions included in SplR must reflect the effect of peak or floor
plateaus—because the model variables represent ECM components and factors associated
with ECM components that exhibit such characteristics, some degree of nonlinearity had to
be introduced by SplR for each pair of variables. The second and third level models were
fitted with non-linear functions (polynomial regression) only.

According to ASA Statement on Statistical Significance and p-values, p-values for
regression tests were presented as calculated and should be interpreted accordingly [26].
Statistical analysis was performed in Microsoft Office Excel 2016 (Microsoft Corporation,
Redmond, WA, USA). Regression matrices and calculator for prediction of expression
profiles are included in the supplemental material (Supplementary Datasets S1–S4).

3. Results

3.1. Expression of HS GAG and Associated Factors in Healthy Gingiva and in Gingiva of Patients
Affected by Periodontitis

Healthy gingival tissue shows an abundance of highly sulfated mucosubstances
throughout the subepithelial stroma compared with the subepithelial stroma of gingiva
from patients with periodontitis. HS GAGs labeled by HS10E4 and HS3G10 staining are
highly expressed in the epithelial compartment of both healthy and diseased gingiva,
whereas their expression is sparsely distributed in the subepithelial stroma. The majority
of HS GAG in the subepithelial stroma is bound to connective tissue strands and blood
vessel walls (Figure 1). Different populations of stromal cells express HS GAG, including
fibrocytes, vascular endothelial cells, and inflammatory cells. Similar expression patterns
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can be observed for the HS GAG cell surface receptors and enzymes for the synthesis and
modification of HS GAG at the interface between infiltrated and noninfiltrated subepithe-
lial stroma and alveolar bone (Figure 2). Comparison of the mean spatial gradients of HS
GAG in healthy and diseased gingiva indicates different expression profiles of healthy and
diseased gingiva (Figure 3, Supplementary Dataset S3). The latter is characterized by a
slightly lower amount of less sulfated HS GAG, a much higher RANKL/OPG ratio and the
presence of inflammatory infiltrate (CD45).
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Figure 1. Panoramic images of healthy gingiva (control sample DK -NV2-ZK) (A–C) and diseased

gingiva (severe periodontitis sample DK -SL17-CHP) (D–F); Alcian Blue staining (A,D); IF staining

with primary antibodies against HS GAG, anti-HS10E4 (B,E) and anti-HS3G10 (C,F); The subepithelial

stroma of healthy gingiva is rich in highly sulfated mucosubstances including GAGs (A, blue color),

whereas their abundance is reduced in diseased gingiva (D). Reactivity with anti-HS10E4 (marks

the sulfated regions of HS GAG chains) and anti-HS3G10 (marks the non-sulfated stumps of HS

GAG) is visible mainly in the epithelial compartment of both healthy and diseased gingiva (white

color; blue color—DAPI background staining); Reactivity to both antibodies is also seen in the

subepithelial stroma (walls of blood vessels, inflammatory infiltrate), although it is more pronounced

in the diseased gingiva. Magnified framed areas from Alcian Blue (G,J) and IF (H,I,K,L) panoramic

images show the interface between the epithelial compartment and the subepithelial stroma with

blood vessels (red arrows) strongly expressing HS GAG. (Magnification: ×10; Designations: gingival

epithelium (ge), subepithelial stroma (ss), periodontal pocket epithelium (pe), and inflammatory

infiltrate (inf). Image created in Adobe Photoshop 2020, version 21.2.0.
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Figure 2. Expression of the studied markers in diseased gingiva (severe periodontitis sample DK-IP13-

CHP) at the interface between noninfiltrated subepithelial stroma, alveolar bone, and inflammatory

infiltrate (framed area on Alcian Blue panoramic image (A)). All markers are expressed in the area

with different intensity (HS GAG cell surface receptors (C–E,P); HS GAG (K,L); HS GAG biosynthesis

and degradation factors (F–J,M–O); inflammatory cell marker (CD45) (B); bone resorption/formation

markers (RANKL, OPG) (Q,R); heatmap colors represent the intensity of IF signals: background

(0–9 px GV; black), weak (10–49 px GV; blue), moderate (50–149 px GV; green), strong (150–254 px

GV; red), and very strong intensity (255 px GV; yellow). (Magnification: ×10; Designations: gingival

epithelium (ge), subepithelial stroma (ss), alveolar bone (ab), and inflammatory infiltrate (inf). The

image was created with Adobe Photoshop 2020, version 21.2.0.
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Figure 3. Bar-chart comparison of the expression profiles of the investigated markers in healthy

(control) and diseased (severe periodontitis) gingiva samples. The expression of each marker is shown

as the mean spatial gradient with standard deviation. The mean spatial gradients of DAPI staining

are shown as reference values. The image was processed in Adobe Photoshop 2020, version 21.2.0.

