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Abstract

:

A reliable workup with regard to a single diagnostic marker indicating periprosthetic joint infection (PJI) with sufficient sensitivity and specificity is still missing. The immunologically reactive molecule Pecam-1 is shed from the T-cell surface upon activation via proinflammatory signaling, e.g., triggered by specific pathogens. We hypothesized that soluble Pecam-1 (sPecam-1) can hence function as a biomarker of PJI. Fifty-eight patients were prospectively enrolled and assigned to one of the respective treatment groups (native knees prior to surgery, aseptic, and septic total knee arthroplasty (TKA) revision surgeries). Via synovial sample acquisition and ELISA testing, a database on local sPecam-1 levels was established. We observed a significantly larger quantity of sPecam-1 in septic (n = 22) compared to aseptic TKA revision surgeries (n = 20, p ≤ 0.001). Furthermore, a significantly larger amount of sPecam-1 was found in septic and aseptic revisions compared to native joints (n = 16, p ≤ 0.001). Benchmarking it to the gold standard showed a high predictive power for the detection of PJI. Local sPecam-1 levels correlated to the infection status of the implant, and thus bear a strong potential to act as a biomarker of PJI. While a clear role of sPecam-1 in infection could be demonstrated, the underlying mechanism of the molecule’s natural function needs to be further unraveled.
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1. Introduction


With increasing life expectancy and concurrent high demands regarding personal mobility, the numbers of total joint arthroplasties are rising [1,2,3]. In arthroplasty patients, periprosthetic joint infection (PJI) still constitutes a major challenge with potentially devastating complications. As one of the main reasons for implant failure, PJI occurs in 0.3–4% of all primary hip and knee arthroplasties, with even higher rates of up to 15% in revision surgeries [4,5].



To date, the diagnosis of PJI is still based on various examinations, taking into account individual serum CRP levels, synovial leucocyte counts, and potential microbial identifications of bacterial pathogens, as well as histopathological examinations [3,6,7]. While the existing PJI criteria systems lead to fair results, the diagnostic of persistent low-grade infections are insufficient, calling for the development of highly sensitive tools for early detection. Despite established evaluations of serum inflammatory markers, synovial fluid analysis can be seen as the diagnostic mainstay [8]. Within the current literature, many studies focus on new biomarkers for a reliable detection of PJI [2,9,10]. Nevertheless, there is no single diagnostic tool with sufficient sensitivity and specificity.



While infection treatment focuses mainly on diagnostics of bacterial specimen, the endogenous immunological competence of patients and its connection to the patients’ likeliness to develop periprosthetic infections has so far not been getting enough attention. Previous research highlighted the role of T-cells and the adaptive immune system in PJI [7,11,12]. Pecam-1 positive T-cells have been described as a valid marker for thymus activity and can hence be seen as an indicator for the individual’s immunological status [13]. On a cellular level, Pecam-1 has a broad range of immunoregulatory functions, such as T-cell activation control and survival, dampening of pro-inflammatory cytokine production, and prevention of macrophage phagocytosis. Particularly in T-cells, Pecam-1 plays a central role, since this immunologically reactive molecule is shed from the surface of naive T-cells upon activation (Figure 1). The molecule is homophilic, capable of homo-oligomerization, and potentially competitive to bound protein [14,15].



The serum of septic shock patients has previously been shown to contain significantly higher sPecam-1 levels than control patients, leading to the pursuing question on the role of cell-shed sPecam-1 in PJI due to an intrinsic T-cell-induced activation by specific pathogens [15]. It remains unclear if cell-shed sPecam-1 is locally produced in order to fight an infection or inflammation (which is certainly not to be equated), or if it is a by-product that may lead to unfavorable cytotoxicity.



We hypothesized that soluble Pecam-1 can not only be used to assess the level of T-cell activation and reactivity of the adaptive immune response, but can function locally as a biomarker for lingering infections. Thus, this study aims to prove the potential of sPecam-1 as a marker for PJI.




2. Material and Methods


2.1. Study Design


This prospective study investigated the potential of sPecam-1 as a marker for PJI of the knee. Samples were prospectively collected from 1 August 2016 to 31 July 2017 in a unit for musculoskeletal and periprosthetic infections in one academic center. The study protocol was approved by the local ethics committee (EA1/033/17).




