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Abstract

:

C-reactive protein (CRP) is a commonly used serum biomarker for detecting sepsis in neonates. After the onset of sepsis, serial measurements are necessary to monitor disease progression; therefore, a non-invasive detection method is beneficial for neonatal well-being. While some studies have shown a correlation between serum and salivary CRP levels in septic neonates, the causal link behind this correlation remains unclear. To investigate this relationship, CRP was examined in serum and saliva samples from 18 septic neonates and compared with saliva samples from 22 healthy neonates. While the measured blood and saliva concentrations of the septic neonates varied individually, a correlation of CRP levels between serum and saliva samples was observed over time. To clarify the presence of active transport of CRP across the blood–salivary barrier (BSB), transport studies were performed with CRP using in vitro models of oral mucosa and submandibular salivary gland epithelium. The results showed enhanced transport toward saliva in both models, supporting the clinical relevance for salivary CRP as a biomarker. Furthermore, CRP regulated the expression of the receptor for advanced glycation end products (RAGE) and the addition of soluble RAGE during the transport studies indicated a RAGE-dependent transport process for CRP from blood to saliva.
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1. Introduction


Neonatal sepsis and other neonatal infections account for 0.88% of all disability adjusted life years worldwide, demonstrating similar percentages compared with motor vehicle road injuries (0.98%) and asthma (0.91%) [1]. Neonatal infections are associated with a high mortality [2], brain injury [3], and poor neurodevelopmental outcome in early childhood [4]. Preterm infants are particularly vulnerable to infections and sepsis due to multiple factors such as prematurity, immature host defense mechanisms, frequently used antibiotics combined with invasive interventions, and prolonged stay in the neonatal intensive care unit. Furthermore, clinical signs and symptoms of neonatal sepsis are non-specific, and the differential diagnosis is broad [5]. The adverse outcomes caused by neonatal sepsis in combination with the non-specific symptoms call for early detection, close monitoring, and rapid intervention. Several parameters have been tested for their accuracy in diagnosing neonatal sepsis with clinical studies indicating the applicability of cytokines, presepsin, or S100A2 as biomarkers for detection [6,7,8]. However, the most extensively studied and frequently used laboratory test for diagnosis is based on the serum concentration of C-reactive protein (CRP) of septic neonates [9,10,11]. CRP is an acute phase reactant synthesized in the liver. It has a half-life of 21 h in neonates [12], and it takes 10–12 h for CRP to change significantly after onset of infection [9].



For the detection of neonatal sepsis CRP measurement has a sensitivity of 74–98% and a specificity of 71–94% performed at least 12 h after the onset of symptoms [10]. Serial measurements of CRP 24–48 h after the onset of symptoms increase the sensitivity to 82% and the specificity to 93–96% [13]. These results make CRP the most suitable candidate for monitoring of and routine screening for sepsis in term as well as in preterm neonates. Serum CRP determination is limited by the need for blood sample drawing, especially in preterm children with blood volumes of 80 mL/kg [5], where the volume of blood taken for lab tests should be minimal. Furthermore, every blood sampling carries the risk of infection [14] and is a painful intervention. Therefore, a non-invasive alternative to blood collection would be a great advantage, in particular for preterm and term neonates.



Recent developments in salivary biomarker analysis favor the usage of saliva as a non-invasively collected diagnostic fluid. As the serum/salivary ratio of biomarker concentrations varies between biomarkers [15], sensitive detection methods, such as ELISA or microchips, are necessary. Additionally, knowledge of the correlation between biomarker concentrations in serum and in saliva is essential for salivary diagnostics of diseases.



While previous clinical studies with neonates indicated a positive correlation of salivary CRP with serum CRP concentrations [16,17], a thorough understanding of the transport mechanism from blood to saliva is still lacking. Furthermore, recent studies were inconclusive about the usage of CRP as a salivary biomarker for detection of sepsis in neonates [18,19]. Hence, to understand the detected correlation between saliva and serum concentration of CRP in clinical studies, we collected serum and saliva samples from neonates upon onset of sepsis and during sepsis as well as saliva samples from healthy subjects for comparison. To further investigate the relevance of CRP as a salivary biomarker, we aimed to study the transport of CRP across in vitro models of the blood–saliva barrier (BSB), defined by the epithelial cell layers of the oral mucosa and salivary glands [20]. The human buccal mucosa carcinoma cell line TR146 was chosen as an oral mucosa model, which was recently thoroughly characterized by Lin et al. [21] for its biological barrier properties including expression studies of 96 relevant barrier molecules (cytokeratins, mucins, aquaporins, epithelial-mesenchymal transition (EMT) markers, and tight junction proteins among others) and validation against human buccal biopsy samples. Additionally, the integrity of the paracellular barrier was improved by optimization of the cultivation media and conditions. As a salivary gland model, we used a barrier model based on a single clone of the human submandibular cell line HTB-41, which was previously described on expressions of α-amylase, tight junction proteins and markers specific to different cell types of the salivary gland. Paracellular integrity was verified with transepithelial electrical resistance (TEER) and permeability studies [22]. As both models of the BSB were characterized on the expression and function of transporter proteins as well as tissue specific markers, they were applied for assessment of biomarker transport with ferritin recently and confirmed their suitability for transport studies in biomarker research [22].



Since local inflammation of the oral mucosa may contribute to elevated CRP levels in saliva [23,24], differentiating between transported CRP and locally elevated CRP presents a challenge in the clinic. By utilizing established in vitro models of the BSB, it is possible to study the link between salivary and serum CRP concentrations directly. Moreover, the regulation of the transport mechanism can be examined under pre-set conditions, offering valuable insights in the usability of CRP as a salivary biomarker. Especially the discovery of a transport mechanism for CRP from blood to saliva would offer an explanation for the reported correlation between saliva and blood concentrations in clinical settings.




2. Materials and Methods


2.1. Collection of Clinical Samples


This prospective observational part was conducted at the Division of Neonatology, Pediatric Intensive Care and Neuropediatrics at the Medical University Vienna/General Hospital Vienna, a tertiary care academic center, consisting of two separated neonatal intensive care units (NICU, 12 and 10 beds, level IV), two separated neonatal intermediate care units (NIMCU, 2 × 12 beds), and 38 beds on the maternity ward with rooming-in care. This part of the study was approved by the Ethics Committee of the Medical University of Vienna (No. 1265/2016, 24 May 2016) and was performed in two phases. Phase one focused on determining the salivary CRP values in healthy neonates. This was limited to randomly selected neonates born at ≥33 weeks of gestational age and a birthweight of ≥1500 g admitted to the maternity ward without chromosomal aberrations, congenital malformations or inborn metabolic disorders upon obtaining parental informed consent. Saliva sampling was performed at earliest 12 h after birth and earliest 30 min after feeding in clinically healthy neonates. Phase two consisted of evaluation of a correlation between CRP values in saliva and blood. Neonates between 23 and 42 weeks of gestational age admitted to the NICUs or NIMCUs with serum CRP measurements were randomly selected and parental informed consent was obtained. Saliva sampling was performed at the earliest timepoint within 10 h of serum CRP determination and at a minimum of 30 min after feeding without any residues of food present. This time point was chosen based on the time needed for significant changes in CRP values after onset of sepsis of more than 10–12 h and to allow for ideal implementation in the care of critically ill preterm and term infants [9].



In all patients, saliva was collected using the PediaSAL device (Oasis Diagnostic, Vancouver, WA, USA) especially developed for preterm and term infants. This device is designed as “pacifier” with a passive collecting system based on a sponge. This allows to obtain saliva samples of neonates enabling a non-invasive painless sampling with minimal stress. Due to different age and bodyweight of the included neonates, the sponge was used for collection to allow for optimum patient-oriented sampling.