3.2. Parameters of Regression Equation System

Pairing of variables and creation of the regression equation system was done using
the STRING reactome network of factors under study as a template (Figure 4). The system
consisted of 32 regression equations, of which 22 were SplR pairs, and 11 were MLRs.
On average, the goodness of fit for SplRs was R2 = 0.99992 and for MLRs R2 = 0.86061
with p ≈ 0. A total of 12,342 knots were introduced for SplRs. A detailed list of statistical
parameters for the first-level models can be found in Table 2.
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Figure 4. Functional protein network and enrichment from the STRING Reactome database. Net-

work nodes represent the first shell and only 5 proteins from the second shell of interactors. Edges

indicate confidence in functional and physical protein association. Colored nodes represent sig-

nificantly enriched reactome pathways HSA-2022928 (HS GAG biosynthesis), HSA-2024096 (HS

GAG degradation) and HSA-3000170 (Sdc interactions). Image processed in Adobe Photoshop 2020,

version 21.2.0.
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Table 2. Regression parameters for SplR pairs and MLRs in first-level modeling of spatial gradients

of investigated markers.

Model Parameters

Predictors
Outcomes

R2 Df † FIT ‡ Knots MODULE §
Marker Mean * Std. Error

HPSE1

Sdc1 2.80123 0.03626 0.99912 1
SplR

545

1

Sdc2 5.07486 0.00304 0.99999 1 579
Sdc4 10.49152 0.00395 0.99998 1 570

Sdcs
HS10E4

6.54086 0.32258 0.98241 3 MLR N/A
HS10E4 6.54091 0.00663 0.99999 1

SplR

358

HS10E4

EXT1 5.50899 0.00479 0.99999 1 226

2

EXT2 21.97313 0.01919 0.99996 1 188
NDST1 6.346521 0.00357 0.99998 1 357
NDST2 5.29767 0.00963 0.99997 1 217

EXTs, NDSTs
HS10E4 6.54091 0.31644 0.99795 4

MLR N/A
HS3G10 13.41192 0.42029 0.99902 4

HS10E4 HS10E4 6.54103 0.02772 0.99987 1
SplR

185
HS3G10 HS3G10 13.41494 0.01222 0.99981 1 451

HPSE1, Sdcs, EXTs, NDSTs
SULF1 22.24313 0.55832 0.97743 7

MLR N/A

3

SULF2 23.54117 0.34153 0.95915 7
HPSE1, NDST1 SLC26A2 3.62778 0.53376 0.58391 2

SULF1 SULF1 22.24361 0.01709 0.99998 1
SplR

642
SULF2 SULF2 23.54061 0.01529 0.99992 1 730

SLC26A2 SLC26A2 3.62767 0.00372 0.99998 1 646
SULFs, SLC26A2 HS10E4 6.54181 0.37448 0.97629 3 MLR N/A

HS10E4 HS10E4 6.54103 0.00194 0.99999 1 SplR 1104
Sdc1

OPG

0.97662 0.00158 0.99998 1
SplR

454

4

HS10E4 0.97665 0.00209 0.99996 1 437
OPGa, OPGb 0.97671 0.00125 0.99998 2 MLR N/A

OPG RANKL 4.72004 0.00279 0.99999 1
SplR

495
RANKL/OPG RATIO CD45 1.11445 0.00105 0.99999 1 776

Sdcs CD44 9.51209 0.64461 0.32535 3 MLR N/A
CD44 CD44 9.51218 0.00318 0.99998 1

SplR
712

CD44 CD45 1.11444 0.00188 0.99993 1 888
Sdc1, HS10E4 CD45 1.11445 0.13179 0.66525 2 MLR N/A

CD45 CD45 1.11445 0.00076 0.99998 1 SplR 683
CD45a, CD45b, CD45c CD45 1.11445 0.00049 0.99999 3 MLR N/A