2.2. Patients


Patients were prospectively identified in our outpatient department. Consecutive patients aged ≥18 years were screened for inclusion. Synovia samples were taken intraoperatively via joint aspiration after skin incision and subcutaneous preparation. Samples were immediately aliquoted, stored at −80 °C, and measured within 21 days after surgery. Patients were assigned to one of the three defined intervention groups depending on the surgical procedure: (A) native knees prior to total knee arthroplasty (TKA), (B) aseptic revision TKA, (C) septic revision surgery with either debridement, antibiotics, and implant retention (DAIR), 1-stage TKA revision surgery, or 2-stage revision surgery via interposition of a static spacer followed by staged TKA reimplantation. The group’s assignment was made according to the EBJIS-proposed criteria of PJI as visualized in Figure 2. Definition of group A, B, and C are hence as follows:




	
(A) Native knees prior to TKA:








This cohort served as a control group defining the individual sPecam-1 levels under aseptic conditions in native joints. Patients with prior arthroscopic or open interventions adjacent to the knee joint were excluded from further evaluation. Additionally, patients were screened pre-operatively for clinical or laboratory signs of infection. Patients with an elevated serum C-reactive protein level > 7 mg/L and with signs of redness or swelling of the affected limb were excluded.



	
(B) Aseptic revision knee replacement surgery:






Aseptic revision surgery was performed in patients without suspected PJI. The differentiation of aseptic and septic revision surgery was determined according to the EBJIS criteria (Figure 2) [7,16].



	
(C) Septic revision knee replacement surgery:






Patients with clinical and laboratory diagnostics indicating PJI according to the EBJIS criteria were assigned to the septic revision study cohort. Furthermore, these entities were differentiated in acute and chronic infections according to Izakovicova et al [17]. Acute infections were defined as early postoperative infections < 4 weeks, or acute hematogenous infections with duration of the symptoms < 3 weeks. Acute PJI are caused by high-virulent pathogens, such as S. aureus or Gram-negative bacteria, and are accompanied by clinical features highly suspicious for infection [17]. In patients with acute PJI, debridement, antibiotics, and implant retention (DAIR) were performed as the treatment of choice. Chronic PJI presents ≥4 weeks after surgery or with ≥3 weeks of duration of symptoms. Typical clinical features of acute PJI such as acute pain and redness of the swollen joint are often absent in chronic infections. Instead, patients with these pathologies may suffer from pain and loosening of the prosthesis. Chronic PJI are caused by low-virulent pathogens such as coagulase-negative Staphylococcus and Cutibacterium species [17,18]. These patients were treated with septic 1- or 2-stage revision surgery after complete removal of the prosthesis.




2.3. Quantitative Analyses


Via large-scale sample acquisition of freshly collected synovial fluid from primary, aseptic, and septic revision knee surgeries, a database on local sPecam-1 quantities in correlation with the infection status of the patient was established. sPecam-1 quantities in synovia were measured via ELISA (human sPecam-1 ELISA, eBioscience).




2.4. Cytotoxicity


The cytosolic enzyme lactate dehydrogenase (LDH) is released into the cell culture medium upon damage to the plasma membrane and can hence function as a marker for cytotoxicity of a tested substance. LDH assays were performed to preclude potential cytotoxic effects of s-Pecam-1 in different physiological quantities, corresponding to the median calculated from native, septic, and aseptic patients as measured via ELISA (native as in low sPecam-1 = 26 ng/mL, aseptic as in medium sPecam-1 = 44 ng/mL, septic as in high sPecam-1 = 73 ng/mL). Primary isolated peripheral blood mononuclear cells (PBMCs) of five healthy donors were cultivated with and without additional synthetic sPecam-1 for 24h under physiological conditions. The relative LDH release of the PBMCs was determined via optical density (OD), and interpreted after subtraction of the OD of blank medium.




2.5. Statistics


When performing multiple pair-wise comparisons, one-way analyses of variance [19] were performed, and p-values were adjusted using Bonferroni’s p-value adjustment multiple comparison procedure. Results are presented as vertical scatter plot with mean ± standard deviation (SD), or as vertical bar graphs with mean ± standard deviation (SD). p-values ≤ 0.05 were considered statistically significant. Statistical analysis was performed using GraphPad prism version 5 (by GraphPad Software, Inc, San Diego, CA, USA). Receiver operating characteristic (ROC) analyses were performed using SPSS version 22 (by IBM, Armonk, NY, USA).





3. Results


3.1. Patients


A total of 58 patients were included in this study. Of these, 16 patients were scheduled for primary TKA, 20 patients underwent aseptic revision surgery, and 22 patients had to undergo surgery due to chronic or acute PJI. Of the analyzed patients, 33 were male and 25 were female, with an overall average age of 71.2 ± 8.8 years. The analyzed groups did not show significant differences in age distribution (Figure 3).