Saliva sampling was most efficient when performed 60–120 min after feeding. To maximize the amount of collected saliva, the following technique proved to be useful: The neonate’s head was placed to the left or right, independent of supine or prone position. A pacifier of according size was offered for 5 min prior to sampling. An increase in the saliva production was achieved by gently stroking the lips with the pacifier or the device. After at least five minutes with the pacifier, the sampling device was placed in the downward cheek of the neonate, where the produced saliva collected. If the amount of saliva was not sufficient, swapping to the pacifier for another 2 min and then back to the sampling device helped. This was sometimes repeated several times. After sampling, the samples were continuously cooled. Saliva was stored within 15 min at −20 °C and subsequently 2 h at −80 °C until transport to the laboratory. Transportation was performed under continuous cooling at −78 °C using dry ice.




2.2. Detection of Serum CRP in Clinical Samples


Determination of CRP concentration in serum was performed by the Department of Laboratory Medicine of the Medical University Vienna, Vienna, Austria using the VITROS® 250/350 and VITROS® 5600 System (Ortho-Clinical Diagnostics, Raritan, NJ, USA) or using the Cobas 6000 Chemistry Analyzer (Roche, Basel, Switzerland).



Analysis of CRP using the VITROS® Systems was performed with VITROS® CRP slides (Ortho-Clinical Diagnostics, Raritan, NJ, USA, 23-044-667) and VITROS® Chemistry Products Calibrator Kit 7 (Ortho-Clinical Diagnostics, Raritan, NJ, USA, 1320498). For detection based on an HRP conjugated monoclonal anti-CRP antibody a drop of sample was applied on the slides and measured at wavelength 670 nm upon preparation according to the manufacturer’s instructions. Measurement was performed at a concentration range of 5–90 µg/mL with a limit of detection determined as 2.72 µg/mL by the manufacturer.



For detection of serum CRP concentrations with Cobas 6000 Chemistry Analyzer the CRP-hs reagent kit (Roche, Basel, Switzerland, 4628918190) was used according to the manufacturer’s instruction. Serum was separated from the cells within one hour of collection and stored at −70 °C until measurement. Samples were thawed at room temperature, homogenized, and centrifuged at 2000 rcf for 10 min prior to applying 100 µL for measurement using the c501 module based on a photometric and ion-selective electrode determination. For quality controls an internal pooled serum sample and Precipath U Plus Control (Roche, Basel, Switzerland, 12149443160) was used. Detection limit was determined as 0.15 µg/mL for an analytical measurement range up to 20 µg/mL according to the manufacturer.



CRP concentration in saliva was determined using ELISAs by the Molecular Diagnostic Unit at AIT, the Austrian Institute of Technology, Vienna, Austria, and is described in detail in Section 2.6.




2.3. Cell Culture


The human buccal carcinoma cell line, TR146, was purchased from Sigma-Aldrich (St. Louis, MO, USA, 10032305) and cultured in T25 flasks (Greiner, Bio-One GmbH, Kremsmünster, Austria, CELLSTAR®, 690175) in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA, D5796), supplemented with 10% Fetal Calf Serum (FCS, Sigma-Aldrich, St. Louis, MO, USA, F9665) and 1% Penicillin/Streptomycin (Pen/Strep, Merck, Darmstadt, Germany, A2213) at 37 °C, 5% CO2, 95% air atmosphere, and 95% humidity. Media change was performed every 2–3 days and cells were propagated weekly at a cell seeding concentration of 9.33 × 103/cm2. For transport studies TR146 were seeded at a cell density of 4.29 × 104/cm2 in 300 µL DMEM supplemented with 10% FCS and 1% Pen/Strep (DMEM media) on 24-well ThinCerts (Greiner, Bio-One GmbH, Kremsmünster, Austria, 662641) with 900 µL DMEM media provided on the basolateral compartments in 24-well plates (Greiner, Bio-One GmbH, Kremsmünster, Austria, 662160). To isolate protein, TR146 were seeded at a cell density of 4.29 × 104/cm2 in 2 mL DMEM media on 6-well ThinCerts (Greiner, Bio-One GmbH, Kremsmünster, Austria, 657641) with 3.5 mL DMEM media provided on the basolateral side. As soon as cells reached confluency on day 5 or 8 the cultivation condition was switched from submerged to airlift and basolateral DMEM media was changed to DMEM media supplemented with 1% Human Keratinocytes Growth Supplements (HKGS, Thermo Fisher Scientific, Waltham, MA, USA, S0015). Media change was performed every 2–3 days for four weeks. Cells were used from passage 13–38 for the experiments.



The isolated clone B2 from the human submandibular cell line HTB-41 (ATCC, Virginia, MA, USA) was cultivated in T25 flasks in McCoy’s 5A (Thermo Fisher Scientific, Waltham, MA, USA, 16600082), supplemented with 10% FCS and 1% Pen/Strep, termed as McCoy media, at 37 °C, 5% CO2, 95% air atmosphere, and 95% humidity. The isolation was performed previously by single cell experiments using HTB-41 at passage 8 resulting in clone B2 [22]. Cells were propagated weekly at a cell density of 8 × 103 cells/cm2 and seeded at a density of 8 × 104/cm2 on 24-well ThinCert in 300 µL McCoy media on the apical side, with 900 µL media provided in the basolateral side for transport studies. Clone B2, isolated at AIT, Austrian Institute of Technology, Vienna, Austria was seeded on 6-well ThinCerts in 2 mL McCoy media on the apical side, with 3.5 mL media provided in the basolateral compartment for protein isolation. Media change was performed every 2–3 days until the day of the experiment on day 15 or 16. Cells seeded on 6-well ThinCerts were lysed for protein isolation on day 16. B2 clone was isolated at passage 8 from the parental cell line and subsequently used for experiments at passage 32-48 upon the passage of isolation.




2.4. Transport Studies with CRP


On the day of experiment, cell layers of TR146 were washed twice on the apical (300 µL) and basolateral (900 µL) side with Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich, St. Louis, MO, USA, H6648), while cell layers of the B2 clone were washed twice with basal McCoy media (McCoy’s 5A without supplements). TEER was measured in both models (detailed description in the Supplementary Materials section) to confirm the integrity of the paracellular barrier of the models. Human CRP (Sigma-Aldrich, St. Louis, MO, USA, C4063, 118 kDa, 1 mg/mL in 20 mM TRIS containing 280 mM NaCl) was diluted 1:100 to 10 µg/mL in HBSS or basal McCoy media containing 1% 20 mM TRIS (Roth, Basel, Switzerland, 5429.3, 20 mM) and 280 mM NaCl (Sigma-Aldrich, St. Louis, MO, USA, S7653). HBSS or basal McCoy was replaced with 10 µg/mL CRP on the apical side for transport studies from the apical to the basolateral compartment (A/B) or on the basolateral side for transport studies from the basolateral to apical compartment (B/A).



For transport studies of CRP with the soluble Receptor for Advanced Glycation End products (sRAGE, R&D Systems, Minneapolis, MN, USA, 1145-RG), sRAGE was dissolved in PBS (Thermo Fisher Scientific, Waltham, MA, USA, 14190-094) to 100 µg/mL and subsequently diluted 1:20 in HBSS or basal McCoy containing 1% TRIS, 5% PBS, and 10 µg/mL CRP shortly before the experiment. Media composition was adapted accordingly for all samples and controls during transport studies. Samples on the apical and basolateral side were collected after 24 h and stored at 4 °C until quantification with ELISA. Cell layers of two 24-well ThinCert were lysed with 350 µL RA1 buffer (Machery-Nagel, Düren, Germany, 740961) supplemented with 1% ß—Mercaptoethanol and pooled as one biological sample for RNA isolation.