CD45 HPSE1 4.10009 0.00481 0.99989 1 SplR 841

* Mean value of investigated markers’ spatial gradients in diseased gingiva (periodontitis group) calculated from
7000 data points large T-D plots (n = 7000); values measured in % from px MAX GV; † degrees of freedom; ‡ Spline
regression (SplR) or multiple regression (MLR) p-value for all models p ≈ 0 with confidence interval CI = 10−8;
§ Modules for the second- and third-level modeling corresponding to the reconstruction of functional protein
network from STRING reactome databa.se.

3.3. The Effects of HPSE1 and Sdcs on the Expression/ECM Content of HS GAG—Module 1

The variables included in Module 1 are as follows: HPSE1 (main predictor), Sdc1–4
(intermediate predictors), and HS10E4 (main outcome; main predictor/link to module 2)
(Figure 5A,B). The SplR pairs were modeled according to the well-documented role of
HPSE1 as an endoglycosidase enzyme that cleaves HS GAG chains and facilitates shedding
of the extracellular domains of Sdc [27–29]. Therefore, VKO or the absence of HPSE1
(−100% of baseline expression measured in diseased gingiva) is predicted to increase
the expression of HS GAG and Sdcs. Conversely, overexpression of HPSE1 is predicted
to lead to a gradual decrease in the expression of HS GAG and Sdcs. Peak levels at
which overexpression of HPSE1 irreversibly downregulates the expression of HS GAG and
Sdcs are predicted at 195% (2.95-fold) and 260% (3.6-fold) HPSE1 overexpression for the
entire Sdcs complement and HS GAG, respectively. A nonlinear correlation between Sdcs
expression and HS GAG is modeled (3rd order polynomial function). Sdcs are major cell
surface receptors for HS GAG, and their presence partially overlaps with the expression
of HS GAG in the ECM adjacent to cells. Thus, VKO of Sdcs is predicted to decrease
the expression of HS GAG by nearly 50% (−2-fold), whereas the steady increase in the
total amount of Sdcs positively correlates with the expression of HS GAG, up to a peak
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extrapolated at approximately 600% (7-fold) overexpression of Sdcs relative to baseline
levels measured in diseased gingiva (Supplementary Datasets S1 and S3).
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Figure 5. Modeling flowchart (A) and predictions (B,C) for the effects of HPSE1, Sdcs, and GAGosome

enzymes on gingival HS GAG—Modules 1 and 2. Nodes in the flowchart represent individual

variables. Note that the variables HS10E4 and HS3G10 were modeled iteratively. The total amount

of HS GAG was calculated as the sum of HS10E4 and HS3G10 after the last iteration (Module 2).

The values on the x–axis correspond to the difference between the input and baseline levels of the

mean spatial gradients of the predictors measured in the diseased gingiva (severe periodontitis

group). The values on the y–axis correspond to the difference between the predicted and baseline

levels of the mean spatial gradients of the outcome variables measured in the diseased gingiva

(severe periodontitis group). (Designations: multiple linear regression (MLR; furcated elbow arrows);

spline regression (SplR; dotted arrows); virtual knockout (VKO); *** linking variable to succeeding

module(s)). Image processed in Adobe Photoshop 2020, version 21.2.0.

3.4. Biosynthesis of HS GAG and Feedback Loop between HS GAG and GAGosome
Enzymes—Module 2

In Module 2, the balance between the ECM-located (external) HS GAG and the newly
synthesized intracellular HS GAG was modeled. The latter is represented by four key
enzymes responsible for the biosynthesis of HS GAG (EXT1-2, NDST1-2), forming the
so-called GAGosome complex in the endoplasmic reticulum (ER) [30,31]. Therefore, the
HS10E4 model from Module 1 was set as the main predictor with EXTs and NSDTs as
intermediate predictors. Given the known functions of EXTs and NDSTs, HS10E4 and
HS3G10 were set as the main outcomes for Module 2, representing total synthesized of HS
GAG (HS10E4 + HS3G10) (Figure 5A,C). The assumption that quadruple VKO of EXTs and
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NDSTs leads to attenuation of HS GAG synthesis was also introduced. While EXTs have
been shown to be essential for HS GAG biosynthesis, there is evidence that EXTs and NDSTs
have overlapping functions [32–34]. Together with the relative concentrations of EXTs and
NDSTs within the GAGosome complex, this has a major impact on the amount of newly
synthesized HS GAG [35]. According to the models from Module 2, the amount of newly
synthesized HS GAG varies nonlinearly (6th order polynomial function) as a function of dif-
ferential expression of EXTs and NDSTs. The peak is predicted at 230% (3.3-fold) overexpres-
sion of HS GAG compared to baseline levels in diseased gingiva, after which GAGosome
complex shutdown should occur (Figure 5C, Supplementary Datasets S1 and S3).