3.2. Quantitative Analyses


A significantly larger quantity of sPecam-1 was present under septic (chronic + acute) (mean 73.03 ng/mL, SD 22.94) compared to aseptic conditions (mean 43.95 ng/mL, SD 11.82; p ≤ 0.001). Furthermore, a significantly larger amount of s-Pecam-1 was observed in patients undergoing septic and aseptic revisions compared to native joints (mean 26.02 ng/mL, SD 6.48; p ≤ 0.001) (Figure 4). In order to further specify sPecam-1 quantities in the septic cohort, the samples were grouped into chronic (PJI ≥ 4 weeks after surgery, or with ≥3 weeks of duration of symptoms, mean 66.47 ng/mL) and acute (early postoperative infections < 4 weeks, or acute hematogenous infections with duration of the symptoms < 3 weeks, mean 78.5 ng/mL) cases of PJI. The data revealed that both subgroups contained significantly larger sPecam-1 quantities than the aseptic samples (mean 43.95 ng/mL), as well as the native samples (mean 26.02 ng/mL) (p ≤ 0.001). sPecam-1 quantities in chronic vs. acute did not show a significant difference.



Next, we examined whether sPecam-1 could serve as a suitable marker for the presence of PJI. Here, we performed receiver operating characteristic (ROC) analyses to define cutoff values. We combined data obtained from all septic revision surgeries (acute and chronic), and analyzed the biomarker power vs. aseptic revision cases. With a sensitivity of 82% and a specificity of 80% (area under the curve (AUC) = 0.87; p ≤ 0.0001), a quantitative value of 54.3 ng sPecam-1/mL synovial fluid was defined as the cutoff value for periprosthetic joint infection (Figure 4).




3.3. Cytotoxic and Molecular Effects of sPecam-1 on Peripheral Blood Cells


Addressing the potential role of sPecam-1 in an infectious situation, it had to be clarified if sPecam-1, in the concentrations given by the analyses from native (low), aseptic (medium), and septic (high) revision surgeries had a cytotoxic effect on peripheral cells. The data shows that sPecam-1 does not have a cytotoxic effect (PBMCs OD 0.035 ± 0.012, low sPecam-1 concentration OD 0.04 ± 0.009, medium sPecam-1 concentration OD 0.04 ± 0.007, high sPecam-1 concentration OD 0.03 ± 0.008, Figure 5).





4. Discussion


Defining synovial biomarkers that enable local, minimally invasive, and reliable diagnostics of PJI is an ambitious and innovative approach. Against this background, there are several studies evaluating the potential diagnostic impact of promising molecules, of which the most important seem to be α-defensin (AD), leukocyte esterase (LE), interleukin-6 (IL-6), and D-lactate (DL). With our study, we would like to draw attention to another possible marker molecule, sPecam-1, which bears a strong potential to be a reliable biomarker for PJI. The defined quantitative cutoff value of 54.3 ng sPecam-1/mL revealed a sensitivity of 82% and a specificity of 80%. Regarding the above-mentioned diagnostic options, AD, until now, represents one of the most reliable molecules for PJI detection, and was evaluated in three level 2 and two level 3 studies [20,21,22,23,24]. In their retrospective review, which included 19 PJI out of 61 arthroplasties, Bingham et al. reported a sensitivity of 100% and a specificity of 95% due to two false positive assays [20]. For total shoulder arthroplasties, Unter Ecker et al. demonstrated a sensitivity of 75% and specificity of 96% [25]. In contrast, Renz et al. found a much lower sensitivity of 54%. Due to its high specificity of > 95%, the authors concluded by using AD as a confirmatory test rather than as a screening method for PJI [16]. A clear disadvantage is that AD testing is expensive and not available in every hospital. In contrast, leukocyte esterase (LE) testing is a cheap and commonly available diagnostic tool, which is based on a colorimetric reagent pad [26]. Compared to the sPecam-1 sensitivity level of our study, which was 82%, recent studies overall reported a lower sensitivity of LE, ranging from 66% to 75% [27,28,29]. In 2018, Deirmengian et al. recommended not to use LE test strips to rule out PJI, as they often fail to detect abundant levels of LE in synovial fluid [30]. For two different LE test strips, the authors pointed out that the combined failure to detect an elevated white blood cell (WBC) count, because of either false-negative or invalid results, was 47.1% and 41.4% [30]. Nevertheless, and according to its high specificity, LE strips serve as reliable options for a secondary confirmatory rule-in test for PJI [30]. The biggest disadvantage of LE is that the reagent strip cannot be adequately read in the presence of blood or debris, which is often admixed to synovial fluid due to a joint puncture related bleeding. Against this background, different studies report an invalid result rate of 9.5–29.2% [26,27,31,32]. sPecam-1 quantification is unsusceptible to impurities, which highlights an important advantage of the present diagnostic tool.