2.5. ELISA for Cell Culture Samples


Transparent high-binding 96-well plates (Corning, Somerville, MA, USA, 3366) were coated with 100 µL 2 µg/mL Human CRP antibody (R&D Systems, Minneapolis, MN, USA, 842676) in PBS [137 mM NaCl (Sigma-Aldrich, St. Louis, MO, USA, S7653), 2.7 mM KCl (Merck, Darmstadt, Germany, 104936), 8.1 mM Na2HPO4 (Merck, Darmstadt, Germany, 106586), 1.5 mM KH2PO4 (Merck, Darmstadt, Germany, 104873), pH 7.3] overnight at 4 °C under orbital shaking conditions sealed with aluminum foil. Prior to usage on the next day, each well was washed three times with 300 µL PBS containing 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA, P7949; 0.05% Tween 20/PBS) and blocked with 300 µL/well carbonate-bicarbonate buffer (Sigma-Aldrich, St. Louis, MO, USA, C3041) containing 1% BSA (Roth, 0163.2) for 1.5 h at room temperature under orbital shaking conditions sealed with aluminum foil. Consecutively, wells were washed three times with 300 µL/well 0.05% Tween 20/PBS prior to applying the samples.



Samples from the transport studies of the receiving compartment were diluted 1:50; applied CRP or CRP/sRAGE stock solutions 1:2000 in HBSS or basal McCoy containing 1% TRIS for transport studies with CRP and in HBSS or McCoy containing 1% TRIS and 5% PBS for transport studies with CRP and sRAGE. A calibration curve (0, 0.5, 1, 1.25, 2.5, 10, 20 ng/mL) with Human CRP Standard Antigen (R&D Systems, Minneapolis, MN, USA, 842678) was prepared in the respective HBSS or basal McCoy composition used for the dilution of the samples. The diluted samples and the samples for the calibration curve were additionally diluted 1:2 in PBS containing 1% BSA and 20 mM EDTA (Merck, Darmstadt, Germany, 324503) in a non-binding 96-well plate (Corning, Somerville, MA, USA, 3461) and applied as duplicates with 100 µL/well on the previously coated high binding 96-well plate. The plate was incubated for 1 hour at room temperature sealed with aluminium foil under orbital shaking conditions. Afterwards, wells were washed three times with 300 µL/well 0.05% Tween 20/PBS following an incubation step with 100 µL/well of 30 ng/mL detection antibody (R&D Systems, Minneapolis, MN, USA, 842677) diluted in PBS containing 1% BSA (1% BSA/PBS) for 1 h at room temperature sealed with aluminum foil under shaking conditions. After further washing steps, applying 300 µL/well 0.05% Tween 20/PBS for three times, 100 µL/well streptavidin-HRP (R&D Systems, Minneapolis, MN, USA, 890803), diluted 1:200 in 1% BSA/PBS, was added and incubated for 20 min under shaking conditions sealed with aluminum foil at room temperature. After washing three times with 0.05% Tween 20/PBS, 100 µL/well 1-StepTM Ultra TMB-ELISA substrate solution (Thermo Fisher Scientific, Waltham, MA, USA, 34028) was added and the plate was incubated in the dark for 20 min at room temperature.



To stop the reaction 50 µL/well of 1 M HCl (Roth, Karlsruhe, Germany, 6792.1) was added and absorbance was measured at 450 nm with the EnSpire® 2300 Multimode Plate Reader (PerkinElmer, Waltham, MA, US). Permeability coefficient was calculated as apparent permeability values (Papp) in [cm/s] using the formula shown below (Equation (1)) with crec as a measured concentration in the receiving side in µg/mL, Vrec the volume on the receiving compartment in mL, A as the area in cm2, c0 as the stock solution in µg/mL, and t as duration in seconds.


   P  app   =    c  rec     ×     V   rec      dt    ×    A    ×     c  0     



(1)








2.6. ELISA for Saliva Samples


Due to the small saliva volumes of neonates in the range of 30–100 µL, the ELISA method from Section 2.5 had to be adapted to handle 1/5 of the volume. Half-area plates were used (Corning, Somerville, MA, USA, 3690) and the volumes for coating, detection antibody incubation, streptavidin-HRP incubation, and substrate incubation were reduced from 100 µL to 20 µL. Washing and blocking volumes were adjusted from 300 µL to 150 µL. The detection antibody was applied at 100 ng/mL instead of 30 ng/mL. To stop the reaction, 10 µL HCl were used instead of 50 µL. Saliva and standards were diluted 1:2 in 1% BSA/PBS and applied as duplicates using 20 µL/well. All incubation and washing steps were performed under the conditions as described above. Samples were measured with the EnSpire® 2300 Multimode Plate Reader (PerkinElmer, Waltham, MA, USA) at 450 nm as described above.




2.7. Quantitative Real-Time PCR


For RNA isolation of cell lysates, the NucleoSpin RNA Kit (Machery Nagel, Düren, Germany, 740961) was used according to the manufacturer’s instruction and eluted with 40 µL nuclease-free water (Invitrogen, Carlsbad, CA, USA, AM9937). For cDNA synthesis with the Multiscribe Reverse Transcriptase Kit (Thermo Fisher Scientific, Waltham, MA, USA, 4311235) 200 ng RNA were applied for clone B2 while 1000 ng RNA were applied for TR146. Quantitative real-time PCR was performed as triplicates in white 96-well plates (4titue, Dorking, UK, 4ti-0951) with 20 µL reaction volume consisting of 4 µL 1:10 in nuclease-free water diluted cDNA, 2.8 µL 3 µM primer pairs, 3.2 µL nuclease-free water, and 10 µL PowerUpTM Sybr Green Kit (Thermo Fisher Scientific, Waltham, MA, USA, A25742). Primer sequences are shown in Table 1 and were verified with PrimerBLAST [25]. Prior to usage in qPCR, amplicon sizes were evaluated using 2% agarose gels, described in detail in Lin et al. [21], followed by a two-fold dilution series for calculation of primer efficiency performed via qPCR similarly as described by Pfaffl [26]. Primer efficiency was required to be 80–120% to pass for further usage.



The program for qPCR was set for 20 sec at 95 °C for activation, running 40 cycles for 3 s at 95 °C, and 30 s at 60 °C, following a melting stage of 15 s at 95 °C, 1 min at 60 °C, and 15 s at 95 °C using the LightCycler 480 II (Roche, Basel, Switzerland). Data was acquired with the LightCycler480 V1.5 software (Roche, Basel, Switzerland).



For data analysis, ΔCt values were calculated by subtracting Ct vales of the endogenous control from the respective Ct values of the analyzed target. ΔCt values of treated samples were normalized to untreated samples upon exponentiating by 2 as shown with the formula below (Equation (2)).


     2  −    Δ Ct    treated          2  −    Δ Ct    untreated        



(2)








2.8. Western Blotting


On the day of the experiments, cell layers seeded on 6-well ThinCert were washed twice with HBSS (TR146) or basal McCoy (clone B2) on the apical and basolateral side prior to the incubation with HBSS or basal McCoy containing 10 µg/mL CRP or 1% 20 mM TRIS and 280 mM NaCl on the apical and basolateral side for 24 h. Afterwards, cell layers were washed twice with pre-cooled PBS and incubated for 5 min in PBS after the last washing step on ice. For lysis, 50 µL RIPA buffer (50 mM TRIS pH 8.0; 150 mM NaCl, 0.1% SDS, 0.5% sodium-deoxycholate, 1% NP40), supplemented with complete ULTRA protease inhibitor cocktail and PhosphoSTOP minitablet (Roche, Basel, Switzerland, 05892970001 and 04906837001) was added for 30 min on ice. Protein lysates were collected with a cell scraper, and protein concentration was determined with Pierce BCA assay kit (Thermo Fisher, Scientific, Waltham, MA, USA, 23227) according to the manufacturer’s instructions.