3.5. The Effects of SULF1-2 and SLC26A2 on Changes in Sulfation of HS GAG—Module 3

Module 3 was added as an open-ended side module to predict variation in sulfation
of HS GAG in addition to its initial sulfation by the GAGosome enzymes modeled in
Module 2. SLC26A2 and SULF1-2 were set as intermediate predictors with links to multiple
variables (main predictors) from Module 1 and Module 2 based on the reconstruction of
the STRING reactome network (Figures 4 and 6A,B). SLC26A2 and SULF1-2 affect the
sulfation of HS GAG in different ways, with SLC26A2 being a major supplier of sulfate
ions (substrate), while SULF1-2 removes sulfate groups at specific sites in HS GAG chains
(desulfation) [36–39]. As the main outcome, an artificial HS10E4 model variable was
created and used to calculate the corrected values of HS GAG sulfation (expressed as a
percentage) according to the simple formula (HS104/Total HS GAG) * 100. Depending on
the differential expression of SLC26A2 and SULF1-2, the sulfation of HS GAG is predicted
to vary below and above the value measured in healthy gingiva, which is on average 40%
(1.4-fold) above the baseline value in diseased gingiva (Figure 6B, Supplementary Datasets
S1 and S3).
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Figure 6. Modeling flowchart (A) and predictions (B) for the effects of SULF1–2 and SLC26A2 on

sulfation of HS GAG – Module 3. Note that the artificial variable for HS10E4 was introduced to

model the sulfation of HS GAG. The predicted values for the sulfation of HS GAG are below and

above the baseline control level. (Designations: multiple linear regression (MLR; bifurcated elbow

arrows); spline regression (SplR; dotted arrows); virtual knockout (VKO); * artificial variable). Image

processed in Adobe Photoshop 2020, version 21.2.0.
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3.6. Modulation of RANKL/OPG Ratio and CD45 Expression by HS GAG—Module 4

Modulation of the RANKL/OPG ratio and CD45 expression in the gingiva by HS
GAG and related factors was modeled in Module 4. Thus, the RANKL/OPG ratio and
CD45 were set as the main outcomes, with CD45 being the link variable to Module 1
(via the model variable HPSE1) (Figure 7A). In addition to STRING reactome network
reconstruction (Figure 4), these assumptions were also considered for the arrangement
of the main predictors (HS10E4, Sdc1, CD44) and the intermediate predictors (artificial
variables OPGa–b; CD45a–c): (i) Sdc1 binds to OPG via HS GAG chains, making OPG
less available to act as a decoy receptor for RANKL [40–42]. Thus, Sdc1 and HS GAG
may shift the RANKL/OPG ratio in favor of RANKL, promoting bone resorption and
inflammatory conditions; (ii) depletion of HS GAG content and lack of expression of
Sdc1 and CD44 promote inflammatory conditions [43–45]; (iii) overexpression of Sdc1 and
CD44 is also observed in some inflammatory conditions [18,46,47]. As predicted by the
models in Module 4, VKO and overexpression of HS GAG could have opposite effects on
the RANKL/OPG ratio and expression of CD45 (Figure 7B,C). However, the restoration
of the RANKL/OPG ratio in healthy gingiva (approximately −80%, −5-fold compared
with baseline in diseased gingiva) and CD45 expression (approximately −57%, −2.3-fold
compared with baseline in diseased gingiva) could not be predicted for the entire range
of HS GAG expression (VKO to 300%, 4-fold overexpression compared with baseline in
diseased gingiva) (Supplementary Datasets S1 and S3).
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Figure 7. Modeling flowchart (A) and predictions for modulation of RANKL/OPG ratio (B) and