In a study by Nilsdotter et al., IL-6 synovial analysis demonstrated a sensitivity of 69% and specificity of 93% for PJI detection of the hip [33]. A recent meta-analysis reviewed 16 studies evaluating IL-6 as a biomarker for PJI [34]. The pooled sensitivity and specificity were 83% and 91%, respectively. Compared to our results on sPecam-1, IL-6 shows a similar sensitivity, but higher specificity. However, according to the results of a study by Shin et al., an elevated proinflammatory signaling, resulting from monocytes that respond to polyethylene (PE) particles by producing IL-6 in patients with aseptic implant loosening, potentially leads to the circumstance that IL-6 has a much lower specificity of 77% compared with the findings from overall analysis (91%) [35]. The question of synovial sPecam-1 levels also corresponding to PE wear has yet to be determined.



Yermak et al. [36] evaluated the performance of synovial fluid D-lactate for the diagnosis of PJI by spectrophotometrical testing in 148 patients, of which 44 (30%) were diagnosed with PJI. By defining a cutoff at 1.26 mmol/L, a sensitivity of 86.4% and specificity of 80.8% was observed [36]. Though Yermak et al. reported a slightly higher sensitivity of D-lactate, these results are comparable to our study. Furthermore, both test methods only require a low synovial fluid volume and a short processing time.



Throughout the literature, synovial white blood cell count (WBC) and the percentage of polymorphonucleocytes (PMN%) serve as the gold standard in PJI detection. Lee et al. recently conducted a meta-analysis and reported about a pooled sensitivity of 89% and specificity of 86% for both parameters [37]. Given these results, a reliable diagnostic performance has to be stated. Nevertheless, PJI diagnosis remains challenging, especially in patients with suspected low-grade infections, as well as within the short-term postoperative course [38,39]. Although national and international guidelines consider synovial analysis of WBC and PMN% as the most important diagnostic criteria, the respective cutoff values show substantial differences [17,18,40,41]. This highlights the fact that the implementation and improvement of defined cutoff values for WBC and PMN% are the subject of current scientific debate. Given these thoughts, our study reveals a new marker molecule which shows promising results with regard to further improvements of PJI diagnostics.



This study has noteworthy limitations and leaves pending issues. We found that sPecam-1 is susceptible to storage time and temperature, but steadily and reliably regulated under infectious conditions if analyzed from fresh samples. In order to use the molecule in its biomarker function, a measurement must ideally take place immediately after the sample is taken, or within 24 h at 4 °C, or the sample needs to be stored at −80 °C for longer than 21 days in order to be able to make a valid statement. Considering the specificity (80%) and sensitivity (82%) as displayed in the ROC, when using a threshold value of 54.3 ng sPecam-1/mL synovial fluid to define an infectious status, the approach does not seem to outclass common detection methods. However, patient numbers are relatively low in this approach and need to be prospectively extended for further conclusions. According to the obtained results, it cannot be reliably determined if sPecam-1 is produced to fight pathogens, or if it can be seen as a by-product with potential unfavorable reactions. However, according to the fact that sPecam-1 does not have a cytotoxic effect on the entity of PBMCs, we do not assume that it acts as a simple byproduct.



This approach solely represents the possibility of using sPecam-1 as a biomarker for PJI. As with other biomarkers, the question arises as to whether subgroup analyses that go beyond a division into chronic and acute, e.g., considering the pathogen spectrum, can contribute to a refinement of the specificity and sensitivity values. The cutoff value can easily be adjusted in favor of sensitivity in rapid test methods in order to have a convenient and low-priced early diagnosis, e.g., for secondary confirmatory rule-in testing.




5. Conclusions


While a clear role of sPecam-1 in infection and inflammation could be demonstrated in this pilot study, the underlying mechanism of the molecule’s natural function in septic conditions is essential and needs to be further investigated. In this respect, the primary question that needs to be addressed is whether high local sPecam-1 concentrations are the body’s response to an infection, or if an infection can flourish due to high levels of sPecam-1. While this is not of elemental interest when defining a biomarker for a status quo, it is of crucial importance when considering a potential therapeutic approach aimed at the manipulation of molecular balances. Either way, local sPecam-1-levels serve as a promising landmark in the diagnostic workflow of PJI evaluation.







Author Contributions


M.F.: Investigation, data curation, writing (original draft). A.T.: Formal analysis, consulting, writing (review and editing). S.K.: Clinical sample acquisition, data acquisition. T.W.: writing (review and editing). F.A.S.: Conceptualization, methodology, laboratory work, data acquisition and statistics, supervision, writing (original draft). All authors have read and agreed to the published version of the manuscript.




Funding


Kick-Off Grant: by Einstein foundation, 2017.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee of the Charité Berlin (protocol code EA1/033/17, 2016).




Informed Consent Statement


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




Data Availability Statement


The data that support the findings of this study are available from the corresponding author, [F.A.S.], upon reasonable request.