Western blotting was performed as described in detail previously [27,28]. In short, 20 µg protein was loaded from each sample, and the primary antibody for RAGE (A-9, Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-365154, mouse) was applied 1:200–1:300 in 5% nonfat dried milk (ITW reagents, Chicago IL, USA, A0830,0500). Subsequently, the HRP-labeled anti-mouse antibody was applied 1:5000 diluted in 5% nonfat dried milk (Cell Signaling Technology, Danvers, MA, USA, 7076S). For visualization of endogenous control ß-actin, HRP-labeled ß-actin antibody (Sigma-Aldrich, St. Louis, MO, USA, A3854, 7076S) was applied 1:20,000 in 5% nonfat dried milk. Signals were captured with ChemiDoc Imaging system (Bio-Rad, Berkeley, CA, USA), densitometric analysis was performed with ImageLab Software Version 5.2 (Bio-Rad, Berkeley, CA, USA). For analysis of RAGE both detected bands were included in the analysis according to literature describing isoforms of RAGE [29].




2.9. Statistical Data Analysis


Results are shown as mean ± SEM unless otherwise indicated. Graphs and statistical analysis were illustrated or performed with SigmaPlot 14.0 (Systat, Jose, CA, USA). Statistical analysis was performed as Mann-Whitney Rank Sum test, Student’s t-test, or two-way ANOVA followed by post-hoc Holm-Sidak test with α = 0.05, p < 0.05 *, p < 0.01 **, p < 0.001 ***.





3. Results


3.1. Analysis of Clinical Samples Propose Individual Correlations between Serum and Salivary CRP Concentrations


In this study, 18 neonates (six females) undergoing sepsis were investigated on their CRP levels in serum and saliva (characteristics of neonates are shown in Table 2).



Nine neonates had one, five neonates had two, two neonates had three, and two neonates had four CRP measurements analyzed over a maximum period of nine days. Sepsis at the time point of sampling was indicated by a threshold of >15 µg/mL CRP in serum.



Estimated values of CRP in serum and saliva at time point of sepsis varied with 76.40 ± 79.79 µg/mL in serum and 93.70 ± 161.01 ng/mL in saliva (mean ± SD, n = 22, median: 4.2 µg/mL and 18.55 ng/mL) resulting in a median ratio between salivary and serum concentration of 1600 (5300 ± 10,100, mean ± SD). However, comparing all measured saliva to serum concentrations (n = 33) led to a highly significant correlation between clinical saliva and serum values (Pearson correlation r = 0.72, p < 0.001, y = −6.39x + 1.36, R2 = 0.52) as shown in Figure 1A. Specifically, an individual correlation of saliva and serum concentrations over time was observed for septic neonates. Exemplary time courses of three neonates over 4 or 9 days are illustrated in Figure 1B.



For comparison of salivary CRP concentrations from septic neonates to baseline saliva levels, samples from 22 healthy neonates (eleven females, Table 3) were measured resulting in significantly lower 14.15 ± 16.63 ng/mL CRP levels in saliva (mean ± SD, median: 6.30 ng/mL, n = 22, p < 0.05).




3.2. Transport of CRP Across BSB In Vitro Models Indicate the Presence of Active Carrier Systems


Clinical data displayed similar progressions of salivary and serum CRP levels for individual neonates over time and indicated a correlation between saliva and serum values. Therefore, we aimed at investigating the transport of CRP between blood and saliva. For this purpose, as a first step 10 µg/mL CRP was added to the oral mucosa epithelium in vitro model on both the apical and basolateral side during preliminary equilibrium studies (Supplementary Materials Figure S1). The data showed a decrease of CRP concentration over time on the basolateral side, indicating a possible transport mechanism in the oral mucosa model.



To study a possibly directed transport in more detail, 10 µg/mL CRP was applied on the basolateral (B/A) or apical side (A/B) for 24 h in the oral mucosa and the salivary gland epithelium model. Significant barrier properties of both in vitro models were confirmed by TEER values of 238.88 ± 54.92 Ω × cm2 for the oral mucosa model and 482.70 ± 25.25 Ω × cm2 for the salivary gland epithelium model, respectively (raw data: Oral mucosa model: Cells 1015.63 ± 163.45 Ω, blanks 304.67 ± 8.41 Ω; Salivary gland model: Cells 1738.92 ± 74.60 Ω, blanks 302. 33 ± 2.59 Ω).



Apparent permeability Papp values for the oral mucosa model resulted in a 2.58 ± 0.39-fold higher permeability of CRP from B/A upon normalization to Papp values from A/B (1.00 ± 0.05, p < 0.01; A/B Papp: 0.11 ± 0.028 × 10−6 cm/s, B/A Papp: 0.21 ± 0.058 × 10−6 cm/s), shown in Figure 2. On the other hand, applying 10 µg/mL CRP in the salivary gland model led to a significantly higher permeability from B/A with 2.23 ± 0.26-fold upon normalization to Papp values from A/B (1.00 ± 0.06, p < 0.001; A/B Papp: 0.013 ± 0.001 × 10−6 cm/s, B/A Papp: 0.029 ± 0.003 × 10−6 cm/s). In summary, these data clearly indicated the presence of a directed transport mechanism for CRP across the in vitro models of the BSB.




3.3. CRP Treatment Modifies the Expression of Receptor for Advanced Glycation Endproducts (RAGE) In Vitro


Previous literature indicated the involvement of RAGE in inflammatory response upon treating endothelial progenitor cells with CRP [30], followed by a subsequent study describing the correlating levels of RAGE and CRP in serum [31].



To examine a possible involvement and regulation of RAGE by CRP, cell samples from the transport studies were analyzed and compared to untreated cell samples at the mRNA and protein level. As a result, the mRNA regulation showed a similar tendency as the Papp values described above.



In the oral mucosa model the addition of CRP resulted in no statistically significant regulation of the mRNA expression of RAGE, only a tendency for increased RAGE expression was observed (1.58 ± 0.56-fold (B/A), 1.41 ± 0.22-fold (A/B), p = 0.56). On the contrary, applying CRP in the salivary gland model on the basolateral (B/A) side led to a significant downregulation to 0.85 ± 0.06-fold for RAGE compared to an upregulation of 2.14 ± 0.65-fold upon applying CRP on the apical (A/B) side (Figure 3A,B).



At the protein level (Figure 3C,D), the exposure to CRP on both the apical and basolateral side led to a slight upregulation of RAGE in the oral mucosa model (1.07 ± 0.07, mean ± SEM) compared to control samples (1.00 ± 0.03, mean ± SEM). In the salivary gland model exposure to CRP on the apical and basolateral side led to a significant upregulation of 1.32 ± 0.11-fold (mean ± SD, p < 0.05) compared to control samples with 1.00 ± 0.04 (mean ± SEM) (Figure 3E,F).