CD45 expression (C) by HS GAG – Module 4. Artificial variables for OPG (OPGa–b) and CD45

(CD45a–c) are introduced to model the combined effect of a list of predictors (Sdcs, HS10E4, and

CD44) on the main outcomes (RANKL/OPG ratio, CD45). (Designations: multiple linear regression

(MLR; furcated elbow arrows); spline regression (SplR; dotted arrows); virtual knockout (VKO);

* artificial variables; *** link variable to Module 1). Image processed in Adobe Photoshop 2020,

version 21.2.0.
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3.7. Predicted Effects of Native HS GAG on Gingival Inflammatory Infiltrate and Alveolar Bone
Formation/Degradation from the Overall Model

The expression profiles for HS GAG, the RANKL/OPG ratio, and CD45 were repro-
duced considering the cumulative network effect from Modules 1–4 (Figure 8). On this
basis, it is predicted that decreasing presence of native HS GAG (from baseline level in
diseased gingiva to VKO) decreases the RANKL/OPG ratio, while increasing expression
of CD45. Similar effects on RANKL/OPG ratio and CD45 were predicted for overexpres-
sion of native HS GAG (200%, 3-fold overexpression from baseline in diseased gingiva).
However, a steady increase in native HS GAG to these peaks is predicted to stabilize both
the RANKL/OPG ratio and CD45 expression near baseline levels in diseased gingiva
(Supplementary Datasets S1, S3, S4).
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Figure 8. Overall model predictions for the effect of native HS GAG on inflammatory infiltrate in the

gingiva and alveolar bone formation/degradation. Note the contrasting effects of altered expression

of HS GAG (from VKO to 3.5–fold overexpression of HS GAG from baseline in diseased gingiva) on the

RANKL/OPG ratio and CD45. However, for most of the overexpression range, HS GAG is predicted

to stabilize the RANKL/OPG ratio and CD45 expression above control values in healthy gingiva.

The image was processed in Adobe Photoshop 2020, version 21.2.0.

4. Discussion

The aim of this study was to evaluate the effects of native HS GAG on inflammatory
infiltrate formation and alveolar bone resorption in severe periodontitis in humans using
statistical modeling of data from IF staining of samples of human gingiva. The amount and
structure (sulfation) of HS GAG differ between healthy and diseased gingiva, consistent
with different expression profiles of proteins associated with biosynthesis and posttransla-
tional modifications of HS GAG reported in our previous study [18]. The predictions of the
statistical model imply that an increasing amount of native HS GAG in diseased gingiva
could stabilize the spread of the inflammatory infiltrate and osteoclastogenic activity. On
the other hand, the decreased presence (or absence) of native HS GAG could promote
the spread of the inflammatory infiltrate while suppressing osteoclastogenic activity by
lowering the RANKL/OPG ratio. However, we were unable to predict that increasing or de-
creasing the presence of native HS GAG in diseased gingiva could reduce formation of the
inflammatory infiltrate and osteoclastogenic activity at levels observed in healthy gingiva.

The predictions of our model do not fully support the results of studies on the efficacy
of supplementing degraded native HS GAG with its synthetic derivative (HS GAG mimetic)
performed on experimental rodent models of periodontitis [16,48–50]. As reported, the ad-
ministration of synthetic HS GAG was well tolerated by the animals, and the inflammation
of soft periodontal tissues was significantly reduced. In addition, there were detectable
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signs of periodontal tissue regeneration after treatment with synthetic HS GAG. A pro-
posed explanation was that synthetic HS GAG may be more resistant to fragmentation
by degradative enzymes than native HS GAG due to its altered biochemical properties.
However, the beneficial effects on periodontal tissue depended on the optimal dosage of
synthetic HS GAG - it was found that administration of lower or higher doses may equally
exacerbate the course of experimental periodontitis.