Acknowledgments


We would like to acknowledge Janine Mikutta for her engagement in laboratory work. Further, we acknowledge the help of Victor Janz and Gabriele Russow, who supported us in the collection of synovia samples. We also want to thank Corinna Naujok, graphic designer at the Charité CFM Facility Management GmbH for her graphical input to Figure 1. We further acknowledge support from the German Research Foundation (DFG) and the Open Access Publication Fund of Charité—Universitätsmedizin Berlin.




Conflicts of Interest


The authors declare that they have no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Lenguerrand, E.; Whitehouse, M.R.; Beswick, A.D.; Kunutsor, S.K.; Foguet, P.; Porter, M.; Blom, A.W. Risk factors associated with revision for prosthetic joint infection following knee replacement: An observational cohort study from England and Wales. Lancet Infect. Dis. 2019, 19, 589–600. [Google Scholar] [CrossRef]

	



Qin, L.; Hu, N.; Li, X.; Chen, Y.; Wang, J.; Huang, W. Evaluation of synovial fluid neutrophil CD64 index as a screening biomarker of prosthetic joint infection. Bone Jt. J. 2020, 102-B, 463–469. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerli, W.; Trampuz, A.; Ochsner, P.E. Prosthetic-Joint Infections. N. Engl. J. Med. 2004, 351, 1645–1654. [Google Scholar] [CrossRef] [PubMed]

	



Blom, A.W.; Brown, J.; Taylor, A.H.; Pattison, G.; Whitehouse, S.; Bannister, G.C. Infection after total knee arthroplasty. J. Bone Jt. Surg. Br. Vol. 2004, 86, 688–691. [Google Scholar] [CrossRef] [PubMed]

	



Laffer, R.R.; Graber, P.; Ochsner, P.E.; Zimmerli, W. Outcome of prosthetic knee-associated infection: Evaluation of 40 consecutive episodes at a single centre. Clin. Microbiol. Infect. 2006, 12, 433–439. [Google Scholar] [CrossRef]

	



Li, C.; Renz, N.; Trampuz, A. Management of Periprosthetic Joint Infection. Hip Pelvis 2018, 30, 138–146. [Google Scholar] [CrossRef] [PubMed]

	



Signore, A.; Sconfienza, L.M.; Borens, O.; Glaudemans, A.W.J.M.; Cassar-Pullicino, V.; Trampuz, A.; Winkler, H.; Gheysens, O.; Vanhoenacker, F.M.H.M.; Petrosillo, N.; et al. Consensus document for the diagnosis of prosthetic joint infections: A joint paper by the EANM, EBJIS, and ESR (with ESCMID endorsement). Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 971–988. [Google Scholar] [CrossRef] [PubMed]

	



Sigmund, I.K.; Holinka, J.; Staats, K.; Sevelda, F.; Lass, R.; Kubista, B.; Giurea, A.; Windhager, R. Inferior performance of established and novel serum inflammatory markers in diagnosing periprosthetic joint infections. Int. Orthop. 2020. [Google Scholar] [CrossRef]

	



Salari, P.; Grassi, M.; Cinti, B.; Onori, N.; Gigante, A. Synovial Fluid Calprotectin for the Preoperative Diagnosis of Chronic Periprosthetic Joint Infection. J. Arthroplast. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Stone, W.Z.; Gray, C.F.; Parvataneni, H.K.; Al-Rashid, M.; Vlasak, R.G.; Horodyski, M.; Prieto, H.A. Clinical Evaluation of Synovial Alpha Defensin and Synovial C-Reactive Protein in the Diagnosis of Periprosthetic Joint Infection. J. Bone Jt. Surg. Am. Vol. 2018, 100, 1184–1190. [Google Scholar] [CrossRef]

	



Korn, M.F.; Stein, R.R.; Dolf, A.; Shakeri, F.; Buness, A.; Hilgers, C.; Masson, W.; Gravius, S.; Kohlhof, H.; Burger, C.; et al. High-Dimensional Analysis of Immune Cell Composition Predicts Periprosthetic Joint Infections and Dissects Its Pathophysiology. Biomedicines 2020, 8, 358. [Google Scholar] [CrossRef]

	



Randau, T.M.; Friedrich, M.J.; Wimmer, M.D.; Reichert, B.; Kuberra, D.; Stoffel-Wagner, B.; Limmer, A.; Wirtz, D.C.; Gravius, S. Interleukin-6 in serum and in synovial fluid enhances the differentiation between periprosthetic joint infection and aseptic loosening. PLoS ONE 2014, 9, e89045. [Google Scholar] [CrossRef]

	



Kohler, S.; Thiel, A. Life after the thymus: CD31+ and CD31- human naive CD4+ T-cell subsets. Blood 2009, 113, 769–774. [Google Scholar] [CrossRef] [PubMed]