3.4. Soluble RAGE Alters the Transport of CRP In Vitro


To investigate the role of RAGE on the transport of CRP, transport studies with 5 µg/mL soluble RAGE (sRAGE) and 10 µg/mL CRP on the basolateral or apical side were performed and compared to the permeability of CRP alone in both models for each experiment. In the oral mucosa model, transport of CRP from B/A showed a 2.22 ± 0.21-fold higher permeability compared to A/B (1 ± 0.29, p < 0.01, Papp: A/B 0.12 ± 0.017 × 10−6 cm/s, B/A 0.22 ± 0.030 × 10−6 cm/s), similar to above. Upon normalization to Papp values from A/B, the addition of sRAGE led to a similar apparent permeability value of CRP from A/B (0.95 ± 0.08, 0.11 ± 0.0098 × 10−6 cm/s), but decreased the transport of CRP from B/A significantly to 1.50 ± 0.08-fold (0.19 ± 0.020 × 10−6 cm/s, p < 0.001) in comparison to transport of CRP from B/A without addition of sRAGE.



In the salivary gland model, addition of sRAGE led to a non-significant, slightly increased permeability of CRP from A/B (1.26 ± 0.11-fold, 0.026 ± 0.002 × 10−6 cm/s) compared to CRP alone from A/B (1.00 ± 0.034-fold, 0.022 ± 0.009 × 10−6 cm/s, p = 0.44). In case of the transport B/A, addition of sRAGE resulted in a significantly upregulated permeability of CRP (2.63 ± 0.22-fold normalized to Papp A/B CRP (0.06 ± 0.003 × 10−6 cm/s)) compared to CRP alone (1.79 ± 0.017-fold, 0.03 ± 0.003 × 10−6 cm/s) (Figure 4).





4. Discussion


CRP is widely used as an inflammatory biomarker in serum and associated with cardiovascular diseases at levels >10 µg/mL [32]. Recently, an elevated CRP baseline was also linked to a faster progression of Amyotrophic Lateral Sclerosis (ALS) compared to patients with lower CRP baselines [33]. Additionally, higher CRP levels were measured in patients suffering from schizophrenia, possibly linked to inflammation in the pathogenesis of schizophrenia [34]. Furthermore, elevated CRP levels were also determined in patients with SARS-Cov-2 [35], demonstrating its clinical relevance for a broad range of diseases.



First clinical studies using CRP as biomarker to detect bacterial infections were performed in the late 1980s, and CRP was used in the 1990s for detection of septic neonates showing promising clinical usage of CRP for diagnosis of neonatal sepsis [36,37,38,39]. The most recent study correlating neonatal sepsis with elevated levels of CRP and IL-6 was published by Cortes et al. and demonstrated that CRP could be a useful biomarker in combination with other inflammatory biomarkers, especially for late-onset neonatal sepsis [40]. Recently, 14 clinical studies were summarized by Pay and Shaw [41] ) showing a correlation of salivary CRP and serum CRP levels with R2 of 0.53 ± 0.23, comparable to the result of our study with a R2 value of 0.52 (Figure 1A). Patients with samples drawn at several time points (Figure 1B) in this study showed a median ratio between salivary and serum concentration of 1600 (5300 ± 10,100, mean ± SD) similar to the ratio found in a clinical study with 61 healthy volunteers by Ouellet-Morin et al. [23] reporting a ratio of 1633. This ratio was below the assumed factor of 10,000 described by Pay and Shaw [41].



However, Pay and Shaw [41] also stressed the necessity to understand the correlation of salivary and serum concentrations as local oral inflammation cannot be excluded in clinical set-ups. Even though clinical studies linked salivary CRP positively as a marker for metabolic syndrome [42], detection of obesity in children [43], or pneumonia in neonates [17], a study published in 2019 with 37 healthy young males showed no clear correlation between salivary and serum concentrations of CRP [44]. Additionally, even though CRP is commonly used as a marker for neonatal sepsis, recent clinical studies claimed the need of other salivary markers for diagnosis due to unreliable screening validity of salivary CRP [18,19,40].



Because of this contradicting data basis for CRP as a salivary biomarker, we measured the CRP concentrations in saliva and serum samples of septic neonates to clarify the clinical relevance of CRP in this setting. As our clinical study showed a correlation between saliva and serum concentrations, especially for measurements taken over several timepoints, we decided to study the transport mechanism of CRP using in vitro models of the BSB.



For this purpose, we applied 10 µg/mL CRP in our oral mucosa and salivary gland model, as CRP concentrations of >8.7 µg/mL are associated with infections (together with high temperature), and clinically relevant concentrations of 10–20 µg/mL have also been used for studies with in vitro models of the blood–brain barrier previously [45,46]. While concentrations of 120 µg/mL CRP are measured in clinical settings in neonates [16], we focused on the cut-off concentration of CRP associated with infections to evaluate the diagnostic potential of CRP upon on-set of sepsis. Preliminary equilibrium studies with CRP in our oral mucosa model showed a reduced concentration in the basolateral compartment over 24 h, which was the first indication for a possible transport mechanism (Figure S1). Applying CRP in our oral mucosa and salivary gland epithelial models either on the apical (A/B) or basolateral side (B/A) (Figure 2) showed an elevated transport in the direction of saliva (B/A) in both models. In total, a transported average of 54 ng or 6.77 ng of CRP (molecular weight 118 kDa) was measured on the basolateral side after A/B transport in the oral mucosa and salivary gland model, respectively, while significantly higher amounts of CRP were detected in the apical compartment (oral mucosa: 112 ng; salivary gland model: 14 ng CRP) after B/A transport. These differences already confirmed the presence of directed transport processes for CRP in both models. To exclude that directed B/A transport is a compound-independent model intrinsic property, permeability studies with paracellular marker FD4 (molecular weight of 4 kDa) were accomplished (Figure S2). Data revealed no significant difference between FD4 transport from B/A and A/B in both models supporting that distinct transport mechanism for CRP are present in both models. Moreover, average Papp values of FD4 (oral mucosa model: 0.56-0.59 × 10−6 cm/s; salivary gland model: 0.29–0.33 × 10−6 cm/s) were concordant to the corresponding TEER values of the models and confirmed the stronger paracellular tightness of the salivary gland model.



Since literature data indicated a linkage between RAGE and CRP [31,47], we tested the expression of RAGE at the mRNA level of both models after CRP treatment resulting in effects on the expression pattern of RAGE similar to the permeability values of the transport studies with CRP (Figure 3A,B).



This revealed that mRNA levels of RAGE are subject to regulation by CRP in an exposure side dependent manner. With regulation of RAGE after CRP treatment on the protein level, we decided to examine the possible involvement of RAGE in the transport of CRP. For this, we added soluble RAGE (sRAGE) to CRP for further transport studies.



In the oral mucosa model, this resulted in a significantly decreased permeability of CRP from B/A, while addition of sRAGE in the salivary gland model led to a significantly enhanced transport from B/A (Figure 4). In detail upon addition of sRAGE, a total transported average of 45.7 ng or 6.8 ng CRP was detected on the basolateral side after A/B transport in the oral mucosa and salivary gland model, respectively, while 74.6 ng (oral mucosa model) or 19.4 ng (salivary gland model) CRP was found on the apical side after B/A transport. Hence, addition of sRAGE elucidated RAGE-dependent CRP transport mechanisms in both models. Interestingly, mRNA expression of RAGE was not affected by addition of sRAGE to CRP in comparison to CRP alone in both models (data not shown) indicating that effects of sRAGE seemed to be restricted to the functional level of RAGE. In this context, it was shown that RAGE can mediate uptake as well as efflux transport processes [48,49]. In relation to our results, it could be speculated that RAGE mediates the uptake of CRP into saliva across the oral mucosa epithelium, whereas it is involved in efflux mechanisms to restrict exorbitant accumulation of CRP in saliva via the salivary gland epithelium.