In animal models of periodontitis, researchers can replicate the clinical signs (gingivitis,
alveolar bone resorption) but not the baseline conditions and the exact pathogenetic mecha-
nism of periodontitis as it occurs in humans [51–55]. Therefore, the significant advantage of
the model of periodontitis presented here is that it is based on the raw data obtained from
human participants suffering from the real form of severe periodontitis. By combining
the data from protein ontology databases and various regression techniques, a dynamic
statistical model can be created, in which different roles of the factors under study can be
incorporated, while the effects of their changing expression on the outcome(s) of interest
can be replicated simultaneously. The arrangement of individual modules, quantification
of IF in terms of spatial gradients, and selection of dominant functions for fitting segments
in SplR pairs in first-level models were made under the assumption that key determinants
of the biological roles of glycans, proteins, and other classes of molecules—hierarchical
positioning within regulatory networks and spatial distribution within tissue—are just
as important as the biochemical properties of individual molecules [56–58]. The problem
with HS GAG and the proteins associated with HS GAG is that their roles in regulating
pathogenetic mechanisms are as diverse as they are tissue- and species-specific. It is difficult
to study them in humans, where experiments are not possible for ethical reasons. Therefore,
the main advantage of this approach is that it shows how the effects of inhibition/absence
or overexpression of specific factors (usually achieved by blocking antibodies or knock-
out/knockin of the corresponding genes in experimental animals) can be simulated in
humans, at least virtually. It should be noted that these effects cannot be predicted simply
by comparing the expression profiles of healthy and diseased tissue, nor can they be taken
at face value from the studies on experimental animals [51,59].

There are several limitations to this study. Due to ethical considerations in research
involving human participants, we could only create in silico model but could not ex-
perimentally test it in vivo. We were able to include only a limited number of variables
while omitting many factors from the vast HS GAG reactome—these refer to enzymes
responsible for HS GAG chain elongation (EXTL1-3), sulfation (NDST3, NDST4, 2-O- and
3-O-sulfotransferases), other cell-surface/ECM proteoglycans that bind HS GAG (agrin,
HSPG2, glypicans), and many inflammatory mediators [60,61]. Therefore, certain aspects
of the biosynthesis and posttranslational modifications of HS GAG, as well as its role in the
formation and maintenance of gradients of inflammatory mediators, could not be modeled.
As described previously, this limitation is due to the methodology for quantification and
co-localization of IF from multiple markers. It relies on morphological similarity of serial
histological sections, which limits the number of different markers whose IF signals can
be co-localized (between 20 and 30 markers) [22]. There are additional tradeoffs from
the application of IF/IHC and currently available commercial antibodies. For example,
fragmentation of HS GAG and shedding of Sdcs cannot be visualized by IF/IHC stain-
ing with primary antibodies against HS GAG and Sdcs nor can they be extrapolated by
overlapping their expression patterns with those of degradative enzymes such as HPSE1.
Specifically, the antibodies against HPSE1 do not distinguish between active and inactive
forms (proenzyme) of HPSE1, which means that the observed expression patterns of HPSE1
do not necessarily correspond to the actual enzymatic activity of HPSE1 [18,24]. It must be
noted that the statistical model presented here is not deterministic and should be extended.
This is a difficult task, both because of the inherent methodological limitations described
above and because of the lack of data from experimental in vivo and in vitro studies from
which the model assumptions are derived. Nevertheless, statistical modeling of human
tissue data may provide an additional tool for evaluating potential molecular targets on
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which to base in vivo experiments for alternative treatment of chronic diseases such as
severe periodontitis in both experimental animals and human participants. As with other
chronic diseases, this may be of particular importance because their complex pathogenic
mechanisms cannot be faithfully replicated in controlled laboratory settings.

5. Conclusions

Based on the predictions of our statistical model, we hypothesize that supplementation
of native HS GAG may be of some benefit in the treatment of severe periodontitis in
humans, but not as a sole treatment, as has been demonstrated in experimental animal
models of periodontitis. The model supports the notion that intrinsic changes in the
molecular structure of periodontal tissue are critical to the irreversible progression of severe
periodontitis. This implies that effectively influencing the host (immune) response to treat
severe periodontitis should go beyond the standard approach, which focuses on containing
infectious agents from the microbial biofilm. Supplementing and/or targeting degraded
ECM components with their synthetic derivatives (such as HS GAG mimetics) could be
useful to improve the outcomes of standard treatment of severe forms of periodontitis,
which usually falls short of periodontal tissue regeneration. However, more knowledge is
needed about the complex biology of HS GAG and the factors associated with HS GAG.
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