	



Kjaergaard, A.G.; Dige, A.; Nielsen, J.S.; Tonnesen, E.; Krog, J. The use of the soluble adhesion molecules sE-selectin, sICAM-1, sVCAM-1, sPECAM-1 and their ligands CD11a and CD49d as diagnostic and prognostic biomarkers in septic and critically ill non-septic ICU patients. APMIS Acta Pathol. Microbiol. Immunol. Scand. 2016, 124, 846–855. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Li, F.S.; Zhang, Y.H.; Wang, X.P.; Wang, C.R. Association of susceptibility to septic shock with platelet endothelial cell adhesion molecule-1 gene Leu125Val polymorphism and serum sPECAM-1 levels in sepsis patients. Int. J. Clin. Exp. Med. 2015, 8, 20490–20498. [Google Scholar]

	



Renz, N.; Yermak, K.; Perka, C.; Trampuz, A. Alpha Defensin Lateral Flow Test for Diagnosis of Periprosthetic Joint Infection: Not a Screening but a Confirmatory Test. J. Bone Jt. Surg. Am. Vol. 2018, 100, 742–750. [Google Scholar] [CrossRef]

	



Izakovicova, P.; Borens, O.; Trampuz, A. Periprosthetic joint infection: Current concepts and outlook. EFORT Open Rev. 2019, 4, 482–494. [Google Scholar] [CrossRef]

	



Parvizi, J.; Gehrke, T. Definition of Periprosthetic Joint Infection. J. Arthroplast. 2014, 29, 1331. [Google Scholar] [CrossRef]

	



Gallo, J.; Juranova, J.; Svoboda, M.; Zapletalova, J. Excellent AUC for joint fluid cytology in the detection/exclusion of hip and knee prosthetic joint infection. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc. Czech Repub. 2017, 161, 310–319. [Google Scholar] [CrossRef]

	



Bingham, J.; Clarke, H.; Spangehl, M.; Schwartz, A.; Beauchamp, C.; Goldberg, B. The alpha defensin-1 biomarker assay can be used to evaluate the potentially infected total joint arthroplasty. Clin. Orthop. Relat. Res. 2014, 472, 4006–4009. [Google Scholar] [CrossRef] [PubMed]

	



Cipriano, C.A.; Brown, N.M.; Michael, A.M.; Moric, M.; Sporer, S.M.; Della Valle, C.J. Serum and synovial fluid analysis for diagnosing chronic periprosthetic infection in patients with inflammatory arthritis. J. Bone Jt. Surg. Am. Vol. 2012, 94, 594–600. [Google Scholar] [CrossRef] [PubMed]

	



Gallo, J.; Kolar, M.; Dendis, M.; Loveckova, Y.; Sauer, P.; Zapletalova, J.; Koukalova, D. Culture and PCR analysis of joint fluid in the diagnosis of prosthetic joint infection. New Microbiol. 2008, 31, 97–104. [Google Scholar] [PubMed]

	



Jacovides, C.L.; Parvizi, J.; Adeli, B.; Jung, K.A. Molecular markers for diagnosis of periprosthetic joint infection. J. Arthroplast. 2011, 26, 99–103.e101. [Google Scholar] [CrossRef] [PubMed]

	



Lenski, M.; Scherer, M.A. Synovial IL-6 as inflammatory marker in periprosthetic joint infections. J. Arthroplast. 2014, 29, 1105–1109. [Google Scholar] [CrossRef]

	



Unter Ecker, N.; Koniker, A.; Gehrke, T.; Salber, J.; Zahar, A.; Hentschke, M.; Citak, M. What Is the Diagnostic Accuracy of Alpha-Defensin and Leukocyte Esterase Test in Periprosthetic Shoulder Infection? Clin. Orthop. Relat. Res. 2019, 477, 1712–1718. [Google Scholar] [CrossRef] [PubMed]

	



Shafafy, R.; McClatchie, W.; Chettiar, K.; Gill, K.; Hargrove, R.; Sturridge, S.; Guyot, A. Use of leucocyte esterase reagent strips in the diagnosis or exclusion of prosthetic joint infection. Bone Jt. J. 2015, 97-b, 1232–1236. [Google Scholar] [CrossRef] [PubMed]

	



Deirmengian, C.; Kardos, K.; Kilmartin, P.; Cameron, A.; Schiller, K.; Booth, R.E.; Parvizi, J. The Alpha-defensin Test for Periprosthetic Joint Infection Outperforms the Leukocyte Esterase Test Strip. Clin. Orthop. Relat. Res. 2015, 473, 198–203. [Google Scholar] [CrossRef] [PubMed]