Corresponding to the detected correlation of CRP in saliva and serum samples of neonates undergoing sepsis, both in vitro models of the BSB showed an elevated transport of CRP in the direction of saliva. While the favorable transport to saliva was shown in this study and the influence of RAGE on CRP transport was described, further studies regarding the underlying mechanisms would improve our current knowledge about the causal link between serum and salivary CRP and strengthen the relevance of CRP as a salivary biomarker in general. Future studies could aim at the identification of the responsible transporters, for example, by immunoprecipitation followed by mass analysis to screen for proteins binding to CRP in the cellular membrane fraction.




5. Conclusions


In this study on measurement of serum and salivary CRP levels, clinical data suggest that studying individual ratios and progression is more useful than relying on the measurement of a single time-point. Additionally, in vitro data using established models of the BSB show that CRP is preferentially transported to the direction of saliva, enhancing its feasibility as a salivary marker. Moreover, RAGE seems to be involved in the transport of CRP across the BSB. Future studies could focus on elucidation of the details of the transport mechanism of CRP across the BSB.
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Author Contributions


Conceptualization, L.W. and W.N.; methodology, G.C.L., E.K., L.W., J.R.P. and W.N.; formal analysis: G.C.L., E.K., L.W., J.R.P. and W.N.; investigation, G.C.L., E.K., M.S., S.D., H.P.F., J.A. and L.W.; resources, J.R.P., A.B. and W.N.; writing–original draft preparation, G.C.L., E.K. and W.N.; writing–review and editing; J.A., A.B., J.R.P., L.B. and W.N.; visualization, G.C.L.; supervision, A.B., J.R.P. and W.N. All authors have read and agreed to the published version of the manuscript.




Funding


The study was partly funded by the Medical Scientific Fund of the Mayor of the City of Vienna (AP15238BGM).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Medical University of Vienna (No. 1265/2016) on the 24 May 2016.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical reasons.




Acknowledgments


Many thanks to Terje Wimberger and James Wilhelm for their helpful recommendations for improving the manuscript. Additionally, we are grateful to Sarah Grabner for her contributions to FD4 permeability studies.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



GBD Compare, IHME Viz Hub. Available online: http://vizhub.healthdata.org/gbd-compare (accessed on 6 May 2020).

	



Stoll, B.J.; Hansen, N.; Fanaroff, A.A.; Wright, L.L.; Carlo, W.A.; Ehrenkranz, R.A.; Lemons, J.A.; Donovan, E.F.; Stark, A.R.; Tyson, J.E.; et al. Late-onset sepsis in very low birth weight neonates: The experience of the NICHD Neonatal Research Network. Pediatrics 2002, 110, 285–291. [Google Scholar] [CrossRef]

	



Adams-Chapman, I.; Stoll, B.J. Neonatal infection and long-term neurodevelopmental outcome in the preterm infant. Curr. Opin. Infect. Dis. 2006, 19, 290–297. [Google Scholar] [CrossRef]

	



Stoll, B.J.; Hansen, N.I.; Adams-Chapman, I.; Fanaroff, A.A.; Hintz, S.R.; Vohr, B.; Higgins, R.D. Neurodevelopmental and growth impairment among extremely low-birth-weight infants with neonatal infection. JAMA 2004, 292, 2357–2365. [Google Scholar] [CrossRef]

	



Gomella, T.; Eyal, F.; Bany-Mohammed, F. Gomella’s Neonatology, 8th ed.; McGraw-Hill Education: New York, NY, USA, 2020. [Google Scholar]

	



Halil, H.; Tayman, C.; Buyuktiryaki, M.; Okur, N.; Cakır, U.; Serkant, U. Serum Interleukin-33 as a Biomarker in Predicting Neonatal Sepsis in Premature Infants. Comb. Chem. High Throughput Screen. 2018, 21, 510–515. [Google Scholar] [CrossRef]

	



Tosson, A.M.S.; Glaser, K.; Weinhage, T.; Foell, D.; Aboualam, M.S.; Edris, A.A.; El Ansary, M.; Lotfy, S.; Speer, C.P. Evaluation of the S100 protein A12 as a biomarker of neonatal sepsis. J. Matern. Neonatal Med. Off. J. Eur. Assoc. Perinat. Med. Fed. Asia Ocean. Perinat. Soc. Int. Soc. Perinat. Obstet. 2020, 33, 2768–2774. [Google Scholar] [CrossRef]

	



Rashwan, N.I.; Hassan, M.H.; El-Deen, Z.M.M.; Ahmed, A.E.-A. Validity of biomarkers in screening for neonatal sepsis—A single center-hospital based study. Pediatr. Neonatol. 2019, 60, 149–155. [Google Scholar] [CrossRef]

	



Shah, B.A.; Padbury, J.F. Neonatal sepsis: An old problem with new insights. Virulence 2014, 5, 170–178. [Google Scholar] [CrossRef]

	



Hofer, N.; Zacharias, E.; Müller, W.; Resch, B. An update on the use of C-reactive protein in early-onset neonatal sepsis: Current insights and new tasks. Neonatology 2012, 102, 25–36. [Google Scholar] [CrossRef] [PubMed]

	



Ng, P.C. Diagnostic markers of infection in neonates. Arch. Dis. Child. Fetal Neonatal Ed. 2004, 89, F229–F235. [Google Scholar] [CrossRef] [PubMed]

	



Ehl, S.; Gehring, B.; Pohlandt, F. A detailed analysis of changes in serum C-reactive protein levels in neonates treated for bacterial infection. Eur. J. Pediatr. 1999, 158, 238–242. [Google Scholar] [CrossRef] [PubMed]

	



Ng, P.C.; Cheng, S.H.; Chui, K.M.; Fok, T.F.; Wong, M.Y.; Wong, W.; Wong, R.P.; Cheung, K.L. Diagnosis of late onset neonatal sepsis with cytokines, adhesion molecule, and C-reactive protein in preterm very low birthweight infants. Arch. Dis. Child. Fetal Neonatal Ed. 1997, 77, F221–F227. [Google Scholar] [CrossRef]

	



Ramasethu, J. Complications of vascular catheters in the neonatal intensive care unit. Clin. Perinatol. 2008, 35, 199–222. [Google Scholar] [CrossRef]

	



Williamson, S.; Munro, C.; Pickler, R.; Grap, M.J.; Elswick, R.K. Comparison of Biomarkers in Blood and Saliva in Healthy Adults. Nurs. Res. Pract. 2012, 2012, 246178. [Google Scholar] [CrossRef]

	



Iyengar, A.; Paulus, J.K.; Gerlanc, D.J.; Maron, J.L. Detection and Potential Utility of C-Reactive Protein in Saliva of Neonates. Front. Pediatr. 2014, 2, 131. [Google Scholar] [CrossRef] [PubMed]

	



Omran, A.; Maaroof, A.; Saleh, M.H.; Abdelwahab, A. Salivary C-Reactive Protein as Non-Invasive Marker in Diagnosis of Neonatal Sepsis. Pediatrics 2018, 142, 209. [Google Scholar] [CrossRef]

	



Khan, F. C-reactive Protein as a Screening Biomarker in Neonatal Sepsis. J. Coll. Physicians Surg. Pak. 2019, 29, 951–953. [Google Scholar] [CrossRef]

	



Shabuj, K.H.; Hossain, J.; Moni, S.C.; Dey, S.K. C-reactive Protein (CRP) as a Single Biomarker for Diagnosis of Neonatal Sepsis: A Comprehensive Meta-analysis. Mymensingh Med. J. 2017, 26, 364–371. [Google Scholar]

	



Bierbaumer, L.; Schwarze, U.Y.; Gruber, R.; Neuhaus, W. Cell culture models of oral mucosal barriers: A review with a focus on applications, culture conditions and barrier properties. Tissue Barriers 2018, 6, 1479568. [Google Scholar] [CrossRef] [PubMed]

	



Lin, G.C.; Leitgeb, T.; Vladetic, A.; Friedl, H.-P.; Rhodes, N.; Rossi, A.; Roblegg, E.; Neuhaus, W. Optimization of an oral mucosa in vitro model based on cell line TR146. Tissue Barriers 2020, 8, 1748459. [Google Scholar] [CrossRef]

	



Lin, G.C.; Smajlhodzic, M.; Bandian, A.-M.; Friedl, H.-P.; Leitgeb, T.; Oerter, S.; Stadler, K.; Giese, U.; Peham, J.R.; Bingle, L.; et al. An In Vitro Barrier Model of the Human Submandibular Salivary Gland Epithelium Based on a Single Cell Clone of Cell Line HTB-41: Establishment and Application for Biomarker Transport Studies. Biomedicines 2020, 8, 302. [Google Scholar] [CrossRef] [PubMed]

	



Ouellet-morin, I.; Danese, A.; Williams, B.; Arseneault, L. Brain, Behavior, and Immunity Validation of a high-sensitivity assay for C-reactive protein in human saliva. Brain Behav. Immun. 2011, 25, 640–646. [Google Scholar] [CrossRef]

	



Out, D.; Hall, R.J.; Granger, D.A.; Page, G.G.; Woods, S.J. Assessing salivary C-reactive protein: Longitudinal associations with systemic inflammation and cardiovascular disease risk in women exposed to intimate partner violence. Brain Behav. Immun. 2012, 26, 543–551. [Google Scholar] [CrossRef]

	



Coulouris, Y.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T. Primer-BLAST: A tool to design target-specific primers for polymerse chain reaction. BMC Bioinform. 2012, 13, 134. [Google Scholar]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef]

	



Gerhartl, A.; Hahn, K.; Neuhoff, A.; Friedl, H.P.; Förster, C.Y.; Wunder, C.; Schick, M.; Burek, M.; Neuhaus, W. Hydroxyethylstarch (130/0.4) tightens the blood-brain barrier in vitro. Brain Res. 2020, 1727, 146560. [Google Scholar] [CrossRef]

	



Neuhaus, W.; Samwer, F.; Kunzmann, S.; Muellenbach, R.M.; Wirth, M.; Speer, C.P.; Roewer, N.; Förster, C.Y. Lung endothelial cells strengthen, but brain endothelial cells weaken barrier properties of a human alveolar epithelium cell culture model. Differentiation 2012, 84, 294–304. [Google Scholar] [CrossRef] [PubMed]

	



Lee, E.J.; Park, J.H. Receptor for Advanced Glycation Endproducts (RAGE), Its Ligands, and Soluble RAGE: Potential Biomarkers for Diagnosis and Therapeutic Targets for Human Renal Diseases. Genom. Inform. 2013, 11, 224–229. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Huang, L.; Song, M.; Yu, S.; Gao, P.; Jing, J. C-reactive protein upregulates receptor for advanced glycation end products expression and alters antioxidant defenses in rat endothelial progenitor cells. J. Cardiovasc. Pharmacol. 2009, 53, 359–367. [Google Scholar] [CrossRef] [PubMed]

	



Pradeep, A.R.; Martande, S.S.; Singh, S.P.; Suke, D.K.; Raju, A.P.; Naik, S.B. Correlation of human S100A12 (EN-RAGE) and high-sensitivity C-reactive protein as gingival crevicular fluid and serum markers of inflammation in chronic periodontitis and type 2 diabetes. Inflamm. Res. 2014, 63, 317–323. [Google Scholar] [CrossRef]

	



Dhingra, R.; Gona, P.; Nam, B.-H.; D’Agostino, R.B.S.; Wilson, P.W.F.; Benjamin, E.J.; O’Donnell, C.J. C-reactive protein, inflammatory conditions, and cardiovascular disease risk. Am. J. Med. 2007, 120, 1054–1062. [Google Scholar] [CrossRef] [PubMed]

	



Lunetta, C.; Lizio, A.; Maestri, E.; Sansone, V.A.; Mora, G.; Miller, R.G.; Appel, S.H.; Chiò, A. Serum C-Reactive Protein as a Prognostic Biomarker in Amyotrophic Lateral Sclerosis. JAMA Neurol. 2017, 74, 660–667. [Google Scholar] [CrossRef]

	



Orsolini, L.; Sarchione, F.; Vellante, F.; Fornaro, M.; Matarazzo, I.; Martinotti, G.; Valchera, A.; Di Nicola, M.; Carano, A.; Di Giannantonio, M.; et al. Protein-C Reactive as Biomarker Predictor of Schizophrenia Phases of Illness? A Systematic Review. Curr. Neuropharmacol. 2018, 16, 583–606. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L. C-reactive protein levels in the early stage of COVID-19. Med. Mal. Infect. 2020, 50, 332–334. [Google Scholar] [CrossRef]

	



Lindbäck, S.; Hellgren, U.; Julander, I.; Hansson, L.O. The value of C-reactive protein as a marker of bacterial infection in patients with septicaemia/endocarditis and influenza. Scand. J. Infect. Dis. 1989, 21, 543–549. [Google Scholar] [CrossRef] [PubMed]

	



Suri, M.; Thirupuram, S.; Sharma, V.K. Diagnostic and prognostic utility of C-reactive protein, alpha-1-antitrypsin and alpha-2-macroglobulin in neonatal sepsis: A comparative account. Indian Pediatr. 1991, 28, 1159–1164. [Google Scholar] [PubMed]

	



Ang, A.T.; Ho, N.K.; Chia, S.E. The usefulness of CRP and I/T ratio in early diagnosis of infections in Asian newborns. J. Singap. Paediatr. Soc. 1990, 32, 159–163. [Google Scholar]

	



Chan, D.K.; Ho, L.Y. Usefulness of C-reactive protein in the diagnosis of neonatal sepsis. Singap. Med. J. 1997, 38, 252–255. [Google Scholar]

	



Cortés, J.S.; Losada, P.X.; Fernández, L.X.; Beltrán, E.; DeLaura, I.; Narváez, C.F.; Fonseca-Becerra, C.E. Interleukin-6 as a Biomarker of Early-Onset Neonatal Sepsis. Am. J. Perinatol. 2020. [Google Scholar] [CrossRef]

	



Pay, J.B.; Shaw, A.M. Towards salivary C-reactive protein as a viable biomarker of systemic inflammation. Clin. Biochem. 2019, 68, 1–8. [Google Scholar] [CrossRef]

	



Dezayee, Z.M.I.; Al-Nimer, M.S.M. Saliva C-reactive protein as a biomarker of metabolic syndrome in diabetic patients. Indian J. Dent. Res. 2016, 27, 388–391. [Google Scholar] [CrossRef] [PubMed]

	



Selvaraju, V.; Babu, J.R.; Geetha, T. Association of salivary C-reactive protein with the obesity measures and markers in children. Diabetes Metab. Syndr. Obes. 2019, 12, 1239–1247. [Google Scholar] [CrossRef] [PubMed]

	



Nam, Y.; Kim, Y.-Y.; Chang, J.-Y.; Kho, H.-S. Salivary biomarkers of inflammation and oxidative stress in healthy adults. Arch. Oral Biol. 2019, 97, 215–222. [Google Scholar] [CrossRef] [PubMed]