	



Shahi, A.; Tan, T.L.; Kheir, M.M.; Tan, D.D.; Parvizi, J. Diagnosing Periprosthetic Joint Infection: And the Winner Is? J. Arthroplast. 2017, 32, S232–S235. [Google Scholar] [CrossRef] [PubMed]

	



Tischler, E.H.; Cavanaugh, P.K.; Parvizi, J. Leukocyte esterase strip test: Matched for musculoskeletal infection society criteria. J. Bone Jt. Surg. Am. Vol. 2014, 96, 1917–1920. [Google Scholar] [CrossRef] [PubMed]

	



Deirmengian, C.A.; Liang, L.; Rosenberger, J.P.; Joaquim, T.R.; Gould, M.R.; Citrano, P.A.; Kardos, K.W. The Leukocyte Esterase Test Strip Is a Poor Rule-Out Test for Periprosthetic Joint Infection. J. Arthroplast. 2018, 33, 2571–2574. [Google Scholar] [CrossRef] [PubMed]

	



Parvizi, J.; Jacovides, C.; Antoci, V.; Ghanem, E. Diagnosis of periprosthetic joint infection: The utility of a simple yet unappreciated enzyme. J. Bone Jt. Surg. Am. Vol. 2011, 93, 2242–2248. [Google Scholar] [CrossRef] [PubMed]

	



Wetters, N.G.; Berend, K.R.; Lombardi, A.V.; Morris, M.J.; Tucker, T.L.; Della Valle, C.J. Leukocyte esterase reagent strips for the rapid diagnosis of periprosthetic joint infection. J. Arthroplast. 2012, 27, 8–11. [Google Scholar] [CrossRef] [PubMed]

	



Nilsdotter-Augustinsson, Å.; Briheim, G.; Herder, A.; Ljunghusen, O.; Wahlström, O.; öhman, L. Inflammatory response in 85 patients with loosened hip prostheses: A prospective study comparing inflammatory markers in patients with aseptic and septic prosthetic loosening. Acta Orthop. 2007, 78, 629–639. [Google Scholar] [CrossRef]

	



Shin, Y.S.; Yoon, J.R. Diagnostic accuracy of interleukin-6 and procalcitonin in patients with periprosthetic joint infection: A meta-analysis. Orthop. Proc. 2018, 100-B, 10. [Google Scholar] [CrossRef]

	



Bottner, F.; Wegner, A.; Winkelmann, W.; Becker, K.; Erren, M.; Götze, C. Interleukin-6, procalcitonin and TNF-alpha: Markers of peri-prosthetic infection following total joint replacement. J. Bone Jt. Surg. Br. Vol. 2007, 89, 94–99. [Google Scholar] [CrossRef] [PubMed]

	



Yermak, K.; Karbysheva, S.; Perka, C.; Trampuz, A.; Renz, N. Performance of synovial fluid D-lactate for the diagnosis of periprosthetic joint infection: A prospective observational study. J. Infect. 2019, 79, 123–129. [Google Scholar] [CrossRef]

	



Lee, Y.S.; Koo, K.H.; Kim, H.J.; Tian, S.; Kim, T.Y.; Maltenfort, M.G.; Chen, A.F. Synovial Fluid Biomarkers for the Diagnosis of Periprosthetic Joint Infection: A Systematic Review and Meta-Analysis. J. Bone Jt. Surg. Am. Vol. 2017, 99, 2077–2084. [Google Scholar] [CrossRef]

	



Higuera, C.A.; Zmistowski, B.; Malcom, T.; Barsoum, W.K.; Sporer, S.M.; Mommsen, P.; Kendoff, D.; Della Valle, C.J.; Parvizi, J. Synovial Fluid Cell Count for Diagnosis of Chronic Periprosthetic Hip Infection. JBJS 2017, 99, 753–759. [Google Scholar] [CrossRef]

	



Zahar, A.; Lausmann, C.; Cavalheiro, C.; Dhamangaonkar, A.C.; Bonanzinga, T.; Gehrke, T.; Citak, M. How Reliable Is the Cell Count Analysis in the Diagnosis of Prosthetic Joint Infection? J. Arthroplast. 2018, 33, 3257–3262. [Google Scholar] [CrossRef] [PubMed]

	



Dinneen, A.; Guyot, A.; Clements, J.; Bradley, N. Synovial fluid white cell and differential count in the diagnosis or exclusion of prosthetic joint infection. Bone Jt. J. 2013, 95-B, 554–557. [Google Scholar] [CrossRef]

	



Kim, S.-G.; Kim, J.-G.; Jang, K.-M.; Han, S.-B.; Lim, H.-C.; Bae, J.-H. Diagnostic Value of Synovial White Blood Cell Count and Serum C-Reactive Protein for Acute Periprosthetic Joint Infection After Knee Arthroplasty. J. Arthroplast. 2017, 32, 3724–3728. [Google Scholar] [CrossRef]