	



Kuhlmann, C.R.W.; Librizzi, L.; Closhen, D.; Pflanzner, T.; Lessmann, V.; Pietrzik, C.U.; de Curtis, M.; Luhmann, H.J. Mechanisms of C-reactive protein-induced blood-brain barrier disruption. Stroke 2009, 40, 1458–1466. [Google Scholar] [CrossRef]

	



Póvoa, P.; Coelho, L.; Almeida, E.; Fernandes, A.; Mealha, R.; Moreira, P.; Sabino, H. C-reactive protein as a marker of infection in critically ill patients. Clin. Microbiol. Infect. 2005, 11, 101–108. [Google Scholar] [CrossRef]

	



Du Yan, S.; Bierhaus, A.; Nawroth, P.P.; Stern, D.M. Endothelial precursor cells and CRP on the RAGE: Activation or cell death? J. Cardiovasc. Pharmacol. 2009, 53, 349–351. [Google Scholar] [CrossRef]

	



Guo, Y.-X.; He, L.-Y.; Zhang, M.; Wang, F.; Liu, F.; Peng, W.-X. 1,25-Dihydroxyvitamin D3 regulates expression of LRP1 and RAGE in vitro and in vivo, enhancing Aβ1-40 brain-to-blood efflux and peripheral uptake transport. J. Neurosci. 2016, 322, 28. [Google Scholar] [CrossRef] [PubMed]

	



Machado-Lima, A.; Lopez-Diez, R.; Iborra, R.T.; de Souza Pinto, R.; Daffu, G.; Shen, X.; Nakandakare, E.R.; Machado, U.F.; Correa-Gianella, M.L.C.; Schmidt, A.M.; et al. RAGE mediates cholesterol efflux impairment in macrophages caused by human advanced glycated albumin. Int. J. Mol. Sci. 2020, 21, 7265. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 13 00256 g001 550] 





Figure 1. CRP concentration in serum [µg/mL] and corresponding concentration in saliva [ng/mL] of 18 neonates (gestational age at birth 33.10 ± 5.44 weeks, six females) over 1–4 time points (n = 33). Serum concentration of CRP was measured with 53.12 ± 72.82 µg/mL (mean ± SD, maximum at 320 µg/mL and minimum at 0.3 µg/mL). Salivary CRP was measured with 65.73 ± 137.70 ng/mL (mean ± SD, maximum at 489 ng/mL and minimum at 0.12 ng/mL). Pearson’s correlation was calculated as r = 0.72 (p < 0.001) with y = −6.388x + 1.358, R2 = 0.52. Concentrations indicating severe sepsis (>80 µg/mL CRP in serum) were circled in red (A). Time course of measured salivary [ng/mL] and serum [µg/mL] CRP concentration over 4–9 days from three selected neonates (NN1–NN3) with gestational age of 29 + 1, 35 + 0, and 30 + 1 (week + day) (B). 
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Figure 2. Apparent permeability (Papp) of 10 µg/mL CRP applied on the apical (A/B) or basolateral (B/A) side for 24 h in the oral mucosa model, based on TR146 cells, and salivary gland model, based on clone B2 of HTB-41 cells. Results calculated as x-fold referred to Papp A/B, shown as mean ± SEM after referring to Papp values for A/B of each individual experiment of in total three independent experiments (N = 11–13). Statistical analysis was performed as Student’s t-test with α = 0.05, p < 0.01 **, p < 0.001 ***. 
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Figure 3. Messenger RNA expression of RAGE of the oral mucosa model (TR146, A) and salivary gland model (B2 clone, B) after applying CRP on the apical (api) or basolateral (baso) side for 24 h, Ct values were referred to the endogenous control (18sRNA for oral mucosa or PPIA for salivary gland) and normalized to untreated control samples. Results shown as mean ± SEM of two–three independent experiments (N = 4–7). Statistical analysis was performed as one-way ANOVA on ranks with α = 0.05, * p < 0.05. Representative western blots of RAGE and ß-actin of the oral mucosa model (TR146, C) and the salivary gland model (B2 clone, D) after treatment with 10 µg/mL CRP for 24 h on the apical and basolateral side, compared to control samples. Densitometric values of western blots from two—three independent experiments (N= 3) for the oral mucosa model (TR146, E) and salivary gland model (B2 clone, F) shown as mean ± SEM. Statistical analysis was performed as Student’s t-test, with α = 0.05, p < 0.05 *. 
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Figure 4. Apparent permeability (Papp) values of the oral mucosa and salivary gland model upon applying 10 µg/mL CRP or 10 µg/mL CRP + 5 µg/mL sRAGE on the apical (A/B) or basolateral (B/A) side for 24 h. Results shown as mean ± SEM of two–six independent experiments (N = 7–24) upon normalization to Papp CRP values from A/B. Outliers were excluded applying Grubb’s test. Statistical analysis was performed as two-way ANOVA, post-hoc Holm-Sidak test with α = 0.05, p < 0.01 **, p < 0.001 ***. 
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Table 1. Applied primer sequences for 18SrRNA, Peptidylpropyl Isomerase A (PPIA) and Receptor for Advanced Glycation End Products (RAGE).
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	Primer
	Forward 5′-3′
	Reverse 5′-3′





	18SrRNA
	ATGGTTCCTTTGGTCGCTCG
	GAGCTCACCGGGTTGGTTTT



	PPIA
	GTTCTTCGACATTGCCGTCG
	TGAAGTCACCACCCTGACAC



	RAGE
	GAAGCTTGGAAGGTCCTGTCTC
	CCGGAAAATCCCCTCATCCTG
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Table 2. Characteristics of neonates at test with corresponding serum C-reactive protein (CRP) concentrations shown as mean ± SD (minimum (min.)–maximum (max.)) or numbers (n) and percentage (%).






Table 2. Characteristics of neonates at test with corresponding serum C-reactive protein (CRP) concentrations shown as mean ± SD (minimum (min.)–maximum (max.)) or numbers (n) and percentage (%).





	Characteristics (n = 33 in 18 Patients)
	Mean ± SD (Min.–Max.)/n (%)





	Gestational age at birth (w)
	33.1 ± 5.44 (25.4–40.6)



	Corrected age at test (w)
	38.4 ± 7.6 (28.4–55.4)



	Day of life at test (d)
	33.3 ± 44.7 (1–143)



	Birth weight (g)
	2170 ± 1130 (580–4400)



	Body weight at test (g)
	2870 ± 1330 (790–5040)



	Female patients (n)
	6 (33%)



	CRP > 15 µg/mL at test (n)
	22 (66%)







w—week; d—day; g—gram; n—number.
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Table 3. Characteristics of healthy neonates without corresponding serum CRP concentrations shown as mean ± SD (minimum (min.)–maximum (max.)) or numbers (n) and percentage (%).






Table 3. Characteristics of healthy neonates without corresponding serum CRP concentrations shown as mean ± SD (minimum (min.)–maximum (max.)) or numbers (n) and percentage (%).





	Characteristics (n = 22)
	Mean ± SD (Min.–Max.)/n (%)





	Gestational age at birth (w)
	38.6 ± 1.6 (35.7–40.9)



	Corrected age at test (w)
	39.0 ± 1.6 (36.6–41.6)



	Day of life at test (d)
	2.8 ± 1.5 (1–6)



	Birth weight (g)
	3190 ± 610 (2090–4090)



	Female (n)
	11 (50%)



	CRP > 15 µg/mL at test (n)
	0 (0%)







w—week; d—day; g—gram; n—number.
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