[image: Jcm 10 00612 g001 550] 





Figure 1. Shedding mechanism of Pecam-1 and its status in adaptive immunity. (A) The immunologically reactive molecule Pecam-1 is shed from the T-cell surface upon activation of immune cells. (B) Availability of Pecam-1 is restricted to early phases of T-cell development. Upon antigen presentation by an antigen presenting cell (APC), sPecam-1 is shed from the T-cell’s surface. The molecule’s decreasing quantity on the cell surface is illustrated by the yellow curve progression. Concomitantly but inversely, the expression of pro-inflammatory cytokines by the T-cells in various differentiation stages are rising as illustrated by the pale red curve progression. P: potential phosphorylation site, APC: antigen presenting cell, TN: naïve T-cell, TREG: regulatory T-cell, TSCN: stem central memory T-cell, TCM: central memory T-cell, TEM: effector memory T-cell, TEFF: effector T-cell, TEMRA: terminally differentiated effector memory RA T-cell. 






Figure 1. Shedding mechanism of Pecam-1 and its status in adaptive immunity. (A) The immunologically reactive molecule Pecam-1 is shed from the T-cell surface upon activation of immune cells. (B) Availability of Pecam-1 is restricted to early phases of T-cell development. Upon antigen presentation by an antigen presenting cell (APC), sPecam-1 is shed from the T-cell’s surface. The molecule’s decreasing quantity on the cell surface is illustrated by the yellow curve progression. Concomitantly but inversely, the expression of pro-inflammatory cytokines by the T-cells in various differentiation stages are rising as illustrated by the pale red curve progression. P: potential phosphorylation site, APC: antigen presenting cell, TN: naïve T-cell, TREG: regulatory T-cell, TSCN: stem central memory T-cell, TCM: central memory T-cell, TEM: effector memory T-cell, TEFF: effector T-cell, TEMRA: terminally differentiated effector memory RA T-cell.



[image: Jcm 10 00612 g001]







[image: Jcm 10 00612 g002 550] 





Figure 2. EBJIS-proposed definition of infection applied to the intervention group. Stated evaluation of sensitivity and specificity by Renz et al [16]. PJI was diagnosed when at least one of the below mentioned criteria was fulfilled. CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; HPF: high-power field; PMN: polymorphonuclear granulocytes; CFU: colony-forming units. 
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Figure 3. Patient group characterization by age and gender. Native, native knee joints prior to TKA; aseptic, aseptic revision TKA; chronic, septic revision surgery due to chronic PJI; acute, septic revision surgery due to acute PJI; #: number of patients; m: male; f: female. 
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Figure 4. sPecam-1 quantification in samples from native, aseptic vs. septic (chronic vs. acute) revision surgeries. (A) Synovia samples were screened for their sPecam-1 content via Elisa, revealing significant differences between the groups according to their categorization to “septic (acute)”, “septic (chronic)”, “aseptic”, and “native”. We examined whether the marker differentiates between chronic and acute PJI. It was shown that the sPecam-1 quantities were not significantly different between chronic and acute PJI, but significantly higher for both groups compared to the aseptic, as well as to the native cohort. ***: p < 0.001 (very significant), **: p from 0.001 to 0.01 (very significant), n.s.: not significant (B) sPecam-1 as biomarker indicating PJI; ROC analysis with 95% confidence intervals was performed. 






Figure 4. sPecam-1 quantification in samples from native, aseptic vs. septic (chronic vs. acute) revision surgeries. (A) Synovia samples were screened for their sPecam-1 content via Elisa, revealing significant differences between the groups according to their categorization to “septic (acute)”, “septic (chronic)”, “aseptic”, and “native”. We examined whether the marker differentiates between chronic and acute PJI. It was shown that the sPecam-1 quantities were not significantly different between chronic and acute PJI, but significantly higher for both groups compared to the aseptic, as well as to the native cohort. ***: p < 0.001 (very significant), **: p from 0.001 to 0.01 (very significant), n.s.: not significant (B) sPecam-1 as biomarker indicating PJI; ROC analysis with 95% confidence intervals was performed.



[image: Jcm 10 00612 g004]







[image: Jcm 10 00612 g005 550] 





Figure 5. Cytotoxic molecular effects of physiological sPecam-1 concentrations. The molecule does not have any cytotoxic effect on peripheral mononuclear blood cells (PBMCs). Concentrations for cultivation were chosen according to the physiological levels measured under native, aseptic, and septic conditions (n = 5). LDH: lactate dehydrogenase; OD: optical density. 
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